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Abstract Two types of Ottawa sand (ASTM C778 #20–30
graded sand, denoted OS1, and C109 ASTM #C778 graded
sand, denoted OS2) with different particle size distributions
were tested in a series of dynamic uniaxial strain experiments
using a modified split Hopkinson pressure bar (SHPB) sys-
tem. The pulse shaper technique was employed to achieve the
dynamic force balance and constant strain rate in the sand
specimen. The effects of the strain rate, initial void ratio and
moisture on the dynamic compression response of sand were
examined. Two types of dynamic behavior occurred in the dry
sand: solid-like and fluid-like behavior. The OS1 samples ex-
hibited a fluid-like response at all initial void ratios, whereas
the OS2 samples exhibited a solid-like response for all void
ratios. This difference between the two sands may be due to
the difference in the particular size distributions of OS1 and
OS2. The initial elastic response of the dry sand samples
seemed to be independent of the strain rate. The strain rate
effects became more apparent after particle crushing and par-
ticle rearrangement began. Under a high degree of saturation,
the strain rate effects were immediately apparent, even at low-
er strains. The dynamic response of sand was remarkably lin-
ear until the peak strain was reached.

Keywords Dry sands . Saturated sands . SHPB . Dynamic
compressive response . Fluidization

Introduction

The effect of strain rate plays a significant role in the load-
deformation response of materials in many geotechnical ap-
plications. Stiffness and strength are often dependent on the
strain rate sustained during the loading period. This rate de-
pendence extends from slowly applied strains (10−6 s−1) dur-
ing the construction of a large structure to rapidly applied
strains (106 s−1) during blasting [1]. At high strain rates, ma-
terials tend to exhibit higher strength, greater stiffness, and
lower strain before failure. To accurately model the response
of soil in blasting, impact, dynamic compaction, and other
applications, rigorous and well-defined testing methodologies
must be developed to properly quantify the soil’s material
parameters.

The stress-strain response of sand under confinement is
complex, and an increased degree of saturation plays a key
role in this response. The effect of confinement on the stress-
strain response of dry sand under uniaxial strain is schemati-
cally illustrated in Fig. 1. As the confinement increases, the
soil response becomes stiffer due to the enhanced friction
between sand particles. After an initial elastic response and
yielding of the soil skeleton, a hardening and lock-up phase
dominates, which is characterized by an increase in stiffness
relative to the yielding phase. Finally, energy-intensive parti-
cle crushing begins and leads to further increases in the stiff-
ness as the void spaces become occupied by progressively
finer sand particles. Under an extremely high confining pres-
sure, the crushed particles are in a state featuring more con-
tacts, resulting in a pseudo-elastic behavior approaching that
of sandstone. In contrast to dry sand samples, the majority of
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the voids in high-saturation sand samples are filled with water
and sand and thus exhibit lower compressibility. Because wa-
ter cannot be drained during the loading process under a high
strain rate, the deformation of sand is determined by the de-
formation of water (and a small amount of air), and the defor-
mation of the solid phase becomes significant when a high
confining pressure is reached.

Omidvar et al. [2] presented a comprehensive summary of
the different uniaxial compression tests performed under high
strain rates. Several approaches have been taken to apply a high-
strain-rate load to a soil or sand sample, such as the drop weight
systems [3], gas-driven pistons [4], hydraulic-driven pistons [5]
and explosive-loaded pistons [6]. As one of the powerful tools
used to study material responses, the split Hopkinson pressure
bar (SHPB) has been modified in recent decades to study the
behavior of granularmaterials under different loading conditions
[7–13]. Pierce and Charlie [14] placed samples in a deformable
membrane within a larger cylinder. Pressurized water was
pumped into the cylinder to control the radial confining pressure
in the sample. Martin et al. [15] and Kabir and Chen [16] report-
ed triaxial SHPB tests on sand with confining pressures of up to
150MPa. In these tests, a pressurized cylinder was applied over
the sample and at the end of the transmitted bar to maintain a
hydrostatic pressure in the sample. The deviatoric stress was
then applied dynamically via the impact of the striker bar.
Song et al. [17] described another approach to confine the sand
sample, in which a stiff steel jacket was placed outside the sam-
ple to provide confinement in the radial direction. Because of the
large difference in stiffness between the jacket and sand sample,
the confinement can be considered rigid, and the deformation of
the sand is essentially one-dimensional strain.

Although many studies have performed dynamic testing,
many questions regarding the behavior of sand remain unre-
solved. The material behavior of sand under high strain rates is
still not fully understood for varying degrees of saturation,
initial void ratios, particle shape and size distributions, surface
textures, and mineralogies. In this paper, two types of Ottawa

sand under a high degree of saturation and a dry condition are
tested at high strain rates using a modified SHPB method
following Song et al. [17]. The pulse shaper technique is used
to achieve the dynamic force balance and constant strain rate.
The effects of the particle size distribution, initial void ratio,
and degree of saturation on the dynamic responses of sand are
obtained, and two types of responses of sand are observed,
namely, fluid-like and solid-like responses.

Experimental Procedure

Materials

The two types of Ottawa sand considered in this study are both
pure quartz sand commercially available from Ottawa, Illinois.
A fine-grained Ottawa sand (OS1) is a silica classified ASTM
C778 #20–30 sand, and a coarse-grained Ottawa sand (OS2) is
a silica classified C109 ASTM #C778 graded sand. OS1 and
OS2 are tested to examine the effect of particle size distribution
on the material response of sand. The particle densities of OS1
and OS2 are 2.635 and 2.653 g/cm3, respectively. The sieve
analysis results for both sands are provided in Table 1, and the
particle size distribution is shown in Fig. 2. The D50 values for
OS1 and OS2 are 0.4 mm and 0.88 mm, respectively.

Experimental Setup

The sand samples were subjected to a variety of dynamic tests
in a modified SHPB loading system, and a quasi-static test
using a similar sample configuration was conducted in a hy-
draulic servo-controlled testing system.

A 25.4-mm-diameter SHPB systemwas used in the dynam-
ic tests. The system comprises a 200-mm-long single striker
bar, a 2000-mm-long incident bar, and a 1200-mm-long trans-
mitted bar. All bars are made of high-strength maraging steel
with a Young’s modulus of 200 GPa and a yield strength of
2.5 GPa. Pairs of diametrically oriented strain gauges were
placed on the surface of the incident and transmitted bars, each
at 1000 mm and 500 mm away from the sample interface,
respectively. An eight-channel Sigma digital oscilloscope
manufactured by Nicolet Instrument Technologies, Madison,
WI, USA was used to record and store the amplified strain
signals collected from the Wheatstone bridge circuits.

During the test, the sand sample is placed between the
incident and transmitted bars, and the striker is launched to
impact the incident bar (Fig. 3). An incident stress wave is
generated and propagates through the incident bar and into the
sample. At the location of the sample, the incident wave is
divided into a reflected wave propagating back into the inci-
dent bar and a transmitted wave into the transmitted bar. A
maraging steel sleeve with internal and external diameters of
25.4mm and 35.4mm, respectively, is used to provide passive

Fig. 1 Stress-strain curve of dry sand under uniaxial strain loading
(Omidvar et al. [2] redrawn from Whitman [5])
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confinement to the sand sample. Because the relative stiffness
of the steel is considerably larger than that of the sand mate-
rial, it can be assumed that the sample is in a state of uniaxial
strain during the test. The sample assembly is attached to the
bar system using two sliding fit plastic rings.

Using the strain history data of the three waves recorded by
each pair of strain gauges, the load-deformation response of
the sand sample can be calculated under the assumptions of
one-dimensional stress propagation through the bars and
equilibrated forces on each interface of the sample. The dy-
namic forces on the incident bar-sample interface P1 and that
on the transmitted bar-sample interface P2 are

P1 ¼ EA εi þ εrð Þ;P2 ¼ EAεt ð1Þ

The stress (σs), strain rate (ε˙ sÞ, and strain histories (εs) in
the sample are as follows:

σs tð Þ ¼ E
A
As

εt tð Þ ð2Þ

ε˙ s tð Þ ¼ −2C
εr tð Þ
Ls

ð3Þ

εs tð Þ ¼ ∫t0 −2C
εr τð Þ
Ls

� �
dτ ð4Þ

where E andC are the Young’s modulus and wave speed of the
bar material, respectively, A is the cross-sectional area of the
incident or transmitted bar, Ls is the original length of the
specimen and As is the cross-sectional area of the sample
(which is equal to A in the current case). εt and εr are the strains
measured from transmitted and reflected waves, respectively.
In the current case, E is 200 GPa and C is 4790 m/s.

Copper and rubber pulse shapers were used between the
striker and incident bars to ensure that the strain rate of the
sample remains relatively constant during the loading portion
of the test and to ensure the force equilibrium on each interface
of the sample. This pulse shaper technique has been exten-
sively used in SHPB tests [18, 19].

Specimen Preparation

For the dry sand testing, the sample is placed within the
maraging steel tube and sandwiched between two steel platens
having a diameter of 25.35 mm and a length of 15.0 mm,
which secure the sand in the axial direction. There is a 0.05-
mm gap between the diameter of the steel platens and the steel
sleeve to eliminate the friction between the platens and sleeve
and guarantee the accuracy of the dynamic sand compression
tests. The gap also allows air to escape during the dynamic
tests. For assembly, one steel platen is placed within the tube
and is fixed by two screws (see Fig. 4a). Dry sand is poured
into the tube, with total masses of 1, 2, 4, and 6 g for the
dynamic tests and 8 g for the quasi-static test (see Fig. 4b).
Thereafter, the opposite platen is pressed inside the tube from
the opposite end without fixing. The total assembly and sand
are shaken automatically using a shaking apparatus to consol-
idate the sand sample to obtain different initial bulk densities.
The duration for which the sand and assembly are shaken is
controlled. When the desirable length of the sand sample is
reached, the platen is fixed by another set of two screws (see

Fig. 2 Particle size distribution of the two types of Ottawa sand

Table 1 Particle size distribution
of the two types of Ottawa sand Size (mm) OS1 OS2

Mass (g) Percent (%) Percent
passing (%)

Mass (g) Percent (%) Percent
passing (%)

1.18 0 0 100 0.1 0.0236 99.97

0.60 1.12 0.1840 99.816 417.9 98.8083 1.1681

0.30 470.31 77.2545 22.5615 4.92 1.1633 0.0048

0.18 129.13 21.2113 1.3502 0.02 0.0048 0

0.15 6.09 1.0004 0.3498 0 0 0

0.106 1.62 0.2660 0.0838 0 0 0

0.075 0.31 0.0509 0.0329 0 0 0

0.053 0.13 0.0214 0.0115 0 0 0

Total 608.78 100 422.94 100
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Fig. 4c), thus yielding the different initial bulk densities. This
design is similar to that used by Song et al. [17].

According to the definition of the void ratio, e = n/(1-n),
where n is the porosity and equals 1-(Vs/V),Vs is the volume of
the sand solid and V is the volume of the sand sample. Thus,
the relation between the void ratio e and bulk density ρb of
sands can be expressed as e = (ρ/ρb) -1, where ρ is the particle
density of sand. The average sample dimensions and void
ratios of the sand for dry tests are given in Table 2. The initial
void ratio of the sand sample decreased with increasing sam-
ple mass due to the compaction process.

In addition to dry samples, sand samples with a high degree
of saturation were also investigated. The assembly process of
these samples is slightly different to accommodate excess wa-
ter buildup within the sample. The first platen is solid, whereas
the second platen contains two small grooves on its wall along
the axial direction. First, the solid platen is placed in the tube

and fixed using two small screws (Fig. 4a). Second, water is
added to a certain amount of sand until the water covers the
surface of the sand. Finally, the new platen with two notches is
placed inside the tube to discharge the excess water from the
sample. A thin layer of vacuum grease is placed around each
of the two complete platens to seal the water in the specimen
during the preparation procedure. The OS1 samples contain
an average of 1.06 g of water per 4 g of sand, and the OS2
samples contain an average of 1.05 g of water per 4 g of sand
after removing the excess water. The saturation ratio of sands
(Rs) is the volume of the contained water (Vw) divided by the
volume of the voids (Vv), i.e., Rs = Vw/Vv. Thus, the degrees of
saturation for the OS1 and OS2 samples are 0.97 and 0.99,
respectively.

In the comparison static tests, the ring and platen sample
assembly is directly placed on the testing platform, and in the
SHPB test, the sample assembly is placed within the incident

Fig. 3 Schematic of the split
Hopkinson pressure bar for the
dynamic compression test of sand

(a) (b) (c)

Fig. 4 Assembly procedure of the sand. (a) The first platen is fixed in the steel sleeve; (b) sand is placed in the sleeve; and (c) the second platen is
inserted into the sleeve to confine the sand sample
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and transmitted bars. The interface between the assembly plat-
en and incident bar is glued to ensure the transmission of
tensile waves through the system. A thin layer of vacuum
grease is used at the platen-transmitted bar interface, where
the load is always compressive, to ensure good contact.
Before impact, the positioning screws are loosened to allow
for the free movement of the loading platens.

Dynamic Force Balance and Constant Strain Rate

The pulse shaper technique was used to condition the loading
wave created by the striker bar in the SHPB setup. The reasons
for this approach are twofold: first, the forces at each sample
interface must be simultaneously equal in magnitude to main-
tain a uniform deformation field within the sample; and sec-
ond, a constant strain rate is desired to investigate the overall
load-deformation response at that particular strain rate, and a
constant strain rate can be achieved with proper pulse shaping
[20].

Typical oscilloscope records are presented in Fig. 5. The
reflected wave is flat (after a ramp-up period), which indicates
that a constant strain rate has been achieved (see Equation 3).
Figure 6 shows the forces at both ends of the specimen for the
same two tests in Fig. 5 using Eq. 1. These two graphs illus-
trate that the condition of dynamic force balance has been
achieved. In addition, as shown in Fig. 3, a strain gauge is
circumferentially mounted on the surface of the confinement
steel sleeve. The radial strain of the steel sleeve during the
dynamic loading is measured. The radial signals measured
from the confinement maraging steel sleeve are often influ-
enced by irregular electromagnetic interference [21]. Hence,
according the method proposed by Barr et al. [21], the strain
gauge lead wires were twisted and aligned with the magnetic
field lines around the bar and sleeve to minimize the electro-
magnetic interference in the strain gauge signals. Typical sig-
nals of this strain gauge are shown in Fig. 5c, which illustrates
that the radial strain of the sleeve is small and can be
neglected.

Many tests were conducted on individual samples with
the same testing parameters due to the variability that is
inherent in the sand sample and the variations in the exper-
imental procedure. Each test was repeated at least ten times
for samples of the same size and type at a given strain rate.
Of these 10 datasets, those within similar results were cho-
sen, and their average was considered the stress-strain be-
havior of the sample. Figure 7 shows the results of the
repeated tests for OS1 and OS2 under strain rates of
820 s−1 and 830 s−1, respectively. The averaged stress-
strain curves and their standard deviations are also shown
in Fig. 7.

Results and Discussion

Quasi-static Behavior of Dry Sands

A series of quasi-static tests were conducted with an MTS
hydraulic servo-controlled testing system. In the tests, the
loading rate was set at 0.008 mm/s, and the sample weight
was approximately 8 g. The mean curve taken from the
tests is shown in Fig. 8. The transition of deformation
caused by particle crushing is more pronounced for OS2,
which is expected because this sand has a larger average
particle size. Once crushing of the particles has begun, the
moduli of OS1 and OS2 increase appreciably as the void
spaces are depleted and approach the stiffness of a fully
confined quartz material.

Rate Dependence of Dry Sands

Following the procedure outlined in Section 2, SHPB tests
for dry OS1 sand were conducted on samples with masses
of 1, 2, 4, and 6 g. The different initial void ratios were
achieved using the different sample thicknesses (given in
Table 2). For each mass, several stress-strain curves were
obtained at various strain rates by averaging over several

Table 2 Dimensions of the dry
sand specimens with different
masses

Sand type Mass (g) Diameter (mm) Average length (mm) Average bulk
density (g/cm3)

Void ratio

OS1 (Dry) 1 25.4 1.37 (±0.05) 1.44 (±0.05) 0.83 (±0.02)

2 25.4 2.62 (±0.09) 1.51 (±0.05) 0.75 (±0.02)

4 25.4 5.04 (±0.13) 1.57 (±0.04) 0.68 (±0.02)

6 25.4 7.44 (±0.27) 1.59 (±0.06) 0.66 (±0.02)

8 25.4 9.75 (±0.31) 1.62 (±0.05) 0.63 (±0.02)

OS2 (Dry) 1 25.4 1.38 (±0.03) 1.43 (±0.03) 0.86 (±0.01)

2 25.4 2.61 (±0.04) 1.51 (±0.03) 0.75 (±0.01)

4 25.4 5.08 (±0.16) 1.55 (±0.05) 0.71 (±0.02)

6 25.4 7.39 (±0.14) 1.60 (±0.03) 0.66 (±0.01)

8 25.4 9.76 (±0.27) 1.62 (±0.05) 0.64 (±0.02)

Exp Mech (2017) 57:1371–1382 1375



tests. The stress-strain curves for each initial void ratio are
shown in Fig. 9, which illustrates that the stress-strain re-
sponse is not strongly influenced by the strain rate, partic-
ularly at lower strains. A certain degree of rate dependence
is observed toward higher strains, for example, above 0.15
in Figs. 9a–c. Felice et al. [22] concluded that the initial gas
porosity of the soil is a principal parameter governing the
stress-strain response. In addition, they found that the re-
sultant stress-strain response is insensitive to the strain rate
when the strain is less than the initial gas porosity.
Furthermore, a noisier signal is obtained for the 6 g samples
(Fig. 9d), indicating that tests on larger samples are less
repeatable and consistent. The response is linear at lower
strains, whereas the sample stiffens at higher strains, likely
resulting from compaction as the void spaces are depleted.
These results are consistent with those reported by Song

et al. [17]. Moreover, the stress-strain curves for all void
ratios have a similar tendency at strains less than 0.15, i.e.,
the stress increases nearly linearly with the strain. For the
samples with higher void ratios (0.83, 0.75 and 0.68), the
rate dependency and stiffened part in the stress-strain
curves are all observed when the strain is above 0.15. For
the samples with a void ratio of 0.66, the highest strain in
Fig. 9d is approximately 0.15, and thus, the stiffened part in
the stress-strain curve does not appear. Therefore, under
highly similar strain rates, the tendency of the stress-strain
curve at strains of less than 0.15 is not influenced by the
void ratios, and the stress-strain curve at strains above 0.15
exhibits a similar rate dependency and stiffened part for all
void ratios.

The results for the coarse-grained OS2 sand in the dry
condition are presented in Fig. 10. Similar to the results

(a) (b)

(c)
Fig. 5 (a)Typical oscilloscope record (high strain rate, 4 g dry OS1 specimen, void ratio of 0.68); (b) Typical oscilloscope record (low strain rate, 4 g dry
OS2 specimen, void ratio of 0.71). (c) Typical radial strains of the steel sleeve
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from the dry OS1 tests, the samples exhibit limited strain
rate dependency, particularly at lower strains. However, a
certain degree of strain rate dependency is observed at larg-
er strains (above 0.16). Namely, the stress-strain curves for
all void ratios have a similar tendency at strains of less than
0.16. For samples with higher void ratios (0.86, 0.75 and
0.71), the rate dependency and stiffened part in the stress-
strain curves are all observed when the strain is higher than
0.16. For the samples with a void ratio of 0.66, the highest
strain in Fig. 10d is less than 0.16, and thus, the stiffened
part in the stress-strain curve is not apparent. Therefore,
under highly similar strain rates, the tendency of the
stress-strain curve at strains less than 0.16 is not influ-
enced by the void ratios, and the stress-strain curve at
strains higher than 0.16 exhibits a similar rate dependency

and stiffened part for all void ratios. The slight difference in
the critical strains of OS1 and OS2 for the strain rate de-
pendency observed may be caused by the different void
ratios and particle size distributions of the two types of
sand.

As discussed in the introduction, the static stress-strain
curve in uniaxial strain tests of sand can be characterized by
four stages according to Omidvar et al. [2]: the initial elastic
stage; particle rearrangement at low confining pressure; parti-
cle crushing and rearranging under higher stress; and at ex-
tremely high stress, the crushed particles are in increased con-
tact, resulting in a pseudo-elastic behavior approaching that of
quartzite. It is not clear why the sand considered here does not
exhibit significant rate dependency at lower strains, whereas
rate dependency can be observed at higher strains. Despite

(a) (b)
Fig. 7 Multiple and average dynamic stress-strain curves for (a) dry, void ratio of 0.68, 4 g OS1 sample; and (b) dry, void ratio of 0.71, 4 g OS2 sample

(a) (b)
Fig. 6 Stress balance histories from two typical tests. (a) 4 g dry OS1 specimen, void ratio of 0.68; (b) 4 g dry OS2 specimen, void ratio of 0.71
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different researchers’ attempts [9, 23], this issue has not been
addressed in full, and more research and experimental tests are
needed. In addition, similar to the OS1 samples, the OS2

samples exhibit linear behavior toward lower strains and stiff-
ening toward higher strains. The 6 g samples are noisier and
less consistent than the smaller samples.

Solid-like and fluid-like Behaviors of Dry Sand

According to the stress-strain curves for dry OS1 and OS2
sand, two types of dynamic behaviors are observed in the dry
sand: solid-like and fluid-like behavior (see Fig. 11). In the
solid-like response (Fig. 11a), there are three zones in the entire
stress-strain curve. In Zone 1, the sand response becomes
stiffer due to the enhanced friction between sand particles.
This phase is known as an initial elastic response. Zone 2 is
the yielding of the sand skeleton, in which the stress increases
linearly with the strain. A hardening and lock-up phase dom-
inates Zone 3, which is characterized by an increase in stiffness
relative to the yielding phase. The stress-strain curves of dry
OS2 sand with all initial void ratios belongs to solid-like be-
havior. As shown in Fig. 10, there are three corresponding

(b)(a)

(d)(c)

(void ratio 0.83) (void ratio 0.75)

(void ratio 0.66)(void ratio 0.68)

Fig. 9 Dynamic stress-strain curves of the dry OS1 specimens. (a) Void ratio of 0.83; (b) void ratio of 0.75; (c) void ratio of 0.68 and (d) void ratio of 0.66

(void ratio 0.63)
(void ratio 0.64)

Fig. 8 Static stress-strain curves of dry sand specimens
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zones: the initial elastic stage (Zone 1); particle rearrangement
(Zone 2); and particle crushing and rearranging (Zone 3).

In the fluid-like behavior (Fig. 11b), Zone 1 is gone, and
the entire stress-strain curves are composed of Zones 2 and
3. This fluid-like response is unique to the dynamic re-
sponse of granular materials and is likely due to a fluidiza-
tion (i.e., loss of shear resistance) resulting from certain
harmonic frequencies at the length scale of the sample in
question, as proposed by Melosh [24] and Melosh [25]. He
proposed that dynamic stressing at the acoustic frequencies
of a granular material could generate internal stresses that
can reduce the effective normal stress caused by material
weakening. Relatively little laboratory work has been con-
ducted to study this phenomenon. Xia et al. [26] observed
and described this phenomenon in a laboratory-scale test on
finely crushed rock particles from mine tailings (for a de-
tailed description, see Xia et al. [26]).

For OS1, the fluidization response of sand occurs at all
initial void ratios of sand samples in dynamic loading. The
static response of OS1 is solid-like, and all dynamic responses
of OS1 are fluid-like. However, the OS2 samples for all void
ratios in this study exhibit a solid-like response regardless of
the nature of the load; thus, fluidization does not occur for this
sand. This difference in the responses of the two sands may
result from the difference in the particle size distributions of
OS1 and OS2. The particle size distribution of OS1 is larger
than that of OS2. Awider particle size distribution results in a
higher possibility of fluidization of the sand [26]. In addition,
for sand with a larger particle size, the smaller fragments frac-
tured from large particles are likely to fill in the gaps between
larger sand grains to provide resistance for compression [27].
Thus, fluidization occurs in OS1 but not in OS2. In addition,
the stress-strain curves of sand obtained by Song et al. [17] are
also similar to those shown in Fig. 11b because the sand

(a) (b)

(c) (d)

(void ratio 0.86) (void ratio 0.75)

(void ratio 0.66)(void ratio 0.71)

Fig. 10 Dynamic stress-strain curves of the dry OS2 specimens. (a) Void ratio of 0.86; (b) void ratio of 0.75; (c) void ratio of 0.71 and (d) void ratio of
0.66
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considered by Song et al. [17] has a wide particle size distri-
bution. As a result, the particle size distribution influences the
fluidization (a breakdown of shear stresses) response of sand.
The optical morphology images of OS1 and OS2 before and
after the typical dynamic compression test are shown in Fig.
12. This figure illustrates that a considerably large number of
sand grains have been fractured. The irregular fragments with
sharp edges have been formed, and some sand grains have
been pulverized. Compared with the fractured grains in OS1,
more irregular fractured and pulverized grains are found in
OS2. Thus, those images support the above discussion of the
stress-strain behavior of the two sands.

Rate Dependence of Saturated Sands

The results of the saturated sand samples are shown in Fig.
13. Here, 4 g OS1 and OS2 samples were tested under a high
degree of saturation. The results indicate that the presence
of water significantly increases the stiffness of the sample.
This phenomenon is consistent with the results reported by
Luo et al. [27], who studied the effect of saturation level
(water contents of 0–16.5%) on the triaxial stress-strain be-
havior of sand and indicated that partially saturated sand
appears stiffer than dry sand. Luo et al. [27] also demon-
strated that the stress-strain curves for different saturation

(a) (b)

Fig. 11 (a) Solid-like and (b)
fluid-like behaviors of dry sand
under uniaxial strain loading

Fig. 12 Optical morphology
images of (a) OS1 sand before the
test; (b) OS2 sand before the test;
(c) OS1 sand after the test (void
ratio of 0.66, strain rate of
900 s−1); (d) OS2 sand after the
test (void ratio of 0.66, strain rate
of 900 s−1)
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levels are highly similar to each other at compressive strains
of 2–4% and that the difference becomes significant at
strains larger than 5%. Furthermore, in Fig. 13, the stress-
strain response is remarkably linear and rate dependent,
with the stiffness increasing with increasing strain rates.
(The moduli of elasticity are shown in Fig. 13.) The strong
strain rate dependency can be attributed to the limited
amount of time that the particles have been available to
rearrange, thus resulting in a higher stiffness for higher
strain rates.

The deformation response of the saturated OS1 and OS2
samples is governed by the presence of water (which has a
considerably lower compressibility than the soil skeleton)
occupying the entirety of the void space (see Fig. 14). The
water, which is effectively undrained due to the rapidly
increasing loading pulse, accommodates the majority of
the hydrostatic stress within the sample, resulting in a
near-linear response. The strain rate has a pronounced

effect on the stiffness of the sample, which is likely ex-
plained by the rate at which sand particles deform and un-
dergo rearrangement.

Conclusion

In this series of experiments, two types of Ottawa sand
(ASTM C778 #20–30 graded sand (OS1) and C109 ASTM
#C778 graded sand (OS2)) were tested in a systematic series
of uniaxial strain experiments. The effects of the strain rate,
initial void ratio and degree of saturation were examined.

Two types of dynamic behaviors were observed in the dry
sand for all initial void ratios: solid-like and fluid-like behav-
ior. Fluidization occurred at all initial void ratios for the OS1
sand samples. However, the OS2 samples exhibited only a
solid-like response for all void ratios. This difference may
result from the different particular size distributions of OS1
and OS2.

For the dry OS1 and OS2 samples, the initial elastic
response and initial yielding of the sand skeleton zone
seemed to be independent of the strain rate for all initial
void ratios. The strain rate effects became more apparent
after particle crushing and particle rearrangement began. In
future studies, the SHPB method should be modified to
provide both longer and faster loading pulses to reach a
higher absolute strain (above 20%) and higher strain rates
within the sample. These improvements would provide fur-
ther insights into the material behavior under more extreme
conditions.

Under a high degree of saturation, the strain rate effects
were immediately apparent, even at lower strains. The un-
drained, dynamic response of sandwas remarkably linear until
the peak strain was attained.

(a) (b)

(void ratio 0.68) (void ratio 0.71)

1.80 GPa 1.87 GPa
2.44 GPa

2.57 GPa
2.81 GPa

2.27 GPa
2.28 GPa 2.35 GPa

2.44 GPa

2.71 GPa

Fig. 13 Stress-strain curves of the fully saturated sand specimens. (a) OS1; (b) OS2

Fig. 14 Comparison between the stress-strain curves of saturated OS1
and OS2 sand
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