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To investigate the dynamic behavior of granular materials under repeated impact loading, repeated compression tests were 
conducted on sandy soil and silica sand using an improved Φ40 mm split Hopkinson pressure bar (SHPB) setup. The study 
systematically examined the evolution of material density, particle breakage, stress wave propagation, stress–strain 
response, and energy dissipation characteristics. The results indicate that the density of both materials increases gradually 
with the number of impacts and eventually stabilizes. The median particle size of sandy soil decreases by only 
approximately 25 %, whereas that of silica sand reduces by up to 65.6 %. After five impacts, the relative breakage indices 
of sandy soil and silica sand are 0.05 and 0.23, respectively, indicating a more pronounced particle refinement effect in 
silica sand. Wave velocity measurements show that both the compression wave and peak stress velocities of sandy soil are 
more sensitive to densification, while silica sand exhibits limited increases in wave velocity due to severe particle 
breakage. Regarding stress–strain behavior, both materials undergo elastic, plastic, yielding, and strain-hardening stages, 
with overall stress levels shifting upward as the number of impacts increases. However, due to particle breakage, silica 
sand exhibits greater energy dissipation, resulting in lower stress levels under the same strain compared to sandy soil. 
Energy analysis reveals that the energy absorption density of both materials first increases and then decreases with initial 
density. Notably, silica sand demonstrates more stable and progressively enhanced energy dissipation over five impacts, 
making it more suitable for protective applications under repeated impact loading. The findings provide experimental 
evidence and theoretical support for the design and application of granular materials in protective engineering and related 
cushioning structures. 
Keywords: sandy soil, silica sand, dynamic response, energy dissipation, split Hopkinson pressure bar. 

 
1. INTRODUCTION 

Granular materials, such as sand and soil, are aggregates 
formed by the accumulation of numerous particles, typically 
ranging in size from a few microns to several millimeters 
[1]. They exhibit distinct solid–fluid dual characteristics and 
represent a complex non-equilibrium energy dissipation 
system [2]. Engineering applications of granular materials 
under impact loading include protective cushion layers 
against rockfall impacts in mountain highway and railway 
tunnels (Fig. 1) [3 – 5], dynamic compaction and pile 
driving in geotechnical and offshore engineering [6], and 
dispersive layers in multilayered military protective 
structures [7, 8]. Current research on the dynamic behavior 
of granular materials has primarily focused on their 
responses to a single impact. However, practical 
applications indicate that protective engineering structures 

 
 Corresponding author: X. Mei 
E-mail: xfmei@my.swjtu.edu.cn 

and offshore pile driving projects often encounter repeated 
or continuous impact or blast loading. Previous studies have 
shown that under cyclic loading, granular materials exhibit 
typical phenomena such as enhanced compaction, 
cumulative residual deformation, and reorganization of 
contact force chains, which differ significantly from the 
response to a single impact [9]. Therefore, an in-depth 
investigation of the dynamic response characteristics of 
granular materials under repeated dynamic loading is of 
critical importance for enhancing the resilience of civil 
infrastructure and optimizing strategies for disaster risk 
reduction. The dynamic mechanical behavior of granular 
materials can be investigated using shock tubes [10, 11], 
drop-weight apparatuses [12], and physical model 
experiments [13 – 15]. However, shock tubes and drop-
weight setups often fail to capture mechanical responses 
under moderate to high strain rates [16]. 

 
 



 
a b 

 
c d 

Fig. 1. Engineering application background: a, b – rock-shed; c, 
d – pile-slab and cushion layer rockfall barrier 

Physical model tests typically employ embedded 
pressure gauges to measure stress, but significant 
impedance mismatches between the gauge and the material, 
along with the gauge’s interference with stress-wave 
propagation, may result in phenomena such as transmitted 
stress exceeding incident stress and calibration difficulties. 
For instance, Hampton and Wetzel [17] demonstrated that 
gauge–soil interactions can cause the measured transmitted 
stress to exceed the actual incident pressure by as much as 
50 %. Schindler [18] reported that the presence of the gauge 
induces substantial disturbance to the specimen, rendering 
in-situ calibration problematic. The Split Hopkinson 
Pressure Bar (SHPB) overcomes these limitations by 
recording the elastic deformation of the incident and 
transmitted bars to calculate stress and strain at the specimen 
ends. This method enables the simultaneous acquisition of 
stress and strain histories at corresponding positions in the 
specimen, yielding results more accurate than those from 
embedded gauges. Yu et al. [19], based on one-dimensional 
stress-wave propagation theory, examined stress-wave 
behavior in coral sand specimens of varying lengths. Lv et 
al. [20] employed SHPB to analyze stress-wave attenuation 
in siliceous and calcareous sands. Cui et al. [21] explored 
strain-rate effects under impact loading in sandy soils and 
developed a mathematical model for stress-wave 
attenuation. Song et al. [22] investigated the influence of 
initial density and lateral confinement on the stress–strain 
behavior of dry sand, concluding that specimens laterally 
constrained by 4340-steel sleeves exhibit 20 % greater 
stiffness than those confined by polyolefin heat-shrink 
tubing. Based on an enhanced SHPB, Bragov et al. [23] 
proposed a dynamic constitutive model for silica sand. Fu et 
al. [24] studied the dynamic strength and energy dissipation 
mechanisms in frozen sands, formulating a damage-
evolution constitutive model grounded in continuum 
fracture mechanics. Lv et al. [25] found that, under high 
strain-rate (HSR) conditions, calcareous sand exhibits 
substantially different characteristics compared to silica 
sand, with viscous rheological behavior being notably more 
pronounced in silica sand than in calcareous sand. De Cola 
et al. [26], via large-scale SHPB experiments, compared the 

dynamic responses of Q-Rok, Euroquartz Siligran, and 
Ottawa sand, revealing marked stiffness enhancement 
across sands of diverse particle shapes as initial specimen 
density increased. This result indicates that granular 
materials exhibit a strain-rate effect under dynamic loading. 
In addition, to elucidate the mechanical behavior of granular 
media under dynamic loading, numerical methods such as 
the Finite Element Method (FEM), Discrete Element 
Method (DEM), and Smoothed Particle Hydrodynamics 
(SPH) have been widely applied, yielding satisfactory 
outcomes [27 – 29]. 

There have been only sporadic reports on the dynamic 
mechanical properties of granular materials under repeated 
impact loading. For example, Luo et al. [30] conducted 
repeated impact tests on nine groups of Eglin sand 
specimens with different particle size distributions and 
found that larger particles are more susceptible to breakage 
under dynamic compression, while dense fine particles 
exhibit superior energy absorption capacity. OuYang et al. 
[31] investigated the dynamic compressive behavior of 
calcareous sand and reported that its apparent dynamic 
stiffness under impact loading was only one-eighth to one-
ninth that of silica sand, while its energy absorption 
efficiency was higher than that of silica sand under 
relatively low stresses. Qin et al. [32], based on SHPB tests, 
studied the strain rate effects of kaolin clay subjected to 
repeated impacts and demonstrated that cyclic impacts can 
significantly increase the peak stress. 

 

Fig. 2. Methodology flowchart 

In summary, studies on the dynamic behavior of 
granular media under multi-impact loading conditions 
remain scarce. Moreover, the strain rate effects of granular 
materials have not yet reached a consensus, with even 



contradictory conclusions reported in the literature [33 – 36]. 
In this study, dynamic compression tests were carried out on 
sandy soil and silica sand under repeated impacts using a 
modified Φ40 mm SHPB apparatus. Particular attention was 
paid to the propagation of impact stress waves and the 
associated energy dissipation characteristics in the two 
materials, and a comparative analysis was performed on the 
influence of density on stress-strain behavior, strain rate, 
and wave velocity. The technical approach of this study is 
shown in Fig. 2. 

2. EXPERIMENTAL DESIGN 

2.1. Materials 

Silica sand was collected from Wuqing District, 
Tianjin, and sandy soil was collected from Zhangdian 
District, Zibo, Shandong Province (Fig. 3). 

 

Fig. 3. Sampling location 

Scanning electron microscopy (SEM) was conducted to 
investigate the surface morphology of the two materials. 
The results indicate that the sandy soil exhibits a loose 
structure, with numerous fine particles adhering to the 
surface of some grains. The intergranular bonding is weak, 
leading to a relatively high porosity and a tendency to form 
agglomerates (Fig. 4 a – c). In contrast, the silica sand 
particles are nearly spherical with rough surfaces featuring 

abundant pores and discontinuous initial microcracks, 
which contribute to particle breakage (Fig. 4 d – f). 

According to the particle size distribution curves 
(Fig. 5), the sandy soil and silica sand show distinct 
gradation characteristics. 
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Fig. 5. Particle size distribution 

The cumulative curve of the sandy soil rises rapidly in 
the fine-particle range, indicating a relatively high fine 
content and an overall continuous particle size distribution, 
which reflects a well-graded structure. In comparison, the 
silica sand shows almost no increase in the fraction finer 
than 0.1 mm, with its curve rising steeply in the medium-to-
coarse sand range, suggesting a deficiency in fine particles. 
Furthermore, the median particle sizes of the sandy soil and 
silica sand are 0.16 mm and 0.67 mm, respectively. Their 
coefficients of uniformity are 14.74 and 5.49, and their 
coefficients of curvature are 0.59 and 0.92, respectively. 

X-ray diffraction (XRD) analysis (Fig. 6) indicates 
differences in mineral composition between sandy soil and 
silica sand. Sandy soil is primarily composed of quartz and 
potassium feldspar, with strong quartz diffraction peaks 
accompanied by multiple sets of potassium feldspar peaks. 
Silica sand also consists mainly of quartz, with minor 
amounts of potassium feldspar and silicate minerals 
detected. As a result, sandy soil exhibits a complex 
mineralogical composition, whereas silica sand is 
dominated by quartz with only small quantities of clay 
minerals. 
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Fig. 4. Sandy soil and silica sand: a, b, c – sandy soil; d, e, f – silica sand 
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Fig. 6. XRD patterns: a – sandy soil; b – silica sand 

2.2. Experimental apparatus 

The SHPB apparatus is widely used to study the 
dynamic mechanical behavior of materials under high strain 
rates. It consists of an incident bar, a transmission bar, and 
a specimen placed between them. When a projectile impacts 
the incident bar, stress waves propagate through the 
specimen, from which the dynamic stress–strain 
relationship can be obtained using the incident, reflected, 
and transmitted wave signals. 

However, the conventional SHPB setup is primarily 
designed for solid specimens and is not well suited for 

testing unbonded or easily deformable granular materials, 
which are difficult to shape and confine during high-rate 
loading. To overcome these limitations, an improved 
experimental setup was developed in this study, as shown in 
Fig. 7 a, incorporating a sleeve-type clamping system 
specifically designed for granular materials. The modified 
SHPB apparatus consists of a driving module, a bar system, 
and a data acquisition system. The driving module uses 
compressed nitrogen to accelerate a projectile that impacts 
the incident bar and generates stress waves; by adjusting the 
gas pressure, the projectile velocity is controlled to achieve 
different strain rates. The bar system, 40 mm in diameter, 
comprises a 2.4 m incident bar and a 2.0 m transmission bar, 
both made of 7075 aluminum alloy with an elastic modulus 
of 71 GPa and a wave velocity of 5000 m/s. Due to the 
impedance mismatch between the specimen and the bars, 
semiconductor strain gauges (120 Ω) were adopted, with an 
amplifier gain of 1000. Gauges were mounted 850 mm from 
the specimen ends. Data were recorded using a 10 MHz 
acquisition system, providing microsecond resolution and 
ensuring complete capture of stress-wave propagation. 

The specimen clamping system consists of an outer 
sleeve, an inner sleeve, and multiple functional plates (front 
plate, rear plate, and support plate). The outer sleeve, 
constructed from high-strength steel, provides lateral 
confinement for the granular materials. It has a total length 
of 160 mm, an inner diameter of 40.1 mm, and a wall 
thickness of 2.0 mm. Pre-drilled screw holes are distributed 
along the outer sleeve to adjust plate positions. During 
loading, all bolts are removed to prevent interference with 
stress wave propagation. The inner sleeve, also made of 
high-strength steel, has a diameter of 25 mm. Together with 
the bolt positions, it allows precise control of specimen 
length and initial density during preparation, ensuring test 
repeatability. 
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Fig. 7. Improved SHPB: a – test apparatus; b – test steps 
 



The front and rear plates, made from the same material 
as the SHPB bars, have a diameter of 40.0 mm and a 
thickness of 15 mm, serving to eliminate interface 
discontinuities and prevent particle leakage. A supporting 
plate, made of high-strength steel with a thickness of 25 mm, 
is placed beneath the rear plate to prevent tilting during bolt 
fastening and is used only during specimen preparation. 

2.3. Specimen preparation and testing procedure 

In SHPB tests, both longitudinal and radial inertial 
effects of the specimen may affect the results, making the 
selection of an appropriate length-to-diameter ratio (L/D) 
essential. According to Song et al. [37], thinner specimens 
facilitate stress equilibrium, whereas overly thin ones may 
increase experimental errors due to interfacial friction 
between the bars and specimen ends. Li et al. [38] reported 
that specimens with a length-to-diameter ratio of 0.4 – 1.0 
can reliably characterize the dynamic mechanical behavior 
of materials. Considering previous studies, a length-to-
diameter ratio of 1.0 was adopted in this work, 
corresponding to a specimen length of 40 mm. The 
specimen preparation steps are illustrated in Fig. 7 b: (1) 
place the supporting plate on a horizontal surface, stack the 
rear plate above it, and fix the sleeve to the rear plate with 
bolts; (2) pour the sand sample uniformly into the sleeve, 
level the surface, and gently slide the front plate to the 
specimen top to expel air; (3) position the inner sleeve on 
the front plate and apply a uniform preload until the ends of 
the inner and outer sleeves are flush. It is noteworthy that 
the applied preload is minimal and does not alter the initial 
gradation of the specimen; (4) remove the inner sleeve, 
secure the front plate with bolts, place the specimen between 
the incident and transmission bars, adjust the sleeve 
alignment, and apply impact loading. The specific impact 
conditions of the tests are summarized in Table 1. 

Table 1. Impact conditions 

 
Impact velocity, m/s 

Sandy soil Silica sand 
1st 15.3 15.3 
2nd 15.3 15.2 
3rd 15.4 15.2 
4th 15.4 14.9 
5th 15.4 15.0 

3. RESULTS AND ANALYSIS 

3.1. Validation of test effectiveness 

In SHPB impact tests, semiconductor strain gauges 
directly measure the incident, reflected, and transmitted 
voltage signals. The voltage signals are converted to strain 
using: 

𝜀 =
ସ⋅௎೔೙(௏)

௄⋅௎ೈಳ(௏)⋅௡⋅஺ೠ
 , (1) 

where Uin is the measured voltage signal; K is the gauge 
sensitivity (2.08); n is the number of bridge arms (2); Au is 
the amplifier gain (1000); UWB is the bridge voltage (4 V). 

According to stress wave theory, specimen stress σs, 
strain εs, and average strain rate ε˙ can be expressed as: 

𝜎(𝑡) =
஺್

஺ೞ
𝐸௕𝜀௧(𝑡); (2) 

𝜀(𝑡) = −
ଶ஼బ

௅ೞ
∫ 𝜀௥(𝑡)
௧

଴
dt; (3) 

𝜀̇(𝑡) = −
ଶ஼బ

௅ೞ
𝜀௥(𝑡), (4) 

where As and Ls are the cross-sectional area and length of 
the specimen; Ab and Eb are the cross-sectional area and 
elastic modulus of the bar; C0 is the compressive stress wave 
velocity in the bar; εr denotes the reflected strain; εt is the 
transmitted strain, and t represents time. 

Fig. 8 a presents the relationship between the projectile 
velocity, measured by a laser velocimeter, and the applied 
gas pressure under no-load conditions at 0.12, 0.3, 0.42, and 
0.6 MPa. The results indicate a clear exponential 
relationship between the projectile velocity and gas pressure. 
Fig. 8 b shows the effect of a brass pulse shaper on the stress 
wave. Without the pulse shaper, the incident wave exhibits 
a steep waveform with high-frequency oscillations, and the 
wavefront is sharp, which may induce reflections and 
interference at the contact interface. With the pulse shaper, 
the incident wave is significantly smoothed, the wavefront 
is broadened, oscillations are reduced, and the transmitted 
wave becomes more stable, with the main peak slightly 
delayed, indicating that the pulse shaper effectively 
prolongs the stress wave loading time. Fig. 8 c and d 
compare the no-load impact waveforms before and after 
adding the sleeve and functional plates. Prior to the 
modification, the incident and transmitted wave signals 
largely overlapped in duration and waveform. After the 
modification, due to the plates being made of the same 
material as the bars, the same behavior was observed, 
demonstrating that the sleeve and plates have minimal 
influence on the waveforms and satisfy experimental 
requirements. Fig. 9 further shows that the transmitted 
voltage approximately equals the sum of the incident and 
reflected voltages, indicating that the specimen achieves 
stress equilibrium. In summary, the experimental method is 
reliable, and the results are valid. 
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Fig. 8. Validation of experimental results: a – calibration of 
projectile velocity versus gas pressure; b – effect of pulse 
shaper on waveform; c – pre-improvement waveform; 
d – improved waveform 
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Fig. 9. Verification of stress uniformity: a – sandy soil; b – silica sand 

3.2. Compression characteristics 

Fig. 10 illustrates the evolution of specimen density 
under five consecutive impacts for both the sandy soil and 
silica sand. The results show that the specimen density 
increases significantly with the number of impacts initially, 
then gradually approaches a steady state. For silica sand, the 
density rises from approximately 2.15 g/cm³ to 2.87 g/cm³, 
while for sandy soil, it increases from 1.60 g/cm³ to 
2.34 g/cm³. The rate of density increase and the final 
compacted density differ between sandy soil and silica sand. 
The initial density of the sandy soil is considerably lower 
than that of the silica sand, and its density increment per 
impact is relatively smaller, with a lower steady-state 
density. This behavior reflects the higher content of fine 
particles in the sandy soil, where interparticle friction and 
interlocking limit further compaction. 

0 1 2 3 4 5
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0

1 2 3 4 5
2.0

2.2

2.4

2.6

2.8

3.0

Silica sand
Sandy soil

D
en

si
ty

, k
g/

m
3

Number of impact

Silica sand
Sandy soil

D
en

si
ty

, g
/c

m
3

Number of impacts

D
en

si
ty

, g
/c

m
3

Number of impacts

 
Fig. 10. Variation of density with the number of impacts 

Fig. 11 presents the particle size distribution of the two 
materials after five consecutive impacts. 

 

Fig. 11. Particle size distribution curves after impact 

The results indicate that silica sand experiences 
significantly more pronounced particle breakage than sandy 
soil, with a substantial increase in fine-particle content, 
particularly in the coarser particle range, reflecting strong 
fragmentation. In contrast, sandy soil exhibits relatively 
mild breakage, with fewer fines generated and a more 

gradual change in particle size distribution. For instance, the 
median particle diameter of sandy soil decreases from 
0.16 mm to 0.12 mm, a reduction of approximately 25 %, 
whereas the median particle diameter of silica sand 
decreases from 0.67 mm to 0.23 mm, corresponding to a 
reduction of about 65.6 %, indicating a much stronger 
particle refinement in silica sand. 

For a typical energy-absorbing material, particle 
breakage plays a critical role in mechanical behavior. To 
quantify the fragmentation characteristics of granular 
materials, Hardin [39] proposed the relative breakage index 
Br, assuming that particles smaller than 0.074 mm are 
unbreakable, and analyzing the breakage effect from an 
energy perspective: 

𝐵௥ =
஻೟

஻೛
, (5) 

where Bt is the difference in particle breakage before and 
after impact; Bp is the potential breakage, reflecting the 
inherent fragmentation capacity of the particles; Br is the 
relative breakage index, as illustrated in Fig. 12. 
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Fig. 12. Definition of the relative crushing index 

Based on Hardin’s definition of the relative breakage 
index, the sandy soil exhibits a relative breakage index of 
0.05, while silica sand reaches 0.23. Accordingly, the degree 
of particle breakage in silica sand is significantly higher than 
that in sandy soil. 

3.3. Stress wave propagation 

The propagation velocity of stress waves in a medium 
is critical for investigating wave transmission behavior and 
developing constitutive models of materials. Based on the 
stress-time histories obtained from SHPB tests, both the 
compressive stress wave velocity and the peak stress 
velocity in the medium can be calculated as follows: 

𝐶 = 𝐿ௌ/(𝑡௖ − 𝑡ூ − 𝑡்); (6) 

𝐶௠௔௫ = 𝐿ௌ/(𝑡௠ − 𝑡ூ − 𝑡்), (7) 

where C is the stress wave velocity; 𝐶௠௔௫ is the peak stress 
velocity; LS is the specimen length; 𝑡௖ is the time difference 
between the initial starting points of the incident and 
transmitted waves; tm is the time difference between the 
peak points of the incident and transmitted waves; 𝑡ூ is the 
time required for the stress wave to travel from the incident 
bar strain gauge to the specimen’s front end; 𝑡் is the time 
required for the stress wave to travel from the specimen’s 
rear end to the transmission bar strain gauge. 

Fig. 13 shows that at the same incident velocity, both 
the average compression wave velocity and the peak stress 
velocity increase with specimen density. For the sandy soil, 
as the density increases from 1.60 g/cm³ to 2.34 g/cm³, the 



compression wave velocity rises by approximately 180 %, 
and the peak stress velocity increases by about 230 %. In 
contrast, for silica sand, as the density increases from 
2.15 g/cm³ to 2.87 g/cm³, the corresponding increases are 
approximately 70 % and 110 %, respectively. Although 
both materials are subjected to the same single-impact 
velocity, their response magnitudes and sensitivity to 
compaction differ markedly. The larger particle size and 
higher breakage degree of the silica sand promote frictional 
damage and particle rearrangement during compression, 
weakening the effective load-bearing skeleton and 
consequently reducing wave propagation velocity and stress 
transmission efficiency. 
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Fig. 13. Stress wave propagation characteristics: a – compression 
wave velocity; b – peak stress velocity 

3.4. Stress-strain 

The stress–strain curves of both the sandy soil and silica 
sand exhibit similar trends. A typical stress-strain curve is 
shown in Fig. 14. 

 

Fig. 14. Definition of the main zones of the stress-strain curve 

The dynamic stress–strain response can be divided into 
four stages: elastic (AB), plastic (BC), yielding (CD), and 
strain hardening (DE). In the elastic stage, the axial stress is 
insufficient to overcome interparticle static friction, and the 
particles undergo only rearrangement and elastic 
deformation, resulting in initial elastic behavior. Once the 
stress exceeds the static friction, particles roll and slide 
within the pores, causing further deformation of the soil 
skeleton. This stage primarily involves plastic deformation, 
with the corresponding yield stress and strain denoted as σmc 
and εmc. As particles continue to rearrange and pores are 
filled, the specimen becomes denser, some particles break, 
the number of interparticle contacts increases, and relative 
motion becomes more difficult, producing a “locking 
hardening” effect. 

Fig. 15 presents the stress–strain curves of the sandy 
soil and silica sand under repeated impacts. During the first 

loading, the materials exhibit the most pronounced 
compressive deformation due to their low initial compaction.  
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Fig. 15. Stress-strain curve: a – sandy soil; b – silica sand 

With an increasing number of impacts, the specimen 
density rises significantly, shifting the stress–strain curves 
upward and enhancing the strain-hardening behavior. The 
peak yield stress increases with the number of impacts, 
indicating structural rearrangement or densification that 
improves the load-bearing capacity. Furthermore, since 
particle breakage absorbs considerable energy, the stress 
level of silica sand at the same strain is lower than that of 
the sandy soil. This suggests that, in practical protective 
engineering, selecting larger, more easily breakable 
particles can reduce the applied load. 

The peak yield stress of both sandy soil and silica sand 
increases exponentially with increasing density (Fig. 16 a). 
Under the same density, silica sand exhibits a higher peak 
yield stress than sandy soil, indicating stronger compressive 
resistance during loading. 
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Fig. 16. Effect of density on mechanical properties: a – peak stress; 
b – secant modulus 

However, due to the more pronounced particle breakage 
in silica sand, achieving a high peak stress at elevated 
densities is accompanied by significant energy dissipation 
and structural degradation of the particle skeleton. In 
contrast, sandy soil particles are relatively rounded and less 
prone to breakage, maintaining a more stable mechanical 
response during loading. As a result, the increase in peak 
yield stress with density is more moderate for sandy soil. 

To quantify the stiffness characteristics of different 
materials under impact loading, the secant modulus is 
introduced: 

𝐸 =
ఙ೘೎

ఌ೘೎
, (8) 

where E denotes the secant modulus; σmc is the peak yield 
stress on the stress-strain curve; εmc is the corresponding 
strain at the peak yield stress. 



Both sandy soil and silica sand exhibit a significant 
increase in secant modulus with increasing density 
(Fig. 16 b). Silica sand consistently shows higher secant 
modulus values than sandy soil, indicating stronger stiffness 
and resistance to deformation at the same density. As 
density increases, the contact network among silica sand 
particles becomes more compact, leading to more efficient 
stress transmission and an accelerated increase in modulus. 
Moreover, the stronger fragmentation of silica sand 
contributes to energy dissipation, further affecting its 
mechanical response. In contrast, sandy soil particles are 
less prone to breakage, and the material’s mechanical 
response during densification remains relatively stable. 
Although the secant modulus of sandy soil also increases 
with density, the growth rate is lower than that of silica sand. 
Overall, density has a pronounced effect on stiffness 
enhancement for both materials, with silica sand being more 
sensitive to density-induced stiffness increases. 

Fig. 17 presents the strain-rate time histories of sandy 
soil and silica sand under five consecutive impacts. As the 
number of impacts increases, the plateau strain-rate 
gradually decreases, and the overall amplitude of the curves 
diminishes, accompanied by a shorter duration of the 
plateau. 

0.00 0.01 0.02 0.03 0.04
0

30

60

90

120

150

180

S
tr

ai
n 

ra
te

, 1
/s

Time, ms

 1st
 2nd
 3rd
 4th
 5th

 
 

a b 

Fig. 17. Strain-rate time histories: a – sandy soil; b – silica sand 

During the first impact, the plateau strain-rate reaches 
its maximum for both materials, indicating the highest 
deformation rate. With repeated impacts, particles undergo 
progressive breakage and densification, leading to an 
increase in overall specimen density. Consequently, both the 
peak and plateau strain-rates gradually decline, reflecting 
the restricted interparticle motion and reduced deformation 
rate in the densified specimens. Overall, the strain-rate 
behavior of both materials demonstrates a decreasing trend 
with increasing density. 

3.5. Energy dissipation characteristics 

For an energy-dissipating layer material in protective 
structures, the compressive deformation and interparticle 
friction under impact loading are accompanied by energy 
transmission and conversion. In SHPB tests, the incident 
energy WI, reflected energy WR, transmitted energy WT, and 
absorbed energy WS can be calculated as follows: 

𝑊ூ,ோ,் = 𝐴௕𝐸௕𝐶଴ ∫  
௧

଴
𝜀௜,௥,௧
ଶ (𝑡)𝑑𝑡; (9) 

𝑊ௌ = 𝑊ூ −𝑊ோ −𝑊், (10) 

where WI, WR, WT, WS are the incident energy, reflected 
energy, transmitted energy, and absorbed energy, 
respectively; Ab and Eb are the cross-sectional area and the 

elastic modulus of the bar, respectively; C0 is the 
propagation velocity of the compressive stress wave in the 
bar; εi and εr are the incident and reflected strains, 
respectively, and εt is the transmitted strain. t represents 
time. 

Fig. 18 illustrates the variation of energy with time for 
a typical specimen during the SHPB test, reflecting the 
material's energy absorption characteristics. During the test, 
incident energy rapidly increases with loading time and 
stabilizes after 0.03 ms. Both reflected and transmitted 
energies rise synchronously, but the transmitted energy is 
much lower than the incident energy. Absorbed energy 
shows a continuous increase with time, indicating the 
specimen’s dissipation effect on incident energy. 
Furthermore, soil particles are a low wave-impedance 
medium, resulting in most of the incident energy being 
reflected, with relatively small proportions of transmitted 
and absorbed energies. 
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Fig. 18. Typical energy time histories 

To eliminate the influence of sample size on energy 
dissipation, the energy absorption density is introduced as a 
relative metric to reflect the energy dissipation capability of 
the specimens: 

𝜔 =
ௐೞ

௏
, (11) 

where ω is the energy absorption density; Ws is the absorbed 
energy; V is the specimen volume. 

As shown in Fig. 19, both silica sand and sandy soil 
exhibit similar trends of energy absorption density with 
respect to initial density. For sandy soil, as the initial density 
increases from 1.6 g/cm³ to approximately 2.1 g/cm³, the 
energy absorption density rises rapidly and reaches a peak 
of 4.5 MJ/m³. 

1.5 1.8 2.1 2.4 2.7 3.0

1

2

3

4

5

E
ne

rg
y 

ab
so

rp
tio

n 
de

ns
ity

, M
J/

m
3

Density, g/cm3

 Silica sand
 Sandy soil

 
Fig. 19. Relationship between energy absorption density and 

specimen density 

Beyond this point, further increases in density result in 
a noticeable decrease in energy absorption density. For 



silica sand, the energy absorption density rises quickly from 
an initial density of 2.1 g/cm³ to about 2.54 g/cm³, reaching 
a peak of 4.0 MJ/m³ before declining. The findings 
demonstrate that both excessively high and excessively low 
densities of granular materials negatively impact their 
energy absorption density. In practical engineering 
applications, selecting an appropriate material density is 
critical: too low compromises load-bearing capacity, while 
too high limits energy dissipation. Maximum energy 
absorption and cushioning are achieved only within an 
optimal density range. 

Energy absorption efficiency [40] was further 
introduced to evaluate the energy dissipation capability of 
silica sand and sandy soil under dynamic loading: 

𝐸௡ =
∫  
ഄ೘೎
బ ఙ೘೎ௗఌ

ଵ×ఙ೘೎
. (12) 

The energy absorption efficiency of sandy soil and 
silica sand increases with rising stress (Fig. 20), but 
significant differences in magnitude and growth trends are 
observed between the two materials. Sandy soil exhibits the 
highest efficiency during the first loading, with curves 
shifting downward in subsequent cycles, indicating reduced 
efficiency due to pore compression and particle 
rearrangement under repeated impacts. In contrast, silica 
sand shows a gradual increase in efficiency with stress and 
maintains substantial energy absorption even after multiple 
loadings. 

0 10 20 30 40 50
0.000

0.002

0.004

0.006

0.008

E
ne

rg
y 

ab
so

rp
ti

on
 e

ff
ic

ie
nc

y

Stress, MPa

 1st
 2nd
 3rd
 4th
 5th

 
0 10 20 30 40 50

0.0000

0.0005

0.0010

0.0015

0.0020

E
ne

rg
y 

ab
so

rp
ti

on
 e

ff
ic

ie
nc

y

Stress, MPa

 1st
 2nd
 3rd
 4th
 5th

a b 

Fig. 20. Energy absorption efficiency versus stress: a – sandy soil; 
b – silica sand 

Similarly, energy absorption efficiency increases with 
strain (Fig. 21).   
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Fig. 21. Energy absorption efficiency versus strain: a – sandy soil; 
b – silica sand 

The largest deformation and most pronounced changes 
occur during the first impact. For sandy soil, post-first-
loading curves remain largely unchanged, reflecting stable 
behavior. Conversely, silica sand exhibits the lowest 
efficiency during the first impact, but efficiency gradually 

increases in subsequent loadings. By the fifth loading, 
efficiency rises by approximately 60 % relative to the first 
impact, reflecting progressive particle breakage and 
refinement that enhance energy dissipation in later loadings. 

3.6. Structural safety assessment and discussion 

From an engineering safety perspective, selecting sandy 
soil, silica sand, or a combination of both should achieve an 
optimal balance between impact energy absorption and 
structural stability. In protective cushion layers beneath 
rock-sheds or pile-slab systems, silica sand exhibits superior 
energy dissipation and effectively attenuates transmitted 
stress. Sandy soil, characterized by finer gradation and 
lower particle breakage, maintains structural integrity. A 
composite configuration, placing silica sand near the impact 
surface and sandy soil underneath, can provide both 
efficient energy absorption and stable mechanical support. 
Within the scope of this study, experimental evidence 
confirms that silica sand contributes more to energy 
attenuation, while sandy soil offers greater stability under 
repeated impacts. These findings provide a reliable basis for 
material selection and structural optimization of granular 
cushion layers in protective engineering applications. 

4. CONCLUSIONS 

Based on the improved Φ40 mm SHPB setup, repeated 
impact tests were conducted on sandy soil and silica sand to 
systematically investigate the compressive behavior, 
particle breakage patterns, stress wave propagation, stress–
strain evolution, and energy dissipation mechanisms of 
granular materials. The main conclusions are summarized 
as follows: 
1. Silica sand exhibits more significant particle breakage 

under repeated impacts, with the median particle size 
decreasing from 0.67 mm to 0.23 mm, corresponding to 
a refinement of approximately 65.6 % and a relative 
breakage index of 0.23. In contrast, sandy soil shows a 
reduction in median particle size from 0.16 mm to 
0.12 mm, a decrease of about 25 %, with a relative 
breakage index of only 0.05. 

2. Peak yield stress and secant modulus of both materials 
increase with density. At a density of approximately 
2.5 g/cm³, silica sand reaches a peak stress of around 
32 MPa, higher than 25 MPa for sandy soil. Moreover, 
silica sand particles are angular and brittle, exhibiting 
pronounced breakage during impact. 

3. Both compression wave velocity and peak stress 
velocity increase nonlinearly with density. For sandy 
soil, as density rises from 1.60 g/cm³ to 2.34 g/cm³, 
wave velocity increases by approximately 180 % and 
peak stress velocity by about 230 %. For silica sand, 
increasing density from 2.15 g/cm³ to 2.87 g/cm³ 
results in only 70 % and 110 % increases, respectively. 
This indicates that densified sandy soil forms a 
continuous load-bearing chain, showing higher 
sensitivity in wave propagation and stress transmission, 
whereas silica sand exhibits reduced wave propagation 
efficiency due to particle breakage. 

4. Energy absorption efficiency of sandy soil changes 
most significantly during the first impact and gradually 
decreases with repeated loading. For sandy soil at a 



density of 2.1 g/cm³, the peak energy absorption density 
reaches 4.5 MJ/m³. Silica sand, at a density of 2.5 g/cm³, 
achieves an energy absorption density of approximately 
4.0 MJ/m³, and maintains a more stable and 
continuously enhanced energy dissipation behavior 
over five impacts, making it more suitable for 
protective applications under repeated impact loading. 
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