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Quasi-static and high-strain-rate experiments on
sand under one-dimensional compression

A. D. Barr, S. D. Clarke, M. Petkovski, A. Tyas, J. Warren
Department of Civil and Structural Engineering, The University of Sheffield,
Sheffield, South Yorkshire, UK

S. Kerr
Defence Science and Technology Laboratory, Porton Down, Wiltshire, UK

This paper investigates the effect of strain rate on the behaviour of dry and
partially-saturated sand at very high stresses, seeking to clarify the existence
of a strain-rate dependence and how this is affected by changes in moisture
content. Dynamic one-dimensional compression tests on a fine quartz sand
have been carried out to axial stresses of 400 MPa using a split Hopkinson
pressure bar, alongside quasi-static tests to 800 MPa using the mac®’ multi-
axial test rig at The University of Sheffield. Specimens were prepared at
moisture contents of 0.0%, 2.5% and 5.0%, and were laterally confined using
a steel ring or steel loading box to ensure one-dimensional test conditions.
Lateral stresses were recorded to allow the three-dimensional stress state of
the specimens to be analysed. The results show that knowledge of both the
axial and radial stresses is important for understanding the response of sand
at higher strain rates, where an increase in stiffness is observed axially when
compared to the quasi-static results.

1 Introduction

This research is part of the Dstl-sponsored and QinetiQ-led Force Protection
Engineering (FPE) research programme, which investigates protective
materials and structures that can be used by military fortifications
designers [1]. The FPE programme is split into applied and underpinning
research, where the goal of the underpinning research is to enhance the
understanding of how protective materials used in FPE perform under a wide
range of loading conditions.
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In order to make accurate predictions of the response of soils to blast and
impact events, it is vital to have an understanding of the soil behaviour at
very high pressures, and over a wide range of strain rates and ground
conditions. While the effect of strain rate is of particular interest, the existing
literature is inconsistent in its conclusions. Work by Farr [2] used a uniaxial
strain device to test a variety of partially-saturated sandy soils at strain rates
of 10™-10% s!, where it was found that the axial stiffness of the soil
increased with strain rate in all cases. In contrast, Song et al. [3] performed
tests on a dry quartz sand using a quasi-static device and a split Hopkinson
pressure bar (SHPB), and concluded that there was no strain-rate effect
between 10™-10% s™!, while Bragov et al. [4] tested dry quartz sand using a
SHPB and plate impact experiments, and reported no change in stiffness
between 10°-10° s ™. Bragov et al. recorded radial stresses in the SHPB tests,
and the relationship between axial and radial stresses was used to estimate
the mean stress in the plate impact experiments.

Current work at The University of Sheffield seeks to clarify the effects of
strain rate on dry and partially-saturated quartz sand through quasi-static
and dynamic one-dimensional compression to very high stresses. Quasi-static
tests (10 s7') have been performed to axial stresses of 800 MPa using the
mac”' test rig, alongside dynamic tests (10° s™*) to axial stresses of 400 MPa
using a SHPB. In both cases the sand was confined and the axial and lateral
response was recorded, so that the three-dimensional stress state could be
derived.

2 Material properties

The material tested was a light brown—orange uniform fine quartz sand. A
sieve analysis of the sand was carried out to assess the particle size
distribution, the results of which are presented in Figure 1. A summary of
material properties is provided in Table 1. Specimens were tested at moisture
contents of 0.0%, 2.5% and 5.0% in both the quasi-static and dynamic tests,
where moisture content, w, is the ratio of the mass of water, M,,, to the mass
of dry sand, M. All specimens were carefully oven-dried before testing, and
wet specimens were mixed well to ensure an even distribution of water. A
summary of the test variables is shown in Table 2.
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Figure 1: Initial particle size distribution
Table 1: Initial sand properties
Specific gravity 2.66
D1o 50 um
Dso 130 pm
D60 150 um
Uniformity coefficient, C, 3.0
Min. dry density 1.35 Mg/m’
Max. dry density 1.87 Mg/m°

Table 2: Summary of test variables

Peak strain rate Peak axial stress Moisture content

Number of tests

[s7] [MPa] [%]
0.0 3
10 (mac?) 800 2.5 3
5.0 3
0.0 6
10° (SHPB) 400 2.5 5
5

5.0
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3 Dynamic methodology

The dynamic tests were performed using a split Hopkinson pressure bar, with
a confining ring to contain the sand specimens. The stainless steel incident
and transmitter bars are each 25 mm in diameter and 1500 mm in length,
while the striker bar is 25 mm in diameter and 400 mm in length. Semi-
conductor strain gauges on both bars were arranged to ensure than only
longitudinal waves were recorded.

Sand specimens were held in a steel confining ring with a 25 mm internal
diameter and 35 mm external diameter over a length of 5 mm, as depicted in
Figure 2. A strain gauge located on the outside surface of the ring enabled the
circumferential strain of the ring to be measured and, using thick walled pipe
theory, the average internal pressure in the sample could be related to the
circumferential strain using the expression

R2-R?

P, =
2R’

Eee

where P; is the internal radial pressure exerted on the specimen by the
confining ring, E is the Young’s modulus of the ring, €g is the circumferential
strain measured on the outside of the ring and R, and R; are the outer and
inner radii of the ring respectively [5]. To take into account the significant
change in specimen length during the test, the average internal pressure
deduced from the circumferential strain was factored by the length of the
confining ring divided by the varying sample length.

i7zn : 5 mm
/ 25 mm
:i 5 mm

- k- 5mm

Figure 2: Detail of steel confining ring showing confinement of sand sample and ring
dimensions
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3.1 Test procedure

To prepare a sand specimen, the confining ring was held vertically and a set
mass of sand poured and compacted into the ring to achieve a density of
approximately 1.5 Mg/m?>. A thin (10 um) disk of aluminium foil and a small
amount of cyanoacrylate adhesive were used to hold the specimen in place
while the ring was arranged between the Hopkinson bars. During the test, the
strength and mass (0.01g) of the foil could be considered to be negligible.

Small specimen lengths are required to achieve stress equilibrium in soil
specimens, and so careful measurement of the initial length is needed to
ensure the accuracy of density calculations. The incident and transmitter bars
were each marked with a pair of perpendicular lines using a sharp blade, and
the distance between the inside edges of these lines was measured using a
travelling microscope fitted with a digital dial gauge (Figure 3). Comparison of
the measurements before and after the sand specimen was inserted
provided the initial specimen length with an accuracy of £10 um.

Measurement taken

Figure 3: A travelling microscope fitted with a digital dial gauge was used to find the pre-
test length of the sand specimen by measuring between lines marked on the pressure bars.

Stress pulses were applied by firing the striker bar using a gas gun, which was
set up in a consistent manner to ensure a similar peak axial stress and strain
rate in each test. This setup provided peak axial stresses in the specimen of
approximately 400 MPa and peak strain rates of approximately 4800 s*. The
stresses and strain observed in a typical test are shown in Figure 4 and Figure
5. The care taken in the setup of the apparatus and in the measurement of
the specimens results in high repeatability, as shown in Figure 6.

The oscillations in Figure 4 show evidence of dispersion of the stress waves as
they propagate along the bars: while dispersion correction has not been
applied to the current test series, it is intended to include this in future work.
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Figure 4: Typical axial and radial stress development in a SHPB test on dry sand

5000 - T T 0.4
Strain rate s Strain
4000 f
~40.3
g 3000 | 0
= 102 §
= =
S 2000
7
10.1
1000 f
0 o N N M 0
0 50 100 150 200

Time, ps

Figure 5: Typical development of strain and strain rate in a SHPB test on dry sand
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Figure 6: Repeatability of SHPB tests on dry sand
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4 Quasi-static methodology

The quasi-static tests were carried out in mac?’', the University of Sheffield’s
test rig for Multi-Axial Compression of Concrete at Elevated Temperatures,
which is shown in Figure 7. This rig allows specimens to be tested in true
multi-axial compression (o, # o, # 0,) to high stresses, with independent
control of loads or displacements in the x-, y- and z-axes [6].

z

A

L Y *
—
| loading
» platens

laser

head column
laser
beam

R 1
—
foundation support slab laboratory floor

Figure 7: mac”’ test rig

In its original application, mac®' is used to test cubes of concrete under multi-
axial loading conditions, where the strains involved are very small and
concrete cubes are simply placed between the test rig platens. To allow the
testing of cohesionless sand to high strains, a loading box was fabricated to
contain the specimen. The test box is made up of six steel blocks, which are
arranged to form an interior cube which accommodates the specimen, as
shown in Figure 8. In the one-dimensional tests, the x-axis (or ‘active’) blocks
are actively loaded by the rig while the others are held at zero strain, so that
any stresses in the y- and z-axes (or ‘passive’) blocks are generated passively
by the x-axis loading.
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Figure 8: Sand loading box used in mac2T

4.1 Test procedure

To prepare a specimen for testing, five of the six test box blocks were loosely
bolted together so that only the topmost face of the box was open, then the
sand specimen was poured into the void and the final block inserted. The
sand was compacted using a series of hammer drops until the protrusion of
the x-axis blocks indicated that the specimen had achieved a dry density of
1.5 Mg/m3.

During the test the box was nominally loaded on all three axes so that the
load cell registered a small force of approximately 7 kN. The passive platens
were then switched to displacement control with zero displacement, fixing
the size of the specimen cross-section: from this point any loading in these
axes was generated passively due to the loading in the x-axis. The load on the
x-axis was varied cyclically to a maximum of 2000 kN (800 MPa) at a strain
rate of approximately 10> s™.
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Figure 9: Axial stress—dry density data for mac®" and SHPB tests with varying moisture
content. Mean results are presented and unloading omitted for clarity.
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Figure 10: Mean stress—dry density data for mac®" and SHPB tests with varying moisture
content. Mean results are presented and unloading omitted for clarity.
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5 Results and discussion

Data from the quasi-static mac®' tests was readily converted into stress-strain
data for further examination, and in the SHPB tests the response of the sand
specimen was calculated using one-dimensional elastic wave propagation
theory, which is well reported elsewhere and will not be repeated here [7].
One-dimensional conditions were assumed in the specimen, and the strains
recorded in the steel confining ring confirmed that this assumption was valid:
the maximum radial strain in the sand specimen was 0.05%, compared to
axial strains of over 30%. Axial stress—dry density and mean stress—dry
density data are presented in Figure 9 and Figure 10 for the quasi-static mac?'
tests and dynamic SHPB tests, where dry density, py, is the ratio of the dry
mass of the soil to its volume. Unloading has been omitted for clarity. All of
the specimens tested follow the expected pattern for sands in one-
dimensional compression: at low stresses the particles in the sand roll and
slide over each other into a denser configuration, then as the voids are filled
this compaction mechanism becomes more difficult, with further compaction
achieved through particle crushing.

5.1 Moisture effects

In the quasi-static tests the addition of water leads to a reduction in the
stiffness of the sand specimen, with the 2.5% moisture content specimens
behaving less stiffly than the dry specimens, and the 5.0% moisture content
specimens less stiff than the 2.5% moisture content specimens. This is
indicated by the higher dry densities achieved by the wet specimens for a
given stress in Figure 9 and Figure 10. As reported by Martin et al. [8], this
reduction in stiffness is likely due to the lubricating effect of the water
between the sand particles, reducing inter-particle friction and facilitating the
rolling and sliding mechanism which leads to compaction.

In contrast, the dynamic tests show no significant change in stiffness with
changing moisture content, except at low stresses: while the mean results in
Figure 10 appear to show a small decrease in stiffness with increasing
moisture content, the individual tests overlap each other significantly. If it is
assumed that the main effect of moisture in the quasi-static tests is in aiding
particle rearrangement by rolling and sliding, the lack of effect in the dynamic
tests could indicate that the compression of the sand at higher strain rates is
dominated more by particle crushing than by particle rearrangement;
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however, this contradicts previous work, such as that by Farr [2], which
showed that sandy materials exhibited less particle breakage at higher strain
rates. An alternative explanation could be that at the higher strain rate the
moisture does assist in the rearrangement of particles as in the quasi-static
tests, but that another mechanism, such as localised loading of pore water,
increases the stiffness of the specimen, resulting in little net change in
stiffness.

It is worth noting that none of the tests display the rapid stiffening associated
with significant loading of pore water, such as that observed by Hendron et
al. [9] and Veyera [10]. Full saturation is only encountered in the 5% moisture
content mac’’ tests at axial stresses of 600 MPa and above, where the
drained conditions permit the excess pore water to be expelled from the
specimen rather than sustain load.

5.2  Strain-rate effects

Figure 9 shows the relationship between axial stress and dry density, where
the dynamically-tested specimens consistently exhibit an increase in stiffness
over those tested quasi-statically. This effect is particularly evident at low
stresses where the strain rate is at its peak, and is reduced as the strain rate
decreases throughout the test. While the dynamic specimens display little
change in stiffness with increasing moisture content, the quasi-static
specimens become less stiff, so that the increase in axial stiffness due to
strain rate appears to increase with moisture content. It is noted that while
the mac® tests were fully drained, the loading of the SHPB specimens more
closely resembled undrained conditions, with little opportunity for the
escape of pore air. The resulting compression of pore air contributes to the
stiffness of the specimen at higher strains, but a calculation based on ideal
gas behaviour in undrained conditions estimates that the compression of air
observed at 2.1 Mg/m? would require an additional pressure of 190 kPa, a
tiny fraction of the 80 MPa mean increase in stress observed in the dry sand
at 2.1 Mg/m? compared to the quasi-static tests.

While an apparent strain-rate effect is observed when considering one-
dimensional stresses and strains, examination of the full three-dimensional
stress state reveals a much reduced effect, which is clear in comparison of
Figure 9 and Figure 10, where use of mean stress instead of axial stress
causes the dry quasi-static and dynamic series to overlap. This indicates that,
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for a certain dry density, the dynamically-tested sand specimens generated
higher axial stresses but lower radial stresses when compared to the quasi-
static specimens, so that there was a smaller change in the overall stiffness.
Lower radial stresses may be the result of radial confinement in the sand
specimen, which would enable the specimen to sustain the higher axial
stresses seen in Figure 9.

6 Conclusions

Using the mac’’ test rig, quasi-static one-dimensional compression tests on
fine quartz sand were carried out to axial stresses of 800 MPa, alongside
dynamic tests using a split Hopkinson pressure bar to axial stresses of
400 MPa. In both test series lateral stresses and strains were also recorded.

Specimens were prepared at moisture contents of 0.0%, 2.5% and 5.0%. In
the quasi-static tests the specimens became increasingly less stiff with the
addition of water, while in the dynamic tests the water appeared to have
little effect on the overall stiffness at the moisture contents tested.

Between peak strain rates of 10 s™* and 10° s™* a significant increase in axial
stiffness was observed, but this effect was greatly reduced when mean
stresses were considered. The data presented suggests that the increase in
axial stiffness observed between the quasi-static and dynamic tests is not due
to an inherent strain-rate dependence in the sand, but rather is the result of
increased confinement due to the radial inertia of the SHPB specimens.

Many of the previous studies on soils at high strain rates, including those by
Farr [2] and Song et al. [3], presented only axial stress and strain results, and
so this data highlights the importance of understanding the full three-
dimensional stress state of the soil. The variation in radial stresses with strain
rate also serves to warn against assumptions of consistent stress ratio with
changing strain rate.
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