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Abstract: Dynamic compressive tests of sand under passive confining pressure were carried out
using a Split Hopkinson Pressure Bar (SHPB) setup. The dynamic response, energy dissipation
and particle-breaking behaviors of sand subjected to high-speed impact were investigated. Sand
specimens with moisture contents of 0%, 2%, 4%, 8%, 10% and 12% and relative densities of 0.1, 0.5
and 0.9 were prepared. The variation in the strain rate was controlled between 90 s−1 and 500 s−1. The
specimens were confined in a designed sleeve to create passive confining pressure. The experimental
results show that the sand specimens were extremely sensitive to the strain rate. When the strain
rate was less than 400 s−1, the stress and strain of the specimens increased with the increase in the
strain rate but decreased when the strain rate exceeded 400 s−1. The peak strain and peak stress
increased with the increase in the relative density. Particle breakage was aggravated with the strain-
rate increase. Compared with the specimen without water, the relative breakage rate of the specimen
with a moisture content of 12% decreased by 30.53% when the strain rate was about 95 s−1 and
by 25.44% when the strain rate was about 460 s−1. The analysis of energy dissipation revealed the
essential cause of sand destruction. The specific energy absorption rate increased with the increases
in the initial relative density and moisture content.

Keywords: sand; dynamic compressive behaviors; passive confining pressure; impact dynamic
response; particle breakage; SHPB

1. Introduction

As a common geotechnical material, sand has been widely used as the foundation
of superstructures or directly as a building material. It can be subjected to a variety of
dynamic loads during its service life, such as mining, dynamic compaction [1], underground
explosion [2] and shell impact. The description of the dynamic behaviors under high-strain-
rate loading has a guiding effect for the design of civil buildings and military structures.
However, sand is a typical loose material with strong regional characteristics. The physical
properties of sand in different environments, such as moisture content, density, etc., have
certain differences [3–6]. The differences further aggravate the challenges in assessing the
response of sand subjected to high-speed impact, including dynamic deformation.

Sand deformation is caused by particle breakage, which is a manifestation of energy
dissipation. The shape and size of particles [7,8], saturation with water [9] and particle
gradation [10,11] have a significant impact on the macro compression mechanism [12–14].
Particle shape and size determine the phenomenon and degree of sand damage [15].
Circular sand particles are less likely to break than irregular sand particles due to their
lower stress concentration [16]. The probability of breaking small particles is smaller than
that of breaking large particles, because the breaking of small particles requires more energy.
The compression rate of sand is sensitive to the saturation rate. Zhao et al. [17] confirmed
that unsaturated sand compressed faster and was more prone to creep than dry sand.
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The grain-size distribution has a great influence on the compression of sand. Sand with
good gradation has poor compressibility [18], mainly due to the fewer pores in the sand
preventing sand particles from slipping [19].

The Split Hopkinson Pressure Bar (SHPB) is widely used for researching the dynamic
mechanical properties of various geotechnical materials subjected to high-speed impact [20],
such as frozen soil [21,22], clay [23–25] and sand [26]. The compressive strength of frozen
soil subjected to high-speed impact is sensitive to the strain rate and temperature [27,28].
Clay exhibits a rebound phenomenon under passive confining pressure, and the degree of
rebound increases with the increase in the strain rate. The peak stress and strain of clay
increase significantly with the increase in the strain rate [29].

However, the dynamic behavior of sand subjected to high-speed impact is different.
Sand is a kind of low-impedance bulk material [30]; the low wave velocity and high wave
attenuation rate in sand specimens are caused by the large amount of void air in sand [31].
It is difficult to ensure one-dimensional stress balance during an SHPB impact test. The
waveform shaper is used as a common solution to increase the amplitude and duration
of the incident wave. The impact of the bullet on the bar is cushioned, and the signal is
stabilized. The recorded waveform is smoother. Parameters such as amplitude, wavelength
and incident time can be easily determined. The waveforms of different materials have been
used by researchers [9,32]. Song et al. [33] compared the test results of wave shapers with
different materials (copper plate, paper and thin rubber) and found that thin rubber owned
the best shaping effect. Besides promoting the dynamic stress balance of the material, the
employment of a well-designed waveform shaper enables one to reduce the dispersion
pulse and constant strain rate [34].

At present, many researchers have investigated the dynamic mechanical properties
of dry sand and unsaturated sand. The mechanic behavior of dry sand after dynamic
compression is highly sensitive to the initial mass density [35]. Luo et al. [36] indicated that
dry sand with high mass density had poor dynamic compressibility. The higher the initial
mass density of dry sand is, the lower the initial porosity is. The initial porosity of dry sand
can offset deformation when subjected to dynamic compression. On the contrary, the stress
and strain of dry sand with high initial porosity can be enhanced under high-strain-rate
compression [37]. The dynamic mechanical properties of unsaturated sand are affected
by the moisture content [38]. The stiffness of unsaturated sand decreases slightly with
the increase in the moisture content. However, Ross et al. [39] believed that the moisture
content affects the effective stress, which means that the moisture content of sand subjected
to high-speed impact has a large effect on the stiffness of sand. In their study, with the
increase in the moisture content, the stiffness of sand first increased and then decreased,
and sand was the hardest when the moisture content was 34.8%. When the saturation was
beyond 40%, the compressive strength of sand was obviously improved, and the specimen
with 20% saturation was more difficult to compress than dry sand [40]. Cai et al. [41]
proved that the moisture content had no significant effects on the p-wave velocity, but
transmittance showed an upward trend with the increase in the moisture content. However,
the above studies are based on the influence of compactness and moisture content at a
certain strain rate. It is still questionable whether these effects have a consistent trend at
different strain rates.

In addition, the discussion of the energy dissipation of sand under high-strain-rate
loading has a great significance in applications related to civil buildings and military
structures. However, the existing research studies exploring the energy of sand subjected
to dynamic impact are very limited. Ou Yang et al. [42] found that the energy absorption
efficiency of sand was insensitive to the change in the water content when subjected to
a single impact but decreased with the increase in the relative density. When subjected
to repeated impacts, the influence of the moisture content and relative compactness on
the energy absorption efficiency of sand was further reduced. Wang et al. [30] concluded
that when the water content was 0–50%, the energy absorption of sand decreased with
the increases in the initial density and lateral constraint. However, the combined effect
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of water content and different strain rates on the energy dissipation of sand is not clear.
Further studies need to be carried out to systematically analyze the effects of changes in
the moisture content, strain rate and relative density on the energy absorption of sand
subjected to impact.

In the current study, a series of dynamic compression tests were conducted to investi-
gate the dynamic behaviors of sand. Fujian standard sand with particle sizes of 0.25–1 mm
was selected. The SHPB was modified to ensure the stress balance state of the sand speci-
mens during dynamic impact. A confining steel sleeve was designed to connect with the
SHPB and to confine the sand specimens subjected to impact loads. The failure phenomena
of sand specimens subjected to a dynamic impact load were analyzed. The influence of
the strain rate, relative density and moisture content on dynamic compression mechanical
properties was examined. The degree of sand particle breakage was further quantitatively
evaluated considering the relative breakage rate. The essential characteristics of sand
particle breakage were studied by analyzing energy dissipation.

2. Experimental Setup and Material
2.1. Material Properties

The sand selected for the current research study was Fujian standard sand. The main
component of the tested sand was SiO2, with a content of more than 96%. Therefore, it
could be referred as siliceous sand. The original grain-size distribution curve is given
in Figure 1. The test sand was screened as medium-coarse sand with particle sizes of
0.25–1 mm (Figure 2). The physical parameters of the selected sand are summarized in
Table 1. According to the expression of the density state of non-cohesive soil with relative
density Dr, the relative density of the test sand could be defined as:

Dr =
ρdmax(ρd − ρdmin)

ρd(ρdmax − ρdmin)
(1)

where ρd, ρdmax and ρdmin are the initial, maximum and minimum dry densities. The value
of Dr was between 0 and 1.
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Table 1. Physical parameters of sand specimens.

Specific Gravity
ds

Maximum Density
ρdmax (g/cm3)

Minimum Density
ρdmin (g/cm3)

Median Size
d50 (mm)

2.63 1.700 1.538 0.6

2.2. Experimental Setup

The dynamic compressive experiments were carried out using the SHPB setup ob-
tained from Hefei JiangShui Dynamic Mechanics Experimental Technology Co. Ltd. (Hefei,
China). The SHPB test setup used in the current test study is shown in Figure 3. The
classical SHPB consisted of impact bullet, incident bar, transmission bar, velocity detector
and stress–strain variable measurement system. The system composition of the SHPB
test setup is presented in Figure 4. The incident bar and transmission bar had a diameter
of 50 mm and were made of LV4 aluminum alloy. The lengths of the incident bar and
transmission bar were 4000 mm and 3250 mm, respectively. The density of the bar was
2700 kg/m3, and the wave speed was 5090 m/s. The material and diameter of the impact
bullet were consistent with the incident bar; the length was 400 mm, and the mass was
about 8.5 kg.
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Figure 4. System composition of SHPB test setup.

The SHPB was calibrated to ensure the accuracy and effectiveness of the test results. A
7.5 mm diameter rubber waveform shaper was sticked on the impact end of the incident
bar, as presented in Figure 5. The stress balance state of the specimens after using the
shaper is discussed in Chapter 3. Pre-tightening force was applied to the specimens by
tightening the rubber belt tied to the incident bar and the transmission bar. This step could
ensure the close contact between the specimens and the incident bar or the transmission
bar. Moreover, the energy diffusion of the contact surface was prevented during loading.
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The bullet was driven by compressed air to impact the incident bar to complete the
dynamic compression loading of a specimen. The incident wave was formed in the incident
bar. The signal could be measured by the strain gauge on the incident bar. The incident
wave propagated to the specimen. Due to the wave impedance inconsistency between the
specimen and the bar, part of the wave was reflected, and the other part was transmitted to
the transmission bar through the specimen. The signals of the two waves could be measured
by the strain gauge on the bar. Different impact velocities could be obtained by applying
different air pressures. The impact velocity could be recorded by a tachometer. Base on the
assumption of the one-dimensional stress wave and the uniformity of the specimens, the
relationships among the incident wave, the reflected wave and the transmitted wave could
be used to obtain the stress–strain relationship equations of the specimens under dynamic
compression:

σs(t) =
EA
As

εt(XG2, t) =
EA
As

[εi(XG1, t) + εr(XG1, t)] (2)

.
εs(t) = −2c0

ls
εr(XG1, t) =

2c0

ls
[εi(XG1, t)− εt(XG2, t)] (3)

εs(t) = −2c0

ls

∫ t

0
εr(XG2, t)dt =

2c0

ls

∫ t

0
[εi(XG1, t)− εt(XG2, t)]dt (4)

where σs and εs are the stress and strain of the test specimen, respectively;
.
εs is the strain rate

of the test specimen; A and As are the cross-sectional area of the pressure rod and the cross-
sectional area of the test specimen, respectively; ls is the length of the test specimen; εi(X, t),
εr(X, t) and εt(X, t) are the incident, reflected and transmitted stress waves measured by
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the strain gauges, respectively; X is the position; t is the time; subscripts G1 and G2 of X
are the numbers of the strain gauge; E is the Young’s modulus; and c0 is the wave speed.

2.3. Specimen Preparation and Installation

The sand specimens were confined with the steel sleeve shown in Figure 6. The steel
sleeve was combined with a pair of bearing platens and bases for specimen fabrication.
When a sand specimen was subjected to axial dynamic compression, its radial direction
tended to expand. The specimens were confined under passive confining pressure due to
the constraint of the steel sleeve. A steel sleeve with an inner diameter of 50.05 mm was
used in the current tests. A pair of LV4 aluminum alloy cylindrical platens with a diameter
of 50 mm and a pair of steel bearing platens and bases were used to control the thickness
of the specimens. Four bolts were set on the sleeve for fixing, which were made of M5
aluminum alloy. The inner wall of the sleeve and the side wall of the platen were polished
smoothly to reduce friction.
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The SHPB test results are sensitive to the inertial effects of the specimens in the axial
and radial directions. The ratio of length to diameter of a specimen is defined as the aspect
ratio. A specimen aspect ratio between 0.4 and 0.6 can significantly improve the accuracy
of the test results [43]. Song et al. [33] analyzed the influence factors of the stress balance of
soft materials and found that with specimens with lower thickness, it was easier to achieve
stress balance. In this study, the diameter of the specimens matched the diameter of the
incident bar. The aspect ratio of the specimens was 0.5. The length of the specimens was
25 mm. After the volume was selected, sand specimens with different relative densities
could be obtained with different sand mass values. Different moisture contents by mass
could be obtained by adding different values of mass of water to the specimen. It is noted
that sand had to be fully dried before specimens with different moisture contents could be
configured. The prepared specimens were sealed with plastic wrap to prevent moisture
evaporation.
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The fabrication steps of the specimens are shown in Figure 7. Firstly, the tube was
installed on the bottom base, and the bottom spacer was inserted. Secondly, a sand specimen
was put into the sleeve. In order to ensure the uniformity, the sand specimen was divided
into three parts of equal mass and put into the steel sleeve in layers. The surface of each
layer was smoothed with the smoother. The specimen was compacted by the compactor
according to a predetermined compaction frequency. Thirdly, the top platen was installed,
and the top base was placed. The top base was hammered with the compactor so that it
was in close contact with the platen to obtain a constant thickness of the specimen. Then,
the bolts were tightened to fix the sleeve, and the base was removed. The steel sleeve with
the specimen was placed horizontally for a period of time. Finally, Vaseline was applied
to the surfaces of both pads to reduce friction. The sleeve was sandwiched between the
transmission bar and the incident bar. One of the fabricated sand specimens is shown in
Figure 8, and specimen installation is illustrated in Figure 9.
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2.4. Loading Cases

The strain rate effects of the dynamic response of specimens were studied by dynamic
compressive loading at different impact velocities. The effects of the moisture content and
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relative density on the dynamic response characteristics of specimens were researched. The
loading cases of the current test study are listed in Table 2. A total of 45 test conditions were
set with different parameter combinations. In order to ensure the accuracy of the test, the
test of each loading case was repeated three times. The optimal value, which was the test
result closest to the average value, was taken as the test result. The strain rates of the sand
specimens corresponding to impact velocities of 6 m/s, 7 m/s, 9 m/s, 11 m/s and 12.5 m/s
were 90–100 s−1, 184–200 s−1, 275–300 s−1, 375–385 s−1 and 454–465 s−1, respectively.

Table 2. Loading cases of current test study.

Group Number Moisture Content
(%) Relative Density Dr

Impact Velocity
(m/s)

1 0
0.1

6, 7, 9, 11, 12.5

0.5
0.9

2

2
4
6
8

10
12

0.9

3. Results and Discussion

The stress balance of specimens is an important basis to verify the validity of SHPB
test results. The stress balance of a specimen can be expressed as:

ε1 = ε2 + ε3 (5)

where ε1, ε2 and ε3 are the strains corresponding to the incident, transmitted and reflected
signals, respectively. Let tr be defined as the starting point of the reflected wave and tt be
defined as the starting point of the transmitted wave; we can obtain:

tr = t0 +
2l1
c

(6)

tt = t0 +
l1 + l2

c
+

ls
cs

(7)

where l1 is the distance between the strain gauge on the incident bar and the specimen; l2
is the distance between the strain gauge on the transmission bar and the specimen; ls is
the length of the specimen; c and cs are the wave velocities in the bar and in the specimen,
respectively; t0 is the incident wave head. The stress wave transmission in a dense specimen
is efficient under the condition of lateral deformation constraint [44]. This means that with
dense specimens it is easier to reach stress balance. The current study verified the stress
balance of loose specimens with Dr = 0.1. The results are presented in Figure 10. It could be
found that the time-dependent strains on both sides of a specimen were matched before the
peak value was reached during impact. The specimens were in a state of dynamic stress
balance. The aspect ratio of the specimens selected in Chapter 2.3 was reasonable. The
particles of the specimens were broken, and the internal structure was reconstructed after
impact. It was difficult for the specimens to reach stress balance, which was consistent with
the test results. The loading path of the specimens is illustrated in Figure 10. It included
a loading process and an unloading process. The stress of the specimens increased from
the initial zero value to the peak value during the loading process and decreased from the
peak value to the ultimate zero value during the unloading process.
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Figure 10. Typical incident, reflected and transmitted pulses in the stress balance test.

In the current test study, a steel sleeve was used to impose passive confining pressure
on the specimen. In order to determine the effects of the sleeve and platen on the deviation
of the test results, SHPB tests without sand specimens were conducted. It should be noted
that the lubrication of the sleeve needed to be performed even though no specimens were
installed. The transmission of the incident wave was observed when only the sleeve and
platen were installed for impact. The result is given in Figure 11. The peak voltage of
the incident wave and the transmitted wave were −0.305 V and −0.289 V, respectively.
The peak value of the reflected wave was 0.014 V. Substantially, all the incident waves
were transmitted into the transmission bar through the steel sleeve and platen. It can be
considered that the sleeve and platen had no influence on the dynamic compression test
results of the sand specimens.
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Figure 11. Recorded signal for impact with no specimens.

The sand specimens were compressed, and their deformation was different after the
impact test. In general, the deformation was unrecoverable plastic deformation. Moreover,
the sand specimens were softened or hardened due to different initial relative density and
moisture content, which is discussed in detail in this section.

3.1. Particle Breakage Analysis

In order to compare the crushing degree of sand particles after dynamic impact, sand
specimens with initial relative density of 0.9 and initial moisture contents of 0%, 4%, 8%
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and 12% after loading were selected for analysis. The above sand specimens were subjected
to a single impact at bullet velocities of 6 m/s, 7 m/s, 9 m/s, 11 m/s and 12.5 m/s.

The failure phenomena of the sand specimens after dynamic compression tests at
different strain rates are presented in Figure 12. It can be clearly observed that the extent
of sand particle breakage was aggravated as the strain rate increased. The change in the
macroscopic mechanical properties of the materials was due to the slip, fragmentation
and recombination of microscopic grains. Grain-size distribution curves can be used to
quantitatively evaluate the degree of particle breakage, which is also related to the definition
of the particle breakage coefficient or index [45,46]. It can be understood that the particle
size and distribution of sand are important parameters affecting the mechanical properties
of materials [34].
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The grain-size distribution curves of broken sand specimens were obtained via screen-
ing tests. The grain-size distribution curves of the sand specimens before and after dynamic
compression are presented in Figure 13. The curves gradually move to the left and up with
the increase in the strain rate. It was found that the increase in the strain rate led to a better
gradation. With the increase in the strain rate, more large sand particles broke up into
smaller ones. The range of particle sizes was enlarged, and the proportion of small particles
increased. The pores among the large particles could be filled by the small particles. This
corresponded to a better particle gradation.

Materials 2022, 15, x FOR PEER REVIEW 11 of 21 
 

 

0.1 1
0

20

40

60

80

100
  5  (454~465/s)
  4  (375~385/s)
  3  (275~300/s)
  2  (184~200/s)
  1  (Original)

Pe
rc

en
ta

ge
 le

ss
 th

an
 a

 c
er

ta
in

 p
ar

tic
le

 si
ze

 (%
)

Particle size (mm)

Bottom to top corresponds to 1–5

 
Figure 13. Grain distribution curves of sand specimens after impact loading. 

3.1.1. Effect of Strain Rate 
The effect of the strain rate on particle breakage can be expressed by the relative 

breakage rate. Using the relative breakage rate, rB  [45], we could quantify the amount 
of particle crushing in the current research study. Hardin [47] proposed that soil particles 
smaller than 0.074 mm could only be broken under extremely high stress. Therefore, 0.074 
mm was adopted as the boundary size of particle breakage. Based on the initial grading 
curve, rB  can be defined as: 

t
r

p

BB
B

=  (8)

where pB  is the breakage potential, defined as the area enclosed by the initial grain-size 

distribution curve and the vertical line segment with a particle size of 0.074 mm. tB  is 
defined as the area enclosed by the grain-size distribution curve before and after breaking 
and the vertical line segment with a particle size of 0.074 mm. The breakage potential is 
defined as: 

1

p p0
B b df=   (9)

where pb  is the particle-breakage-potential density function and f  is the correspond-
ing particle-size screening qualification rate. When d  is expressed as the particle size of 
sand particles, pb  is defined as: 

( )10
p

0 074
0
log d .

b
= 


0 074mm
0 074mm

,d .
,d .

≥
<

 (10)

The current crushing potential can be defined as: 

( )1

t pb pa0
B b b df= −  (11)

where pbb  is the quantity of pb  before the sand particles break and pab  is the quantity 
after the sand particles have broken. 

The influence of the strain rate on rB  is shown in Figure 14. It was found that rB  
increased with the increase in the strain rate, and the growth rate gradually slowed down. 

Figure 13. Grain distribution curves of sand specimens after impact loading.



Materials 2022, 15, 4690 11 of 20

3.1.1. Effect of Strain Rate

The effect of the strain rate on particle breakage can be expressed by the relative
breakage rate. Using the relative breakage rate, Br [45], we could quantify the amount of
particle crushing in the current research study. Hardin [47] proposed that soil particles
smaller than 0.074 mm could only be broken under extremely high stress. Therefore,
0.074 mm was adopted as the boundary size of particle breakage. Based on the initial
grading curve, Br can be defined as:

Br =
Bt

Bp
(8)

where Bp is the breakage potential, defined as the area enclosed by the initial grain-size
distribution curve and the vertical line segment with a particle size of 0.074 mm. Bt is
defined as the area enclosed by the grain-size distribution curve before and after breaking
and the vertical line segment with a particle size of 0.074 mm. The breakage potential is
defined as:

Bp =
∫ 1

0
bpd f (9)

where bp is the particle-breakage-potential density function and f is the corresponding
particle-size screening qualification rate. When d is expressed as the particle size of sand
particles, bp is defined as:

bp =

{
log10(d/0.074)

0
, d ≥ 0.074 mm
, d < 0.074 mm

(10)

The current crushing potential can be defined as:

Bt =
∫ 1

0

(
bpb − bpa

)
d f (11)

where bpb is the quantity of bp before the sand particles break and bpa is the quantity after
the sand particles have broken.

The influence of the strain rate on Br is shown in Figure 14. It was found that Br
increased with the increase in the strain rate, and the growth rate gradually slowed down.
The particle breakage of sand tended to be stable. Sand had a failure limit when subjected
to dynamic impact. This may have been due to the fact that particle breakage is a process
of energy dissipation and transfer [48]. A large amount of energy was input into the
specimens during high-speed impact, which further increased the sand particle breakage
rate. On the other hand, the steel sleeve, which made lateral expansion difficult, was used
to restrain the specimens in the test. This prevented the mobilization and rearrangement of
particles [30]. These two factors double-aggravated the particle breakage rate.
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Figure 14. Relative crushing rate of dry sand specimens with initial relative density of 0.9 for different
strain rates.
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3.1.2. Effect of Moisture Content

Figure 15 indicates the influence of moisture content on Br. It can be noticed that Br
decreased with the moisture content, and the reduction rate increased with the increase
in the strain rate. Water molecules were present in the pores of the unsaturated sandy
soils. Pore water suffered some of the stress during the dynamic impact test. The effective
stress of the sand particles decreased, and the particle breakage rate decreased. This may
have been due to the protective effect of pore water on sand particles. The lubrication
of pore water provided a suitable environment for the rearrangement of sand particles,
which meant that less sand particles were broken. This lubrication also occurred between
the steel sleeve and the specimens. It is evident that the high-speed impact amplified this
lubrication.
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Figure 15. Relative crushing rate of sand specimens for different moisture contents.

3.2. Dynamic Response Behaviors of Sand
3.2.1. Effect of Strain Rate

The dynamic stress–strain curves for sand specimens with different moisture contents
and relative densities at different strain rates are presented in Figure 16. It is evident that
the analyzed sand showed significant strain-rate dependency under dynamic compression.
The strain rate had an enhancing effect on the dynamic stress and strain within a strain
rate range from 100 s−1 and 400 s−1 but had a weakening effect when the strain rate was
increased to 455 s−1. The vertical line in Figure 16 is the boundary between the elastic and
inelastic phases of the stress–strain curve. In general, sand entered inelastic deformation
faster with the increase in the strain rate.
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Figure 16. Dynamic stress–strain curves of sand specimens at different strain rates. The color of the
vertical line corresponds to that of the strain rate. (a) w = 0, Dr = 0.1. (b) w = 0, Dr = 0.5. (c) w = 0,
Dr = 0.9. (d) w = 2%, Dr = 0.9. (e) w = 4%, Dr = 0.9. (f) w = 6%, Dr = 0.9. (g) w = 8%, Dr = 0.9.
(h) w = 10%, Dr = 0.9. (i) w = 12%, Dr = 0.9.
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The rate of particle breakage increased with the increase in the strain rate. The high-
speed impact caused the fraction of large grains to become smaller, and a lot of small,
tiny particles were produced. The pores among the sand particles were filled, resulting
in a decrease in the deformation capacity of sand. The deformation ability of sand under
dynamic compression was limited and was about 6%. The sand particles near the end
of the incident bar were rapidly broken when the strain rate reached 455 s−1. The sand
specimens first suffered local failure, resulting in a reduction in the peak stress.

3.2.2. Effect of Initial Relative Density

The dynamic stress–strain curves of sand specimens with different relative densities
at 460 s−1 and 190 s−1 are presented in the Figure 17. It is obvious that sand specimens
showed a significant density effect at both high strain rates and low strain rates. The
stiffness of the specimens increased with the increase in the initial relative density, which
means that the specimens became harder. Sand entered the inelastic stage faster as the
relative density increased. The variations in the peak stress and peak strain with relative
density for sand specimens at different strain rates are given in Figure 18. When the strain
rates were 90~100 s−1, 184~200 s−1, 275~300 s−1, 376~395 s−1 and 454~465 s−1, the peak
stress of the dense specimen (Dr = 0.9) increased by 28.0%, 53.4%, 28.7%, 35.1% and 24.5%,
respectively, compared with the loose specimen (Dr = 0.1). The peak strain of the specimens
tended to be stable after rising. The pores inside the sand became smaller, as the sand
was denser. The friction and biting force among sand particles were enhanced, which
improved the strength of the sand particles. When the strain rate exceeded a certain value,
particle breakage occurred more frequently with the closer contact among sand particles.
The broken particles filled the internal pores of the specimen, and the deformation capacity
of the specimens tended to be stable.
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Figure 17. Dynamic stress–strain curves of sand specimens with different relative densities.
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Figure 18. Peak stress and peak strain with relative density for sand specimens at different strain
rates. (a) Peak stress; (b) Peak strain.
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3.2.3. Effect of Moisture Content

Figures 19 and 20 show that the peak stress and peak strain of the sand specimens
changed very complicatedly with the water content. Two transitional moisture content
values (8% and 10%) appeared in the current research study. As water was progressively
added from 2% to 4% to 8%, the peak stress of the sand specimens fluctuated, and their
peak strain slowly increased. When the moisture content exceeded 10%, the peak stress
increased, and the peak strain tended to be stable. The sand specimens were the softest
when the moisture content was 10%.
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Figure 19. Variations in peak stress with moisture content for sand specimens at different strain rates.
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Figure 20. Variations in peak strain with moisture content for sand specimens at different strain rates.

This phenomenon was mainly attributed to the interaction mechanism of pore water,
pore air and sand particles. The saturation and air volume percentage values corresponding
to the moisture contents are given in Table 3. It was found that the percentage of air volume
decreased with the increase in the moisture content. For relatively low values of moisture
content (w < 8%), the main functions hindering sand deformation were the friction and
occlusion among particles. It is known that water occupies most of the contact surface
of sand particles [49]. The lubricating effect of water reduces the interactions among the
particles and the compression resistance. Pore water dissolves a small amount of pore air.
Sand particles easily slide relatively to each other. Deformability increases with the water
content on a macroscopic scale. However, the dynamic stress of low-saturated sand reported
in [32,49–51] tended to decrease compared with dry sand. No obvious decreasing trend
was observed in the current study, which may have been related to the SHPB instrument
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used in the experiment. Compared with the bullet, the length of the specimens was too
great, resulting in a long time being necessary to obtain the stress balance of the specimens.
Luo et al. [9] also reported a slight increase in stress at moisture contents of 4.2% and 8.2%,
but the authors considered that the deviation was negligible. Furthermore, the dynamic
mechanical behavior of low-moisture-content sand is not sensitive to water for dense sand.

Table 3. Saturation and percentage of air volume for a given moisture content.

Moisture Content (%) Saturation (%) Volume of Air (%)

2 9 33
4 19 29
6 28 26
8 37 23
10 47 19
12 56 16

For higher degrees of saturation (w > 10%), the pore volume in the sand specimens
decreased. More water occupied the space between the pores as the volume of water
increased. Pore water dissolved a large amount of pore air when the specimens were sub-
jected to dynamic impact. The saturation of the specimens was increased. The contribution
of the water particles to the supporting of the applied load increased. The incompressibility
of water made the specimens stiffen. The peak stress of the sand specimens increased with
the moisture content, but the deformability decreased. From this point of view, the increase
in the moisture content improved the stiffness of the material. It is worth mentioning that
when the strain increased enough to completely displace the air in the pores, sand was
completely saturated in the test, which then transformed into the loading of a water-and-
sand two-phase material. The stiffness of soil increased rapidly as the strain continued to
increase. This was also confirmed in [32]. When 8% < w < 10%, the sand specimens were in
the transition between the above two deformation mechanisms. The influence of moisture
content on the dynamic mechanical properties of sand was not significant. In addition, the
lubrication effect of water also affected the boundary conditions between the sleeve and
the specimens [52]. The resistance between the sleeve and the specimens was reduced, and
the specimens were more easily compressed.

3.3. Energy Dissipation Analysis

Particle breakage is the process of energy transfer and dissipation. Research on energy
dissipation essentially contributes to the understanding of failure characteristics. In the
current research study, the incident energy carried by the incident wave was input and
converted into reflected energy, absorbed energy and transmitted energy through the SHPB
device. Other energy losses were ignored during the test. The absorbed energy, W4, of a
material is defined as:

W4 = W1 − W2 − W3 (12)

where W1, W2 and W3 are the incident energy, reflected energy and transmitted energy
carried by the incident wave, reflected energy and transmitted energy, respectively. They
are defined as:

Wi =
∫ t

0
ε2

i (t)dt, i = 1, 2, 3 (13)

where ε1(t), ε2(t) and ε3(t) are the strains corresponding to the incident wave, reflected
wave and transmitted wave, respectively. In order to eliminate the size effect, the specific
energy absorption (SEA) was adopted to represent the energy dissipation of the specimens,
which is defined as the energy absorbed by per unit volume of a specimen. It can be
expressed as:

SEA =
W4

V
(14)
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where V is the volume of the specimen. In the current test study, the acting time of the im-
pact load was very short, and the friction between specimens and sleeve was ignored. The
temperature of the specimens remained unchanged during impact compression. Therefore,
it was considered that the impact energy was all spent for specimen destruction, and no
energy was transformed into heat.

3.3.1. Effect of Initial Relative Density

The variations in the specific energy absorption with relative density at different strain
rates are presented in Figure 21. It was found that the SEA of sand specimens generally
increased with the initial relative density. Friction resistance was the main mechanism
that opposed the deformation and slip of dry particles. The initial pores of the dense
sand specimens were small. The intimate arrangement of sand particles resulted in the
enhancement of friction and occlusion among the sand particles. This means that denser
specimens consumed more energy within a defined volume. On the other hand, the specific
absorption energy was very sensitive to the strain rate and obviously increased with the
increase in the strain rate. The high strain rate was caused by the high-speed impact, which
input a lot of energy into the specimens. The sand specimens absorbed energy, and the
deformation increased. However, the increase in the strain rate weakened the enhancement
effect of the initial relative density on the SEA. When the initial relative density increased
from 0.1 to 0.9, the SEA increased by 81.42% when the strain rate was 90~95 s−1 but only by
23.79% when the strain rate was 470~480 s−1. The particle breakage of the sand specimens
was increased at high strain rates, which led to energy dissipation.
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Figure 21. Variations in specific energy absorption with relative density at different strain rates.

3.3.2. Effect of Moisture Content

The influence of moisture content on the specific energy absorption is presented in
Figure 22. The test results show that the SEA of the sand specimens showed a rising trend
with the moisture content, and the rising rate at high strain rates was slightly higher than
that at low strain rates. When the moisture content increased from 0 to 12%, the SEA
increased by 22.9% and 29.7% at strain rates of 90~95 s−1 and 470~480 s−1, respectively.
Pore water softened the sand specimens and reduced the wave impedance. The ability of
sand specimens to absorb and dissipate input energy was enhanced. The softening effect
was amplified at high strain rates.
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4. Conclusions

In the current investigation, in order to explore the influence of the initial physical
state on the dynamic response of sand, a series of dynamic compressive tests on sand with
particle sizes of 0.25–1 mm were carried out. A steel sleeve was designed to ensure the
specimens were loaded under the passive confining pressure. The SHPB was modified
using pulse shaping techniques. A set of test techniques suitable for reporting the impact
dynamic behaviors of sand were proposed and applied. The experimental results were
examined from the perspectives of particle breakage, stress–strain relationship and energy
absorption. The conclusions of the current study can be summarized as follows:

1. The particle breakage of sand under dynamic compression was sensitive to the strain
rate and moisture content. Sand particle breakage increased with the strain rate. Sand
specimens had a damage limit when subjected to dynamic impact. With the increase in
the moisture content, the relative breakage rate of sand specimens gradually decreased.
The presence of moisture lubricated the sand particles, and the degree of lubrication
increased with the moisture content;

2. The dynamic response of sand under dynamic compression showed an obvious strain-
rate effect. The stress of the specimens increased with the strain rate but decreased
when the strain rate exceeded 455 s−1;

3. The deformation properties of sand specimens were limited. For unsaturated sand,
8% and 10% were the transitional values of the moisture content. The peak strain
showed different trends with moisture content on both sides of the transitional values.
As the relative density, Dr, increased, the ability to resist the dynamic compression of
sand specimens was enhanced;

4. Energy dissipation was quantitatively analyzed. The specific absorption energy
increased with the initial relative density and moisture content. The SEA of the
sand specimens gradually increased with the increase in the initial relative density.
However, the rate of increase decreased with the increase in the strain rate. When the
moisture content increased from 0 to 12%, the SEA increased by 22.9% and 29.7% at
strain rates of 90~95 s−1 and 470~480 s−1, respectively.

Author Contributions: Conceptualization, L.L. and K.H.; methodology, L.L.; investigation, G.Z.;
data curation, G.Z.; writing—original draft preparation, X.K.; writing—review and editing, L.L. and
X.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Beijing Municipal Natural Science Foundation [No.
8212001] and the National Natural Science Foundation of People’s Republic of China [No.52078288].
The financial support from both foundations is gratefully acknowledged.



Materials 2022, 15, 4690 19 of 20

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also form part of an ongoing study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Feng, S.; Du, F.; Shi, Z.; Shui, W.; Tan, K. Field study on the reinforcement of collapsible loess using dynamic compaction. Eng.

Geol. 2015, 185, 105–115. [CrossRef]
2. Charlie, W.A.; Ross, C.A.; Pierce, S.J. Split-Hopkinson Pressure Bar Testing of Unsaturated Sand. Geotech. Test. J. 1990, 13, 291–300.

[CrossRef]
3. Lv, Y.; Li, F.; Liu, Y.; Fan, P.; Wang, M. Comparative study of coral sand and silica sand in creep under general stress states. Can.

Geotech. J. 2017, 54, 1601–1611. [CrossRef]
4. Levin, F.; Vogt, S.; Cudmani, R. Time-dependent behaviour of sand with different fine contents under oedometric loading. Can.

Geotech. J. 2019, 56, 102–115. [CrossRef]
5. Zhang, C.; Li, J.; He, Y. Experimental Study on Viscoplastic Property of Unsaturated Reticulate Red Clay Used as an Engineered

Barrier. Geofluids 2020, 2020, 1523659. [CrossRef]
6. Chao, C.; Yang, L.; Xiong, L.; Jian, L.; University, Y. Experimental study on drained and undrained strength of unsaturated red

clay in Yunnan. Shanxi Archit. 2017, 26, 75–77. [CrossRef]
7. Collins, A.; Addiss, J.; Walley, S.; Promratana, K.; Bobaru, F.; Proud, W.; Williamson, D. The effect of rod nose shape on the

internal flow fields during the ballistic penetration of sand. Int. J. Impact Eng. 2011, 38, 951–963. [CrossRef]
8. Fang, Q.; Zhang, J.; Zhang, Y.; Liu, J. Mesoscopic investigation of the sand particulate system subjected to intense dynamic

loadings. Int. J. Impact Eng. 2016, 89, 62–71. [CrossRef]
9. Luo, H.; Cooper, W.L.; Lu, H. Effects of particle size and moisture on the compressive behavior of dense Eglin sand under

confinement at high strain rates. Int. J. Impact Eng. 2014, 65, 40–55. [CrossRef]
10. Xiao, Y.; Zhao, C.; Sun, Y.; Wang, S.; Wu, H.; Chen, H.; Liu, H. Compression behavior of MICP-treated sand with various

gradations. Acta Geotech. 2020, 16, 1391–1400. [CrossRef]
11. Li, Y.; Lin, Z.; Li, B.; He, L.; Gong, J. Effects of gradation and grain crushing on the liquefaction resistance of calcareous sand.

Géoméch. Geophys. Geo-Energy Geo-Resour. 2021, 7, 12. [CrossRef]
12. Lv, Y.; Wang, Y.; Zuo, D. Effects of particle size on dynamic constitutive relation and energy absorption of calcareous sand. Powder

Technol. 2019, 356, 21–30. [CrossRef]
13. Ghafghazi, M.; Shuttle, D.; DeJong, J. Particle breakage and the critical state of sand. Soils Found. 2014, 54, 451–461. [CrossRef]
14. Sadrekarimi, A.; Olson, S.M. Particle damage observed in ring shear tests on sands. Can. Geotech. J. 2010, 47, 497–515. [CrossRef]
15. Ueda, T.; Matsushima, T.; Yamada, Y. DEM simulation on the one-dimensional compression behavior of various shaped crushable

granular materials. Granul. Matter 2013, 15, 675–684. [CrossRef]
16. Ventini, R.; Flora, A.; Lirer, S.; Mancuso, C. Magnetic measurement system of sandy gravel specimens shape during tests in a

large triaxial apparatus. E3S Web Conf. 2019, 92, 02004. [CrossRef]
17. Zhao, Z.; Song, E.-X. Particle mechanics modeling of creep behavior of rockfill materials under dry and wet conditions. Comput.

Geotech. 2015, 68, 137–146. [CrossRef]
18. Huang, J.; Xu, S.; Hu, S. Effects of grain size and gradation on the dynamic responses of quartz sands. Int. J. Impact Eng. 2013, 59,

1–10. [CrossRef]
19. Zhu, S.; Wei, K.M.; Lin, D.T. Generalized plasticity model for soil and coarse-grained dam materials. Chin. J. Geotech. Eng. 2014, 8,

1394–1399. [CrossRef]
20. Yang, R.; Chen, J.; Yang, L.; Fang, S.; Liu, J. An experimental study of high strain-rate properties of clay under high consolidation

stress. Soil Dyn. Earthq. Eng. 2017, 92, 46–51. [CrossRef]
21. Zhang, J.-C.; Li, Y.; Xu, B.; Meng, Q.-X.; Zhang, Q.; Wang, R.-B. Testing and constitutive modelling of the mechanical behaviours

of gravelly soil material. Arab. J. Geosci. 2020, 13, 523. [CrossRef]
22. Zhu, Z.; Kang, G.; Ma, Y.; Xie, Q.; Zhang, D.; Ning, J. Temperature damage and constitutive model of frozen soil under dynamic

loading. Mech. Mater. 2016, 102, 108–116. [CrossRef]
23. Ma, Q.-Y. Experimental analysis of dynamic mechanical properties for artificially frozen clay by the split Hopkinson pressure bar.

J. Appl. Mech. Tech. Phys. 2010, 51, 448–452. [CrossRef]
24. Zhang, C.; Li, J.-Z.; He, Y. Impact of the loading rate on the unsaturated mechanical behavior of compacted red clay used as an

engineered barrier. Environ. Earth Sci. 2021, 80, 135. [CrossRef]
25. Gang, Z.; Yunliang, L.; Jin, L.; Zutang, W.; Ke, W.; Jiyong, J.; Shunshun, T.; Bingwen, Q.; Yurong, Z.; Xiangrong, Z. Dynamic

behavior of clay with different water content under planar shock conditions. Int. J. Impact Eng. 2019, 129, 57–65. [CrossRef]
26. Martin, B.; Kabir, E.; Chen, W. Undrained high-pressure and high strain-rate response of dry sand under triaxial loading. Int. J.

Impact Eng. 2013, 54, 51–63. [CrossRef]

http://doi.org/10.1016/j.enggeo.2014.12.006
http://doi.org/10.1520/GTJ10172J
http://doi.org/10.1139/cgj-2016-0295
http://doi.org/10.1139/cgj-2017-0565
http://doi.org/10.1155/2020/1523659
http://doi.org/10.13719/j.cnki.cn14-1279/tu.2017.26.041
http://doi.org/10.1016/j.ijimpeng.2011.08.002
http://doi.org/10.1016/j.ijimpeng.2015.11.009
http://doi.org/10.1016/j.ijimpeng.2013.11.001
http://doi.org/10.1007/s11440-020-01116-2
http://doi.org/10.1007/s40948-020-00208-3
http://doi.org/10.1016/j.powtec.2019.07.088
http://doi.org/10.1016/j.sandf.2014.04.016
http://doi.org/10.1139/T09-117
http://doi.org/10.1007/s10035-013-0415-y
http://doi.org/10.1051/e3sconf/20199202004
http://doi.org/10.1016/j.compgeo.2015.04.008
http://doi.org/10.1016/j.ijimpeng.2013.03.007
http://doi.org/10.11779/CJGE201408003
http://doi.org/10.1016/j.soildyn.2016.09.036
http://doi.org/10.1007/s12517-020-05385-9
http://doi.org/10.1016/j.mechmat.2016.08.009
http://doi.org/10.1007/s10808-010-0060-8
http://doi.org/10.1007/s12665-021-09436-6
http://doi.org/10.1016/j.ijimpeng.2019.03.001
http://doi.org/10.1016/j.ijimpeng.2012.10.008


Materials 2022, 15, 4690 20 of 20

27. Fu, T.; Zhu, Z.; Cao, C. Constitutive model of frozen-soil dynamic characteristics under impact loading. Acta Mech. 2019, 230,
1869–1889. [CrossRef]

28. Tang, W.R.; Zhu, Z.W.; Fu, T.T.; Shangguan, Z.H. Dynamic experiment and numerical simulation of frozen soil under confining
pressure. Acta Mech. Sin. 2020, 36, 1302–1318. [CrossRef]

29. Yu-Qing, D.; Wen-Hui, T.; Xin, X.U.; Xian-Wen, R. Experimental study of dynamic mechanical behaviors of unsaturated clay
subjected to uniaxial loading. Rock Soil Mech. 2013, 9, 2546–2550. [CrossRef]

30. Wang, S.; Shen, L.; Maggi, F.; El-Zein, A.; Nguyen, G.D.; Zheng, Y.; Zhang, H.; Chen, Z. Influence of dry density and confinement
environment on the high strain rate response of partially saturated sand. Int. J. Impact Eng. 2018, 116, 65–78. [CrossRef]

31. Semblat, J.F.; Luong, M.P.; Gary, G. 3D Hopkinson bar: New experiments for dynamic testing on soils. Soils Found. 1999, 39, 1–10.
[CrossRef]

32. Martin, B.E.; Chen, W.; Song, B.; Akers, S.A. Moisture effects on the high strain-rate behavior of sand. Mech. Mater. 2009, 41,
786–798. [CrossRef]

33. Song, B.; Chen, W. Dynamic stress equilibration in split Hopkinson pressure bar tests on soft materials. Exp. Mech. 2004, 44,
300–312. [CrossRef]

34. Song, B.; Chen, W.; Luk, V. Impact compressive response of dry sand. Mech. Mater. 2009, 41, 777–785. [CrossRef]
35. Lu, H.; Cooper, W.L.; Komanduri, R. Effect of Mass Density on the Compressive Behavior of Dry Sand Under Confinement at

High Strain Rates. Exp. Mech. 2011, 51, 1499–1510. [CrossRef]
36. Lu, H.; Luo, H.; Cooper, W.L.; Komanduri, R. Effect of Particle Size on the Compressive Behavior of Dry Sand under Confinement

at High Strain Rates. In Dynamic Behavior of Materials; Springer: Berlin/Heidelberg, Germany, 2012; pp. 523–530. [CrossRef]
37. Felice, C.W.; Gaffney, S.; Brown, J.A. Extended Split-Hopkinson Bar Analysis for Attenuating Materials. J. Eng. Mech. 1991, 117,

1119–1135. [CrossRef]
38. Barr, A.; Clarke, S.; Petkovski, M.; Tyas, A.; Warren, J.; Kerr, S. Strain-rate effects in dry and partially-saturated sand under

one-dimensional compression at high pressures. In Geomechanics from Micro to Macro-Proceedings of the TC105 ISSMGE International
Symposium on Geomechanics from Micro to Macro, IS-Cambridge 2014, Cambridge, UK, 1–3 September 2014; Taylor and Francis:
Abingdon, UK, 2014; pp. 1397–1402. [CrossRef]

39. Ross, C.A.; Thompson, P.Y.; Charlie, W.A.; Doehring, D.O. Transmission of pressure waves in partially saturated soils. Exp. Mech.
1989, 29, 80–83. [CrossRef]

40. Veyera, G.E. Uniaxial Stress-Strain Behavior of Unsaturated Soils at High Strain Rates; Wright Lab Tyndall Afb Fl: Okaloosa, FL, USA,
1994. [CrossRef]

41. Cai, Y.Q.; Li, B.Z. Effect of water saturation on reflection and transmission of elastic waves at interface of partially saturated
sandstione. Chin. J. Rock Mech. Eng. 2006, 25, 520–527. [CrossRef]

42. OuYang, H.; Dai, G.; Qin, W.; Zhang, C.; Gong, W. Dynamic behaviors of calcareous sand under repeated one-dimensional
impacts. Soil Dyn. Earthq. Eng. 2021, 150, 106891. [CrossRef]

43. Davies, E.; Hunter, S. The dynamic compression testing of solids by the method of the split Hopkinson pressure bar. J. Mech. Phys.
Solids 1963, 11, 155–179. [CrossRef]

44. Lyu, Y.; Wang, M.; Wei, J.; Liao, B. Experimental techniques of SHPB for calcareous sand and its dynamic behaviors. Explos. Shock.
Waves 2017, 38, 1262–1270. [CrossRef]

45. Hardin, B.O. Crushing of Soil Particles. J. Geotech. Eng. 1985, 111, 1177–1192. [CrossRef]
46. Lade, P.V.; Yamamuro, J.A.; Bopp, P.A. Significance of Particle Crushing in Granular Materials. J. Geotech. Eng. 1996, 122, 309–316.

[CrossRef]
47. Hardin, B.O. 1- D Strain in Normally Consolidated Cohesionless Soils. J. Geotech. Eng. 1987, 113, 1449–1467. [CrossRef]
48. Karimpour, H.; Lade, P.V. Time Effects Relate to Crushing in Sand. J. Geotech. Geoenviron. Eng. 2010, 136, 1209–1219. [CrossRef]
49. Varley, L.; Rutherford, M.E.; Zhang, L.; Pellegrino, A. The Mechanical Response of Wet Volcanic Sand to Impact Loading, Effects

of Water Content and Initial Compaction. J. Dyn. Behav. Mater. 2020, 6, 358–372. [CrossRef]
50. Barr, A.D.; Clarke, S.D.; Tyas, A.; Warren, J.A. Effect of Moisture Content on High Strain Rate Compressibility and Particle

Breakage in Loose Sand. Exp. Mech. 2018, 58, 1331–1334. [CrossRef]
51. Weckert, S.; Resnyansky, A. Experiments and modelling for characterisation and validation of a two-phase constitutive model for

describing sands under explosive loading. Int. J. Impact Eng. 2022, 166, 104234. [CrossRef]
52. Omidvar, M.; Iskander, M.; Bless, S. Stress-strain behavior of sand at high strain rates. Int. J. Impact Eng. 2012, 49, 192–213.

[CrossRef]

http://doi.org/10.1007/s00707-019-2369-6
http://doi.org/10.1007/s10409-020-00999-4
http://doi.org/10.16285/j.rsm.2013.09.019
http://doi.org/10.1016/j.ijimpeng.2018.02.006
http://doi.org/10.3208/sandf.39.1
http://doi.org/10.1016/j.mechmat.2009.01.014
http://doi.org/10.1007/BF02427897
http://doi.org/10.1016/j.mechmat.2009.01.003
http://doi.org/10.1007/s11340-011-9475-2
http://doi.org/10.1007/978-1-4614-4238-7_67
http://doi.org/10.1061/(ASCE)0733-9399(1991)117:5(1119)
http://doi.org/10.1201/b17395-253
http://doi.org/10.1007/BF02327786
http://doi.org/10.21236/ada284026
http://doi.org/10.1016/S1872-1508(06)60035-1
http://doi.org/10.1016/j.soildyn.2021.106891
http://doi.org/10.1016/0022-5096(63)90050-4
http://doi.org/10.11883/bzycj-2017-0179
http://doi.org/10.1061/(ASCE)0733-9410(1985)111:10(1177)
http://doi.org/10.1061/(ASCE)0733-9410(1996)122:4(309)
http://doi.org/10.1061/(ASCE)0733-9410(1987)113:12(1449)
http://doi.org/10.1061/(ASCE)GT.1943-5606.0000335
http://doi.org/10.1007/s40870-020-00257-5
http://doi.org/10.1007/s11340-018-0405-4
http://doi.org/10.1016/j.ijimpeng.2022.104234
http://doi.org/10.1016/j.ijimpeng.2012.03.004

	Introduction 
	Experimental Setup and Material 
	Material Properties 
	Experimental Setup 
	Specimen Preparation and Installation 
	Loading Cases 

	Results and Discussion 
	Particle Breakage Analysis 
	Effect of Strain Rate 
	Effect of Moisture Content 

	Dynamic Response Behaviors of Sand 
	Effect of Strain Rate 
	Effect of Initial Relative Density 
	Effect of Moisture Content 

	Energy Dissipation Analysis 
	Effect of Initial Relative Density 
	Effect of Moisture Content 


	Conclusions 
	References

