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Abstract 
 

The compressive mechanical response of fine sand is experimentally investigated. 
The strain rate, initial density, stress state, and moisture level are systematically 
varied. A Kolsky bar was modified to obtain uniaxial and triaxial compressive 
response at high strain rates. A controlled loading pulse allows the specimen to 
acquire stress equilibrium and constant strain-rates. The results show that the 
compressive response of the fine sand is not sensitive to strain rate under the loading 
conditions in this study, but significantly dependent on the moisture content, initial 
density and lateral confinement. Partially saturated sand is more compliant than dry 
sand. Similar trends were reported in the quasi-static regime for experiments 
conducted at comparable specimen conditions. The sand becomes stiffer as initial 
density and/or confinement pressure increases. The sand particle size become smaller 
after hydrostatic pressure and further smaller after dynamic axial loading. 
  
Keywords: Sand, triaxial mechanical behavior, Kolsky bar, pulse shaping, high strain-
rate, moisture content. 
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1. INTRODUCTION 
 
Accurate predictions of intense transient events involving sand require quantitative description of 
the dynamic response of the sand materials.  Besides the strain-rate effects, the effects of initial 
density, moisture level, and hydrostatic pressure need to be understood to effectively model the 
sand behavior under various loading and environmental conditions. Although sand is one of the 
most available materials in nature and in construction engineering, the dynamic response of this 
class of material has not been well understood. The quasi-static behavior of sand is extensively 
documented (e.g., Mitchell and Soga, 2005). There are attempts to develop unified constitutive 
models at these low loading rates (e.g., Pestana and Whittle, 1999; Pestana et al., 2002). Strain-
rate effects have also been studied, but mostly within quasi-static range (e.g., Li et al., 2001). 
Dynamic response of sand has also been explored under vibration conditions (Li and Yang, 
1998), drop-weight impact loading (Abrantes and Yamamuro, 2002), and using centrifuge 
modeling (e.g., Bruno and Randolph, 1999; Charlie et al., 2005). Material models for simulating 
stress waves from blast loading through soil are also proposed (Wang et al., 2004).   
 
High-rate applications require the sand response to be characterized at high rates.  However, geo-
materials are not traditionally characterized under such loading conditions.  Sand, for example, 
has been sporadically investigated to characterize the high-rate behavior over the past three or 
four decades.  Charlie et al. (1990) tested 50/80 silica sand where most of the particle sizes are 
between the 50 and 80 mesh sizes (200 to 300 µm).  The sand was unsaturated and subjected to 
dynamic compressive loading using a conventional Kolsky bar, also known as split-Hopkinson 
pressure bar (SHPB). The sand specimens were compacted using a steel hammer in four equal 
lifts and confined in a steel tube with steel wafers placed on both sides of the specimen.  The 
primary focus was to evaluate the effects of saturation levels on the material longitudinal wave 
speed and transmission ratio (ratio of the transmitted stress to the incident stress).  
 
Experiments conducted by Bragov et al. (1996) investigated plasticine and clay confined in a 
rigid steel jacket using a conventional Kolsky bar.  Composite striker bars allowed both loading 
and unloading of the sample to be analyzed. These experiments characterized the mechanical 
properties in compression at a strain-rate of 4000 s-1. Later work by Bragov (2008) investigated 
the dynamic response of dry sand using the same method.  The dry sand was loaded at stress 
amplitudes of 80 MPa, 150 MPa, and 500 MPa.  In these experiments, the specimens were 
passively confined with either aluminum or steel jackets allowing the specimen to be in a state of 
nearly uniaxial strain.  Ross et al. (1986) used a conventional Kolsky bar to evaluate a single 
short pressure pulse traveling through long specimens of 20/40 dry sand, 50/80 dry sand, silica 
flour, clay, glass beads, and steel balls.  The designation for the 20/40 dry sand is defined in the 
same manner as the 50/80 sand, but with a majority of the particle sizes between the 20 and 40 
mesh sizes (425 to 850 µm).   
 
Static and dynamic compaction methods were investigated in conjunction with varying moisture 
contents.  Pierce (1989) evaluated moisture and confining effects using a conventional Kolsky 
bar for 20 and 30 Ottawa sand and Eglin sand.  These materials have particles predominately 
between the 20 and 30 mesh sizes (600 to 850 µm).  Tri-axial confining pressures were generated 
by applying axial pressure through the incident/transmission bars and pressurizing water between 
a thin membrane and the inner wall of the confining cell for lateral confinement. The data 
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collected included stress transmission ratios and longitudinal wave speed data for varying 
percent saturation levels at confining pressures of 0 KPa and 310 KPa. Felice et al. (1987a) 
evaluated clayey silty sand using a conventional Kolsky bar with specimens compacted to an 
initial density of 1.87 g/cm3. The clayey silty sand was evaluated at strain-rates from 500 s-1 to 
5000 s-1, and was achieved using different specimen dimensions and striker bar velocities. The 
focus was to determine if the basic assumptions used in Kolsky bar techniques could be satisfied 
and if the data was repeatable.  
 
Later work by Felice et al. (1987b) conducted 26 experiments to investigate the high strain-rate 
behavior of clayey sand with varying water contents, specimen dimensions, and loading stresses.  
Veyera (1994) studied the uniaxial stress-strain behavior of compacted moist Eglin sand, Tyndall 
sand, and 20-30 Ottawa sand at strain rates of 1000 s

-1 and 2000 s
-1 

using a conventional Kolsky 
bar.  The specimens had varying percent saturations from 0% to 100% with specimens at 20% 
saturation having a similar response as dry sand and percent saturations 40% and higher having a 
stiffer response than dry sand.   
 
These previous research efforts have contributed to the understanding of the dynamic mechanical 
response of sand, primarily those of Veyera (1994), Felice et al. (1987a), Felice et al. (1987b), 
and Bragov (2008). These contributions form part of the basis for developing physics-based 
constitutive models under certain conditions.  Some of these efforts either compact the sand 
specimens prior to testing or require additional experiments to fully characterize the dynamic 
behavior.  The compaction of specimens has been shown to increase the stiffness of the samples 
while initiating lock-up much earlier in the material response.  This compaction may also make 
results appear contradictory, for example, the results presented later in this report on 
uncompacted sand show opposite trends in moisture effects as compared to the results by Veyera 
(1994). Compaction of soils exists in the underlying layers of in situ soils, but no efforts have 
exclusively looked at uncompacted soil, which represents the surface layers of an in situ soil bed. 
Similarly, Felice et al. (1987b) compacted all specimens while testing clayey sand, which is a 
very different material, at various moisture contents of 7%, and 10% - 12% with two different 
aspect ratios. Bragov et al. (1996) and Bragov et al. (2008) investigated the dynamic response of 
plasticine, clay, and sand.  Plasticine and clay materials are cohesive with higher degrees of 
saturation and typically have much higher densities than sand. Bragov (2008) also investigated 
the dynamic behavior of dry sand.  The samples in earlier efforts by Ross et al. (1986), Charlie et 
al. (1990), and Pierce (1989) had larger aspect ratios, leaving the dynamic stress equilibrium 
during the early stages in the specimen in question due to the low longitudinal wave speed of 
sand.  
 
Although the triaxial compression test is presently the most widely used procedure for 
determining the strength and stress-deformation properties of soils, the rate behavior is still 
largely missing in literature.  A considerable research has been done to improve the triaxial 
experimental method and its applications (Henkel 1952; Gibson 1954; Bishop, 1962, 64 and 
Andersen 1960). More recently, Menzies et al. (1988) have developed microprocessor-controlled 
triaxial setup where the axial deformation and pore pressure were monitored.  In the same year, 
Li et al. (1988) developed an automated triaxial testing system where the loading is controlled by 
a closed-loop feedback scheme capable of performing stress or strain controlled tests in the 
standard triaxial environment.  Germaine and Ladd (1988) investigated the problems in the 
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testing equipment and procedures that causes errors in the measured properties of the specimens.  
They showed that some changes in the conventional triaxial testing practice can provide better 
estimates of in-situ soil behavior under field conditions.  Peters (1988) described the difficulties 
posed by the low plasticity soils including silty and sandy clays, silts, and sands. The controlled 
variations in the differences in the principal stresses allow the exploration of the specimen 
response over wide ranges of stress paths and states. For example, Heard and Cline (1980) 
characterized the compressive response of polycrystalline ceramics under very high pressures. 
Dobry et al. (1982) investigated on the effect of the cyclic loading on the strain controlled 
triaxial tests of sands. They showed that the cyclic shear strain is the fundamental parameter 
governing undrained pore pressure builds up in saturated sand. More recently, Lee et al. (2004) 
performed triaxial experiments on SiC-N ceramics to determine the shear failure envelope under 
low pressures.  The results indicate the pressure dependence of the failure strength of SiC-N 
ceramics.  Macari and Hoyos, Jr. (2001) performed a series of triaxial tests on recompacted silty 
sand to study the stress-strain behavior of an unsaturated soil.  The experiments were conducted 
in a stress/suction-controlled true triaxial setup controlling the major, intermediate and minor 
principal stresses.  The results show a significant influence of matric suction (difference of pore 
air pressure from pore water pressure) on the size, position, and shape of the potential failure 
envelopes in the octahedral stress plane.   
 
Triaxial testing under a variety of loading modes has been used to achieve various loading 
conditions.  For example, stress path control is used in the study of path dependence of soil 
behavior (Bishop and Wesley, 1975; and Hsieh, 1985). Kitamura and Haruyama (1988) 
performed conventional triaxial drained compression tests on three kinds of soils: clayey soil, 
Toyoura sand, and soft sedimentary rock under wide ranging confining pressure. The conclusion 
is that the mechanical behaviors of these soils are similar under wide ranging confining pressure 
although these materials are often treated as different. Dennis (1988) performed undrained 
triaxial experiments on four different isotropically consolidated sand specimens.  They found 
that both sample preparation techniques and method of loading affect the undrained steady state 
strength.  
 
Despite these research efforts, the high-rate response of sand is still not well understood. This 
technology gap identifies the need for systematic research on the moisture and rate effects on 
sand response. Part of the reason why sand is not typically characterized dynamically is because 
of the complexity of the specimen material and the lack of standardization of the dynamic 
experimental methods.  Due to the complex nature of the material, variations of the testing 
conditions inherent in the characterization methods need to be minimized in order to reveal the 
intrinsic material response. Recent developments in Kolsky bar techniques have significantly 
improved the ability to control the testing conditions the specimen experiences.  For example, the 
conventional Kolsky bar generates a trapezoidal incident pulse with very fast initial loading 
rates.  Such fast loading rates may be needed to accelerate a metallic specimen into high-rate 
flow.  However, in the case of geologic materials the longitudinal wave speeds are slower, which 
requires slower loading rates to allow the specimen to acquire stress equilibrium and constant 
strain-rate.   
 
In this research, the compressive response of fine sand is investigated, with the strain rates, 
specimen density, moisture level, and confining pressure systematically varied. A modified 
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Kolsky bar using a pulse shaping technique is used to generate controlled dynamic loading 
pulses that allow the specimen to deform uniformly at constant strain rate under dynamic 
equilibrium.  The stress equilibrium conditions are checked in each dynamic experiment. 
Dynamic triaxial experiments are realized by integrating pressure vessels with the Kolsky bar. 
The pulse-shaping technique allows the systematic variation in strain rates in the specimens 
under Kolsky bar loading, with or without confinement.  Corresponding experiments at quasi-
static strain rates are also performed to study the rate effects over a much wider range. 
Experimental results show negligible strain-rate effects on the compressive response of the sand 
within the strain-rate range covered in this research.  Higher initial density stiffens the 
compressive response significantly.  Adding moisture softens the sand.  The axial stiffness 
increases with increasing confining pressure.  Such results contribute to creating a quality 
database of dynamic properties to be used for the development of physics-based constitutive 
models for sand. In the following sections the experimental technique is briefly described with 
results presented and discussed.  
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2. MATERIAL DESCRIPTION 
 
The material studied in this research is silica based fine grain sand; klin dried and poorly graded 
(ASTM 2001). Figure 1 shows the sand particle size distribution provided by the manufacturer, 
which indicates that most sand particles are in the diameter range from 150 to 450 µm. The 
geometric sand properties are documented in Table 1.   
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Figure 1.  Quikrete #1961 particle size distribution 
 

Table 1.  Quickrete # 1961 Properties 
USCS classification SP 

Specific gravity  2.72 
D10 particle size (mm)  0.137 
D30 particle size (mm) 0.211 
D50 particle size (mm) 0.281 
D60 particle size (mm) 0.32 
b
Cu 2.33 

c
Cc 1.02 

d
Percent passing # 100 sieve (%) 12.5 

d
Percent passing # 200 sieve (%) 

 2.7 
Maximum dry density (kg/m3) 1630 
Maximum dry density (kg/m3) 1400 a
Unified soil classification system b
Coefficient of uniformity  c
Coefficient of curvature  d
ASTM D4253  e
ASTM D4254  
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3. EXPERIMENTAL SETUP 
 
3.1. Uniaxial Experimental Setup 
 
Uniaxial experiments are performed under both dynamic and quasi-static loading conditions. The 
dynamic experiments are conducted using a modified Kolsky bar.  The quasi-static tests are 
performed using an MTS servo-hydraulic experimental setup.  The details of the setup and 
measurement techniques are briefly described below.  
 
3.1.1. Dynamic Experimental Setup – Kolsky Bar 
 
The modified Kolsky bar, also known as the split SHPB, which was used in this research for 
dynamic compressive experiments, is schematically shown in Figure 2. The conventional Kolsky 
bar was originally developed by Kolsky (1949) and consists of three elastic rods: a striker bar, an 
incident bar, and transmission bar. The striker bar is driven to apply an impact load on the 
specimen.  To record the deformation and loading histories in the specimen, the incident and 
transmission bars are introduced as sensors and load carriers. The stress waves in the elastic bars 
carry information characterizing the loading conditions to the bar ends (Hopkinson, 1914). With 
the improvement in instrumentation for measuring stress waves and the increase in experience 
for conducting such instrumented experiments, the basic Kolsky bar setup has been continuously 
improved over the years (Lindholm, 1963; Follansbee, 1985; Nemat-Nasser, 1991; Gray, 2000). 
Besides the standard components in a conventional Kolsky bar, a pulse shaper at the impact end 
of the incident bar was employed in the modified Kolsky bar used in this research (Figure 2) to 
control the loading profile to allow sand specimens to deform at a nearly constant strain-rate 
under a nearly equilibrated stress state.  The pulse-shaping technique was initially developed 
over three decades ago by Duffy et al. (1971) and then extensively used at Los Alamos National 
Laboratory (Follansbee et al., 1983).  The technique was later quantitatively modeled (Nemat-
Nasser et al., 1991; Frew et al., 2002 and 2005).   
 
The specimen was sandwiched between the incident bar and the transmission bar.  The impact of 
the striker, which is launched by the compressed air in the gas gun, on the end of the incident bar 
generates an elastic wave (incident wave), which propagates through the incident bar. The 
incident wave travels to the specimen and compresses it.  Due to the mechanical impedance 
mismatch between the bars and the specimen, the incident wave is partly reflected back into the 
incident bar as a reflected wave and partly transmitted into the transmission bar as a transmitted 
wave.  The incident and reflected waves are recorded by a strain gage (Vishay Micro-
measurements; type: WK-13-125BZ-10C) mounted on the incident bar, and the transmitted wave 
is recorded by a strain gage on the transmission bar. A 28 volts DC power supply along with a 
half Wheatstone bridge (two strain gages on each bar) was employed to power the strain gages 
and measure the bar strains. The measured voltages were later converted into longitudinal bar 
strains and stresses.  The recording device is typically a high-speed digital oscilloscope with pre-
amplifiers or a computer with a high-speed A/D board. Figure 3 shows a photograph of the 
actual Kolsky bar setup for the sand experiments conducted in this research.  
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Figure 2.  A schematic of the modified Kolsky bar system 

 

 

Figure 3.  A photograph of the actual Kolsky bar for dynamic sand experiments 
 

During a Kolsky bar experiment, the pressure bars must remain elastic and their lengths should be 
long enough to avoid overlapping in the elastic waves, which are necessary for an accurate data 
reduction based on the 1-D elastic wave theory.  In addition, the ends of the bars in contact with the 
specimen must remain flat and parallel throughout the dynamic loading, which is one of the 
necessary conditions for the specimen to deform under a uniaxial stress condition. Based on one 
dimensional wave analysis, the strain rate, strain, and stress histories in the specimen can be 
calculated from the recorded bar-surface strain signals with the following equations (Gray 1997, 
2000).  

( ) ( ) ( ) ( )[ ]ttt
L
C

t tri
s

εεεε −−= 0&  (1) 
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εεεσ ++= 0
0

2
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where єi(t), єr(t) and єt(t) are incident, reflected, and transmitted strain histories, respectively; A0 
is the cross-sectional area of the bars; E0 and C0 are Young’s modulus and elastic bar wave speed 
in the bar material, respectively; AS and LS are initial cross-sectional area and length of the 
specimen, respectively.  For the sand experiments, the specimen diameter is the same as the bar 
diameter, As =A0. 

 
When the specimen is in a state of uniform stress (this poses the necessary condition for dynamic 
stress equilibrium),  
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Therefore, once the incident, reflected and transmitted signals are measured, the stress-strain data 
for the material under investigation can be obtained if dynamic stress equilibration in the 
specimen is achieved. The equilibrium condition may not be satisfied automatically, especially 
when the specimen material is soft (Chen et al., 2002). 
 
It has been found that it is impossible to achieve dynamic stress equilibrium in a conventional 
Kolsky bar experiment on soft materials (e.g., rubbers) due to the very high initial loading rate in 
the incident pulse even for very thin specimens (Chen et al., 2002). It is therefore necessary to 
modify the loading profile of the incident pulse.  An efficient method to control the loading pulse 
is to use a pulse shaper at the impact end of the incident bar (Figure 2).  The pulse shaper is 
commonly a small disk made of metal, plastic, rubber, or even paper.  The selection of the pulse 
shapers is specimen material and strain-rate dependent, and will vary from experiment to 
experiment.  Proper control of the incident pulse profile through varying material and dimensions 
of the pulse shaper, together with the variations in striker velocity, material and length, can 
achieve dynamic stress equilibrium and constant strain-rate deformation in a specimen.  It is 
essential to collect accurate and reliable stress-strain data at various constant strain rates to 
investigate the strain-rate effects of materials and to develop strain-rate-dependent material 
models. 
 



20 

In this study, the bars in the modified Kolsky bar with pulse shaping technique had a common 
diameter of 19.05 mm.  Two kinds of bar materials (steel and aluminum) were used to 
characterize the sand specimens under different confinement levels using polycarbonate (PC) 
tubes, polyolefin heat shrink tubes, and steel tubes.  In particular, the steel bar was used when the 
sand specimens were confined with the PC and the steel tubes; whereas the aluminum bar was 
employed when the sand specimens were confined with the polyolefin heat shrink tubes.  
 
3.1.2. Quasi-static Uniaxial Setup 
 
Quasi-static compressive experiments of the sand were conducted with an MTS 810 materials 
test system in the mode of displacement control.  The schematic of the testing section is shown in 
Figure 4. Two 19.05-mm-diameter steel bars are held and guided with an alignment frame to 
keep a precise alignment during compression. Besides the same specimen, the configuration in 
the MTS experiments is the same as in the Kolsky bar experiments such that the strain rate is the 
only variable from the quasi-static to dynamic experiments.  
 

 
Figure 4.  A schematic of gripping system in MTS810 for sand testing  

 
For comparison between the compressive responses of moisture and dry sand, quasi-static 
uniaxial strain tests have been accepted as well controlled experiments with well defined 
boundary conditions.  In this section, results of quasi-static uniaxial strain experiments for dry 
and partially saturated sand conducted with the same boundary conditions and material are 
qualitatively compared to the results in this investigation. A uniaxial strain test loads the 
specimen in the axial direction and constrains the specimen in the lateral direction with the radial 
loading and displacement recorded.  The assembled specimen is shown in Figure 5 and Figure 6.  
   
The specimen has three membranes placed around it with the outer membrane coated with liquid 
synthetic rubber to prohibit deterioration from the confining fluid (Williams et al., 2006). The 
specimen is mounted with a Linear Variable Differential Transformer (LVDT) (Figure 6) to 
measure the axial strain.  A lateral deformeter is mounted at the specimen mid height to measure 
radial displacement.  The lateral deformeter has a LVDT mounted to a hinged ring, so as the 
specimen is displaced radially, the ring opens measuring the displacement.   The specimen is 
placed in a pressure vessel where a confining fluid is used to provide lateral confinement while 
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axial loading is provided by a servo controlled piston.  Additional information on the execution 
and instrumentation used for the uniaxial strain experiments is reported by Williams et al., 2006.   
 

 

Figure 5.  Schematic of triaxial strain specimen assembly (Williams et al., 2006)  
 

 
Figure 6.  Photograph of the triaxial specimen assembly with instrumentation (Williams et 

al., 2006) 
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3.1.3 Dynamic Triaxial Setup 
 
For the dynamic triaxial experiment, we used a modified Kolsky bar.  The modification was 
implemented using the apparatus schematically shown in Figure 7.  Two pressure chambers were 
integrated (one around the sample, termed as radial chamber and the other at the opposite end of 
the transmission bar, termed as longitudinal chamber) with the Kolsky bar. The specimen is 
sandwiched in between the incident and transmission bars.  To offset the hydrostatic 
compression in the pressure bars during the hydrostatic pressure state of the experiments, tensile 
tie-rods were installed symmetrically around the pressure bars in the center.  Figure 8 shows a 
photograph of the actual dynamic triaxial setup for the sand experiments conducted in this 
research.  
 
The basic relations between the parameters in a conventional triaxial experiment are described in 
the Appendix 1. Dynamic triaxial experiments are performed in two stages.  In the first phase 
hydrostatic pressure is applied using a high pressure fluid (kerosene and motor oil in a 4:1 ratio). 
In the second phase, dynamic load is applied by impacting the striker on the incident bar. A pulse 
shaper at the impact end of the incident bar is also employed to control the loading profile to 
allow sand specimens to deform at a nearly constant strain rate under a nearly equilibrated stress 
state. The details of the measurement techniques are described below.  
 

 
 

Figure 7.  A schematic of the dynamic triaxial test system 
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Figure 8.  Photograph of the actual dynamic triaxial setup for sand experiments 
 

Axial Stress and Axial Strain 
 
The axial stress and axial strain of the sand specimen in the hydrostatic compression phase were 
measured by the line pressure gage (Honeywell Sensotec; model: HP, range: 75000 psi) and the 
Linear Variable Differential Transformer (LVDT from Honeywell; type: M-5C).  Both of these 
provide readouts in terms of voltage which are later converted into pressure and deformation by 
multiplying with the calibration factors given in Appendix 2.  To mount the LVDT, two supports 
ware placed on the incident and transmission bar around the radial confinement chamber, as shown 
in Figure 9.  The lead and core of the LVDT are mounted on top of those supports. As the incident 
bar is restricted to move at the impact end, the pressure in the longitudinal confinement chamber 
pushes the sand specimen to deform longitudinally.  During hydrostatic pressure phase, the bars also 
deform.  The bar deformation between the LVDT supports is a part of the deformation the LVDT 
measures.  This bar deformation is subtracted to obtain the true deformation on the specimen.  For 
measuring the bar deformation, the supports were placed at the same distance on the bars and both 
the bars are butted together in the middle chamber with a heat shrink tube. 
 

                   
Figure 9.  Scaffolding arrangements for hydrostatic length change measurement  
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The axial strain in hydrostatic phase, εah is computed by diving the measured axial deformation, 
∆l (change in sample length from LVDT) by the original sample length, lo, i.e. εah = ∆l/lo. At the 
end of this phase the LVDT arrangement is dissembled as this cannot provide accurate dynamic 
length change reading but may interfere with dynamic loading process.  
 
The stress and strain in dynamic part of the experiment are measured from the strain gages 
placed on the incident and transmission bars as described in the dynamic uniaxial experimental 
setup.   
 
Radial Stress and Radial Strain 
 
The radial stress during hydrostatic phase is measured from the line pressure gage.  During the 
dynamic phase, the additional dynamic pressure is measured by a manganin gage inside the 
pressure chamber.  The manganin pressure gage is Vishay micro-measurements; type:  
LM-SS125CH-048. The calibration of this pressure gage can be found in the Appendix 2.  
 

The radial strain under both hydrostatic pressure and dynamic loading is measured by 
the capacitor assembly shown in  

Figure 10.  A capacitor arrangement was made inside the radial chamber with a spring on the 
sample and a small copper tube placed on the transmission bar end. The diameter of the copper 
tube is chosen such that the spring does not touch the copper tube during the maximum 
deformation of the sample in the dynamic loading phase.  The length of the copper tube is much 
bigger than the spring diameter, so that most of the electrical fringes can be covered inside the 
copper tube. 
 

 
 

Figure 10.  Design of a capacitor for the diameter measurement 
 
During experiments when the sample deforms in radial directions, the spring moves with the 
outer surface of the sample.  But the outer copper tube remains at the same location.  This makes 
a relative change in distance between the copper tube and the spring; thereby producing a 
capacitance change. We employ a Schering Bridge, as shown in Figure 11, for detecting the null 
point. With the use of a lock-in amplifier (Model DSP 7265) a precision AC signal (4V rms, 250 
KHz) is generated which is an input to the Schering Bridge.  The lock-in amplifier is also used as 
the null detector for the bridge circuit. The output of the lock-in amplifier goes through an 
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isolation transformer (G500TAM, Tamura) so that the ground connection can be taken out from 
the circuit. The stray capacitance is minimized by employing a Wagner-Earth voltage divider 
(Pilla et. al., 1999; Bera and Chattopadhyay, 2003).  The lead-wire capacitance is minimized by 
using thin wires.  The entire experimental setup is also connected to a common ground so that no 
electrical voltage variation can occur during the experiments.  The change in the diameter during 
the experiment then makes the voltage change in the readout.  This is then calibrated to give the 
diameter change accordingly. The calibration of the diameter-measurement system can be found 
in Appendix 2. 
 

                  
 

 Figure 11.  Schering Bridge design for the diameter change measurement 
 
The radial strain, εr is computed by dividing the measured radial deformation, ∆d (change in 
sample diameter from capacitor assembly) by the sample diameter, d, i.e. εr = ∆d/d. For 
hydrostatic phase the original sample diameter, do and for dynamic phase the diameter after the 
hydrostatic phase ddo are used as sample diameter, d, for the two loading phases, respectively.  
 
The readings from the line pressure gage, LVDT, and capacitance change during the hydrostatic 
pressure phase are recorded by a computer via LabVIEW 8.2 through a lock-in amplifier. The 
readings from strain gages, capacitance change, and the manganin gage during dynamic phase 
are recorded by a high-speed, four channel digital oscilloscope (Tektronix; Model: TDS3014C).  
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4 SPECIMEN THICKNESS DETERMINATION 
 
Before the dynamic properties of sand are characterized, preliminary experiments were 
conducted to explore different testing configurations. In a valid Kolsky bar experiment, the 
specimen must be compressed uniformly. A necessary condition for uniform deformation is that 
the specimen must be in a state of stress equilibrium during the experiment. Besides the loading 
rate, specimen length has been demonstrated to be very critical to achieve stress equilibrium. A 
Cordin 550 high speed digital camera was used to monitor the high speed deformation of the 
sand specimen confined in a PC tube. The sand specimen had a density of 1.60 g/cc and the 
length varies from 28.4 mm to 13.1 mm. No pulse shaper was used in the specimen-length study. 
The sand specimens were made up by layers with natural brown and painted black colors such 
that the specimen appears stripped from the side view to reveal uniformity in axial deformation 
during axial loading.  
 
Figure 12 through Figure 15 show the images of high-speed deformation, which were taken with 
the Cordin 550 at the frame rate of ~80,000 frames per second, of the sand specimens with the 
thickness of 28.4, 25.4, 15.2, and 13.1 mm, respectively. It is seen that the nearly uniform 
deformation was achieved better in the short specimens, with the thickness of 13.1 mm than in 
the long ones with the thickness of 28.4 mm.  The 28.4-mm-long sand specimen was compacted 
initially from one end and then this compaction propagated towards the other end, as shown in 
Figure 12. Figure 12 through Figure 15 show how the specimen deforms more uniformly with 
decreasing specimen length.  When the specimen length decreased to 13.1 mm, the specimen 
was deformed nearly uniformly, as shown in Figure 15.  Figure 16 shows the corresponding 
stress histories to the frames in Figure 15.  The frames in Figure 15 also show that the PC tube 
underwent an observable lateral expansion, indicating that the sand specimen was in neither one-
dimensional stress nor one-dimensional strain states with the PC confinement.  Further studies 
are necessary to determine the effects of confinement on the compression response of sand 
specimens.  In this project, a polyolefin heat shrink tube and a 4340 steel tube were also used to 
provide a lower and an upper bound to the confinement on sand specimens.  
 
Since the preliminary test data clearly indicates that a better uniformity of deformation and stress 
equilibrium can be achieved with shorter sand specimens, even shorter (9.3-mm-long) sand 
specimens were used for dynamic experiments where the specimen initial density was lower. 
Even though the specimen seemed to deform uniformly in the conventional Kolsky bar 
experiment, the strain-rate in the deformation process was not constant in the experiment. 
Therefore, the pulse shaping technique was employed in the sand experiments to facilitate 
constant strain-rates and a more uniform deformation during the early stages of the impact 
loading. 
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Figure 12.  High speed deformation of a 28.4-mm-long dry sand specimen (Time interval: 

12.3 microseconds) 
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Figure 13.  High speed deformation of a 25.4-mm-long dry sand specimen (Time interval: 

12.4 microseconds) 
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Figure 14.  High speed deformation of a 15.2-mm-long dry sand specimen (Time interval: 

12.4 microseconds) 
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Figure 15.  High speed deformation of a 13.1-mm-long dry sand specimen (Time interval: 
12.6 microseconds) 
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Figure 16.  Engineering stress-strain curve from a 13.1-mm-long dry sand specimen 
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5. SPECIMEN PREPARATION  
 
5.1 Uniaxial Experiments   
 
The dry sand specimen was contained within three different types of tubes: polycarbonate, 
polyolefin heat-shrinking and steel tubes.  
 
5.1.1 Contained with a Polycarbonate (PC) Tube (Figure 17)  
 
The PC tube was commercially purchased from www.mcmaster.com and had an outer diameter 
of 25.4 mm and an inner diameter of 19.10 mm. Each PC tube was cut to down approximately 
50-mm long for dynamic testing.  The sand specimen preparation procedure is described below.  
First, a pair of small holes was drilled on the opposite sides of the tube.  A 6.35-mm-thick, 
19.05-mm-diameter steel platen was then placed inside the PC tube.  The tube was fitted into the 
Kolsky bar by placing the incident and transmission bars inside the tube from the two open ends. 
One bar was held stationary while the other was moved towards it to align the incident bar, steel 
platen, and transmission bar along the loading axis.  The PC tube was then moved back and forth 
to align the position of the holes to the steel platen. Two small set screws were installed into the 
holes to hold the platen at the hole position inside the tube.  The tube with the platen position 
fixed was then removed from the Kolsky bar and placed vertically on the top of a 19.05-mm-
diamter short rod.  Dry sand (4.0 grams) was poured into the tube, which was then tapped 
slightly to make the top surface even.  Another steel platen was placed on the top surface of sand, 
which was then slightly pressed with a smaller rod to make the specimen length at 9.30 mm 
(with a 1.50-g/cc density).  It should be noted that, when the dry sand specimens were prepared 
at a higher density (1.62 g/cc), they were pre-compressed to 8.60 mm. In preparing the wet sand 
specimens, the 4.0-g sand was mixed with 7% (0.28 ml) water by weight.  The assembled tube 
specimen was then installed in the Kolsky bar setup. At this step, the tube was turned horizontal 
with the top platen carefully held by fingers or set screws.  A drop of super glue was placed on 
the end of the incident bar to hold the top platen in place when a tensile reflected wave arrived. 
Both the incident and transmission bars were moved into the tube from its two ends. At this 
point, the specimen thickness was checked again before the set screws were removed for the 
impact loading.  
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Figure 17.  Schematic of sand specimen confined in PC tube 

 
5.1.2 Contained with a Polyolefin Heat Shrink Tube (Figure 18)  
 
The polyolefin heat shrink tube was commercially purchased from www.mcmaster.com and had 
an actual inner diameter of ~20.6 mm and a wall thickness of 0.3 mm.  Each tube was cut to 52-
mm long (Figure 18). The tube section was slid outside a 19.05-mm-diameter supporting rod that 
was marked at the position of 15 mm from the top end.  A hair dryer was used to heat the tube 
until the tube is shrunk to snug-fit the rod.  The shrunk tube was then moved to align the bottom 
edge of the shrunk tube at the marked line on the supporting rod.  Since aluminum bars were 
used to compress the sand confined with the heat shrink tube, a 6.35-mm-thick, 19.05-m 
diameter aluminum platen was placed inside the shrunk tube.  Dry sand (4.0-g) was poured into 
the tube, which was slightly tapped to make the top sand surface even.  Another aluminum platen 
was placed on top of the sand specimen.  Another rod was used to slightly press the aluminum 
platen until the top edge of the shrunk tube is at the position of 15 mm above the platen on the 
sand top surface.  Therefore, the specimen length is 52.0 −15.0 × 2 − 6.35 × 2 = 9.3 mm (with 
1.50 g/cc density). Two lines were marked at the positions of 15 mm from the end on the 
incident and transmission bars, respectively. The tube specimen was then moved from the 
supporting rods to the Hopkinson bar carefully.  A drop of super glue was placed on the end of 
the incident bar before moving both incident and transmission bars into the tube from the two 
open ends. The specimen thickness was checked through verification of alignments between the 
edges of the shrunk tube and the marked lines on the incident and transmission bars.  
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Figure 18.  Schematic of sand specimen confined in polyolefin heat shrink tube 
 
5.1.3 Contained with a 4340 Steel Tube (Figure 19)  
 
The 4340 steel tube had an outer diameter of 25.4 mm, an inner diameter of 19.05 mm and 50.8-
mm long. Two screwed holes were tapped on the opposite sides at the position of 14 mm from 
one end.  The tube was slid on to a 19.05-mm-diameter supporting rod that was marked at the 
position of 14 mm from the top end.  A 6.35-mm-thick, 19.05-mm-diameter steel platen was 
placed inside the tube.  The steel platen was positioned by two set screws through both screwed 
holes such that the bottom edge of the steel tube aligns with the marked line on the supporting 
rod when the top of the rod was in contact with the platen.  Dry sand (4.0-g) was poured into the 
tube, which was slightly tapped to make the top surface even.  Another steel platen was placed 
on the surface of the sand. The steel platen was slightly pressed with another rod until the top 
edge of the steel tube was at the position, 14.8 mm from the bottom of the rod.  Therefore, the 
specimen length was 50.8 −14.0 −14.8 − 6.35× 2 = 9.3 mm (with a 1.50 g/cc density). Two lines 
were marked at the positions of 14 and 14.8 mm from the end on the incident and transmission 
bars, respectively. The tube specimen was then installed on the Kolsky bar. A drop of super glue 
was placed on the end of the incident bar before moving both incident and transmission bars into 
the tube from the two open ends, respectively. The specimen thickness was checked through 
verification of alignments between the edges of the steel tube and the marked lines on the 
incident and transmission bars.   
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Figure 19.  Schematic of sand specimen confined in steel tube 
 
The dynamic compressive response of the sand was investigated in this study at various moisture 
contents ranging from 3% to 20% by weight with all specimens having the same dry density of 
1.50 g/cm3. All specimens were in an undrained condition, where water or air is not allowed to 
escape.  The specimens were confined using a hardened 4340 steel tube with an outer diameter 
of 25.4 mm, inner diameter of 19.1 mm and length of 50.8 mm.  The steel tube was used to 
replicate a simple uniaxial strain condition.   
 
In sample preparation, after the dry sand was poured into the steel tube and tapped lightly to even 
the top surface, a 1-ml syringe was used to add the appropriate weight percent (e.g., 0.28 ml for 
7% moisture by weight) of water to the sand.  The water was slowly released from the syringe 
into the dry sand and evenly distributed over the top of the sand.  The dry sand and water were 
then mixed mechanically and thoroughly.  The second steel platen was then placed on top of the 
partially saturated sand and slightly pressed to ensure the interface between the platen and 
partially saturated sand is flat.  
 
5.2 Triaxial Experiments  

Figure 20 shows the sample preparation steps for the triaxial experiment.  The sample 
preparation for the triaxial experiment is very similar to the polyolefin heat shrink tube 
confinement (section 5.1.2).  A drop of super glue was placed on both the end of the incident bar 
and transmission bar before moving these bars into the tube from the two open ends.  A heat gun 
was then used to heat the heat shrink tube and fuse it on to the bars. A piece of wet cloth was 
wrapped around the sample during the heating.  This will reduce the chance to over heat the heat 
shrink tube in the test section. The specimen thickness was checked through verification of 
alignments between the edges of the shrunk tube and the marked lines on the incident and 
transmission bars.  
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 (a)  (b)  (c)  (d)  

 
Figure 20.  Schematic of the sample preparation steps for the triaxial experiments:  a) 
weighing 4 g of sand, b) heat shrinking the tube to the desired diameter; cleaning the 

platens, c) placing the sand inside the tube; and d) heating the tube to fuse on to the bar 
while covering the gage section. 

 
To check the fluid-sealing capacity by this specimen-installation process, we ran several 
experiments in the hydrostatic-pressure phase by increasing the hydrostatic pressure on the 
sample up to 150 MPa and then releasing it.  The samples were then taken out of the seal for 
inspection. We found that the samples were leak free.  As for an example, Figure 21 shows the 
sand condition before and after 150 MPa hydrostatic confinements.  We also took out the sand 
after each experiment (including dynamic phase) and collected them for size distribution, which 
will be discussed later.  
 

 

 (a)  (b) 
Figure 21.  Sample leak check: a) Before applying pressure, and b) After applying 150 

MPa confinement pressure 
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6. EXPERIMENTAL RESULTS  
 
6.1 Uniaxial Experiment Results  
 
6.1.1 Dynamic Uniaxial Results  
 
The specimens confined with the PC tubes have a common dimension of 19.05 mm in diameter 
and 9.3 mm in thickness.  The dry sand has a density of 1.50 g/cc.  Figure 22 shows a typical set 
of oscilloscope records of incident, reflected, and transmitted pulses.  The shape of the incident 
pulse in Figure 22 is different from that obtained in a conventional Kolsky bar experiment 
because of the application of the pulse shaping technique. When the material and dimension of 
the pulse shaper are appropriately selected, the profile of the incident pulse is controlled to 
ensure that the specimen deforms at a nearly constant strain rate under dynamic stress 
equilibrium. The dynamic stress equilibrium can be checked by a “2-wave” and “1-wave” 
method (Eq. (4), Gray, 1997, 2000).  The left term in Eq. (4) represents the incident bar strain at 
the interface of the incident bar and the specimen, whereas the right term indicates the 
transmission bar strain at the interface of the specimen and the transmission bar.  Figure 23 shows 
the dynamic stress equilibrium process in the specimen.  The nearly overlapped stress histories at 
both ends of the specimen demonstrate clearly that the stress in the specimen was uniform.  
 

 
Figure 22.  A typical set of incident, reflected, and transmitted pulses for dynamic 

uniaxial experiment 
 
Under the dynamic stress equilibrium, the reflected pulse represents the strain-rate history in the 
specimen (Eq. (5)).  Figure 24 shows the strain-rate and strain histories in the specimen.  The 
strain rate is nearly constant (470/s) from ~150 to 325 µs corresponding to the strains from 3% to 
11%.  Therefore, the specimen was deformed uniformly under dynamic stress equilibrium over 
most of the loading duration, indicating that the resultant stress-strain curve in Figure 25 is valid 
and accurate.  The specimen exhibits a nearly linear compressive behavior when the strain is 
smaller than 11%.    
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Figure 23.  Dynamic stress equilibrium process for uniaxial experiment 

 

 
Figure 24.  Strain-rate and strain histories for uniaxial experiment 

 

 
Figure 25.  Dynamic stress-strain curves from a uniaxial experiment 
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To examine the repeatability of experiments and specimens, 23 experiments under an identical 
loading condition were conducted.  Figure 26 summarizes all 23 stress-strain curves of the 1.50 
g/cc dry sands confined with the PC tubes at the strain rate of ~470/s.  Figure 27 presents the 
variation of stresses at the strains of 5% and 10% obtained from the 23 experiments.  The results 
exhibit reasonable repeatability of the sand experiments. 
 

 
Figure 26.  Stress-strain curves under identical loading conditions 

 

 
Figure 27.  Distribution of stresses at 5% and 10% strains 
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Three dynamic strain-rate experiments (470/s, 900/s, and 1450/s) for the 1.50 g/cc dry sand were 
conducted to study strain-rate effect using similar procedures.  At the strain rates of 470/s, various 
suites of dynamic experiments were also conducted: (1) on 1.62 g/cc dry sand to investigate density 
effect, (2) on wet sand with 7% weight water to examine moisture effect, (3) on 1.50 g/cc dry sand 
confined with the polyolefin heat shrink tubes, and (4) 4340 steel tubes to study the effect of lateral 
confinement. 
 
Strain-Rate Effect  
 
Since the sand specimens exhibit reasonable repeatability at the strain rate of 470/s, only five 
experiments were repeated at the higher strain rates of 900/s and 1450/s for the 1.50 g/cc dry 
sand. The stress-strain curves for these two strain-rates are shown in Figure 28 and Figure 29.  
The mean curves were used in addition to error bars to examine the strain-rate effects.  Figure 30 
presents the resulting dynamic compressive stress-strain curves, along with quasi-static results, 
which do not indicate significant strain rate effect of the 1.50 g/cc dry sand over this strain rate 
range.  
 

 
Figure 28.  Stress-strain curves at the strain-rate of 900/s  
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Figure 29.  Stress-strain curves at the strain-rate of 1450/s 

 

 
Figure 30.  Stress-strain curves at six strain-rates 

 
Density Effect  
 
The dynamic compression stress-strain curves of 1.60 g/cc dry sand at the strain-rate of 520/s are 
shown in Figure 31. Five experiments were repeated and the mean curve was used to examine 
the density effect, as shown in Figure 32. The specimen stiffness increases significantly when the 
density increases from 1.50 to 1.62 g/cc, indicating strong density effects. 
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Figure 31.  Stress-strain curves 1.62 g/cc dry sand at strain-rate of 520/s 

 

 
Figure 32.  Comparison of stress-strain curves of 1.50 and 1.62 g/cc dry sand 

 
Confinement Effect  
 
Figure 33 and Figure 34 show the dynamic stress-strain curves of the 1.50 g/cc dry sand confined 
with the polyolefin heat shrink tube and the 4340 steel tube at similar strain rates, respectively. 
The stress-strain curves at similar strain rates under the three confinements are compared in 
Figure 35. The test results indicate that the sand specimens confined with the polyolefin heat 
shrink tube experience the lowest stresses while those confined with the steel tube are only 
slightly higher than those confined with the PC tube. 
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Figure 33.  Stress-strain curves of 1.50 g/cc dry sand confined with polyolefin heat shrink 

tube 

 
Figure 34.  Stress-strain curves of 1.50 g/cc dry sand confined with steel tube 

 

 
Figure 35.  Comparison of stress-strain curves of 1.50 g/cc dry sand confined with steel, 

polycarbonate, and polyolefin tubes at similar strain rates 
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Dynamic experiments were also conducted on the polycarbonate at various strain rates. The 
3.05-mm-thick circular PC tube was cut and separated into six equal parts as individual 
specimens, as shown in Figure 36 in order to achieve consistency with the PC tube material used 
in the sand confinement experiments. The pulse-shaped steel Kolsky bar was used for the 
dynamic characterization. Figure 37 shows the resultant stress-strain curves for the PC at the 
strain rates of 230, 440, and 1660/s. 

 

Figure 36.  The PC specimens 

 
 

Figure 37.  Dynamic stress-strain curves of the PC material 
 
Moisture Effect 
 
A total of 43 experiments were conducted with a strain-rate of approximately 400 s1. All 
specimens were confined by a steel tube with moisture contents varying from 3% to 20% by 
weight. A minimum of five experiments were conducted at each moisture content, except at 5% 
moisture content where four experiments were conducted, to investigate the repeatability of the 
data. To illustrate the repeatability of experiments, all five stress-strain curves for 7% moisture 
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content are shown in Figure 38.  A two sigma standard deviation was calculated using the five 
stress-strain curves in Figure 39 for percent strains of 1, 3, 5, 7, and 8. To limit confusion 
between errors for each moisture content, only those strains that showed error bars were chosen. 
The mean stress-strain curve with standard deviation for 7% moisture content is shown in Figure 
39. 

 

Figure 38.  Dynamic stress-strain cures for 7% moisture content 

 
Figure 39.  Mean stress–strain curve for 7% moisture content with standard deviation 

 
The mean dry sand stress-strain response in Figure 40 was determined in a similar fashion. As 
shown in Figure 26 and Figure 27, the error ranges are very similar to that shown in Figure 39.  
The mean stress-strain curves for each moisture content show significant oscillations in stress 
between 2% to 4% strain.  Oscillations are not evident for the dry sand mean stress-strain curve, 
but some of the 23 experiments conducted earlier (Figure 26) show similar oscillations.  These 
oscillations are present for both dry and partially saturated conditions indicating that frictional 
effects, whether mechanical or inter-granular, may cause the oscillations, but no quantitative 
evidence exists at this time for this determination.  The mean stress-strain relationships under 
steel confinement for this investigation are shown in Figure 40.  For all experiments, the stress-
strain curves are truncated at the maximum percent strain where both stress-equilibrium and 
constant strain-rate conditions are satisfied.  The mean curves in Figure 40 represent the family of 
stress-strain curves at various moisture contents. 
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Figure 40.  Mean stress-strain curves for Quickrete 1961 sand with steel confinement 

 
The results in Figure 40 show that after the sand specimens are initially compacted, the 
oscillations in the stress-strain curves diminishes after a strain of 4%.  The stress-strain behavior 
of the sand at all moisture contents is remarkably linear up to the strain of 8% to 9% when 
unloading initiates in the experiments with partially saturated sand.  The dry sand results show 
the highest slope, corresponding to the stiffest behavior.  As water is added progressively from 
3% to 5% to 7% the stiffness decreases with increasing water content. As the water content is 
further increased, the sand specimen behavior stiffens.  However, all the partially saturated sand 
is less stiff as compared to dry sand with specimens at 7% moisture content having half the 
stiffness of dry sand. The error associated with moisture contents between 3% to 11% have some 
overlap with the dry sand, whereas those associated with moisture contents between 13% and 20% 
have more overlap with the dry sand. Higher amounts of overlap exist between dry sand and 13% to 
20% moisture contents due to higher quantities of water increasing the saturation of the specimen.  
When the saturation increases less air is present allowing water to be loaded and stiffening the 
response.  Although these overlaps exist in the results, the trends of moisture effects can be clearly 
identified. Similar trends were also recorded in quasi-static experiments and will be discussed later. 
 
6.1.2 Quasi-static Experiments  
 
Quasi-static uniaxial strain tests have been accepted as well controlled experiments with well 
defined boundary conditions.  In this section, results of quasi-static uniaxial strain experiments 
for dry and partially saturated sand conducted with the same boundary conditions and material 
are qualitatively compared to the results in this investigation.  
 
A uniaxial strain test loads the specimen in the axial direction and constrains the specimen in the 
lateral direction with the radial loading and displacement recorded.  All quasi-static uniaxial 
strain experiments for both dry and partially saturated sand were studied under comparable 
specimen conditions, using the experimental technique reported by Williams et al., 2006. The 
specimens were 50 mm in diameter and 110 mm in length having an aspect ratio of 2 compared 
to an aspect ratio of 0.49 for the specimens in this investigation.  The specimens had an average 
dry density of 1.651 g/cm3 for both the dry and partially saturated experiments.  The dry sand 
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had a post-test moisture content of 0.5% with the partially saturated sand having a post-test 
moisture content of approximately 7.0%.  All experiments were conducted at strain-rates of 
approximately 104 

s-1 to 10
-5 

s-1. The dry density is higher than the dry density in our studies, so 
only a qualitative verification of trends is appropriate.  The uniaxial stress-strain response data 
for dry and partially saturated sand are shown in Figure 41.  The associated error at each 
condition is represented by the differences between the two curves illustrating the repeatability 
of the data. The data shows that partially saturated sand is more compliant than dry sand which is 
consistent with the results obtained in this study. These results indicate that a small amount of 
water provides some lubrication between the particles making partially saturated sand more 
compliant than dry sand.  

 
Figure 41.  Quasi-static uniaxial stress-strain plot for dry and moisture sand 

 
6.2 Triaxial Experiment  
 
The specimens for triaxial experiments have a common dimension of 19.05 mm in diameter and 
9.3 mm in thickness.  The dry sand has a density of 1.50 g/cc.  Figure 42 shows a typical set of 
LabVIEW records from the hydrostatic pressure phase of the experiment.  The axial and radial 
strain signals were recorded along with the line pressure. 
 

 
Figure 42.  Typical set of axial, radial strain and line pressure signal from hydrostatic 

pressure phase 
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Figure 43 shows the typical oscilloscope records of incident, reflected, and transmitted pulses and 
radial strain and dynamic pressure signals.  The shape of the incident pulse has been modified to 
ensure that the specimen deforms at a nearly constant strain rate under dynamic stress equilibrium.  
Figure 44 shows the dynamic stress equilibrium process in the specimen. The nearly overlapped 
stress histories at both ends of the specimen demonstrate that the stress in the specimen was uniform. 

 
Figure 43.  Typical incident, transmission signal along with dynamic pressure and radial 

strain signal 
 

 
Figure 44.  Dynamic Stress equilibrium process for triaxial experiment 

 
Figure 45.  Typical strain rate and strain histories for triaxial experiment 
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Under the dynamic stress equilibrium, the reflected pulse represents the strain-rate history in 
specimen (Eq. (5)).  Figure 45 shows the strain-rate and strain histories in the specimen.  The 
strain rate is nearly constant (~ 100/s) from ~50 to 120 µs corresponding to the strains from 3% 
to 10%. Therefore, the specimen was deformed uniformly under dynamic stress equilibrium over 
most of the loading duration, indicating that the resultant stress-strain curve is valid and accurate.   
 
The principal stress difference of the samples is plotted in Figure 456 and Figure 47 against the axial 
strain at 1000/s and 500/s strain rate respectively. 

 
Figure 46.  Principal stress difference-axial strain curves at 1000/s 

 
Figure 47.  Principal stress difference-axial strain curves at 500/s 

 
Triaxial experiments for the 7% moisture samples were conducted on the same fine grain sand 
specimens with a nominal diameter of 19 mm and nominal length of 9.3 mm.  Two experiments were 
conducted at each confining pressure level.  Samples were prepared with the similar technique as 
described for the dry sand triaxial experiments.  Figure 47 shows the principal stress difference-axial 
strain curves at various confinement levels. 
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Figure 48.  Principal stress difference-axial strain curves for 7% moisture sand at 1000/s 

strain-rate 
 
6.2.1. Confinement Effect 
 
Figure 46 and Figure 47 show the dynamic principal stress difference-axial strain curves of the 
1.50 g/cc dry sand at various confining pressures at similar strain-rates, 1000s and 500, 
respectively. The curves at similar strain rates under the confining pressure indicate that the sand 
specimens are pressure sensitive.  Higher pressure leads to stiffer response.  
 
6.2.2 Strain Rate Effect  
 
Five experiments were repeated at the strain rates of 500/s and 1000/s for the 1.50 g/cc dry sand. The 
principal stress difference-axial strain curves for these two strain rates are shown in Figure 46 and 
Figure 47. Mean principal stress difference at 7% axial strain was used in addition to error bars to 
examine the strain rate effect. The results shown in Figure 49 do not indicate significant strain rate 
effects of the 1.50 g/cc dry sand over this strain rate range. 

 
Figure 49.  Principal stress difference at 7% axial strain level at various confining 

pressure 
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6.2.3 Moisture Effect  
 
Figure 47 shows the principal stress difference-axial strain curves of the wet sand with 7% 
weight water at the strain rate of 1000/s. At the similar strain-rates, the stresses decreased 
significantly after 7% weight water was mixed in the specimen, as shown in Figure 50. 
 

 
Figure 50.  Moisture effect on the sand samples at 1000/s strain-rate 

 
6.2.4 Particle Size Redistribution  
  
We observed that after the hydrostatic pressure, the sand changed to a lighter color, as shown in 
Figure 21.  After dynamic axial loading, the color further changed.  This indicates that at least 
some of the sand particles have broken in the loading process.  To quantitatively document the 
particle-size change, we conducted a grain size distribution analysis (sieve analysis, also 
commonly known as a "gradation test" on the sand before loading, after hydrostatic pressure, and 
after dynamic axial loading.  
 
Five samples in each category (~ 20 g by weight) were screened using US standard sieves (Nos. 
6-635) in an electromagnetic vibration sieve shaker.  Sands were shaken at 2700 rpm for 15 
minutes.  After completion of the agitation of the sieves, the material retained in each sieve was 
weighed separately in a digital scale.  For better accuracy the sieve with the sand was measured, 
rather than taking it out first. 
 
Figure 51 shows the comparison between the steps of one triaxial experiment.  It is seen that the 
sand particle size becomes smaller in each step.  The curve for after hydrostatic phase is 
somewhat at the middle of the two extremes.   
 
Figure 52 shows the grain size redistribution of the 1000/s strain-rate sand samples at various 
confinement levels after the dynamic impact. It is seen from these curves that the particle size 
gets smaller and smaller at each higher confinement level experiment. The comparative curve 
between two strain rates is shown in Figure 53. It is seen that the sand particle is redistributed to 
the similar level between both strain-rates. 



54 

 
Figure 51.  Sand grain size distribution at different stages of the experiment for samples 

of 150 MPa confinement and 500/s strain-rate 
 

 
Figure 52.  Sand grain size distribution for samples of 1000/s strain-rate 

 

 
Figure 53.  Comparison of sand grain size between two strain-rates 
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7 DISCUSSION 
 
Dynamic uniaxial and triaxial mechanical response of sand from carefully designed experiments 
is not available in the literature.  A comprehensive suite of modified Kolsky bar uniaxial and 
triaxial experiments were conducted to examine the effect of strain-rate, initial density, moisture 
content and lateral confinement on the stress-strain behavior of fine sand.  These experiments 
give insight into the constitutive modeling of this material.  The process of this experimental 
investigation provides many lessons learned to help guide future research in characterizing this 
category of geological materials.  
 
1. Effect of strain-rates: The effect of strain-rates on both the uniaxial and triaxial compressive 

stress-strain response is not apparent over the strain-rate range studied.  The strain-rate range 
investigated in this study is not sufficiently high to cover the deformation states in a granular 
target under penetration.  There is a potential need to develop capabilities to conduct 
experiments for rates between Kolsky bar and plate impact experiments.  

 

2. Effect of confinement: The confinement method used for the uniaxial experiment presented a 
mixed pressure/displacement boundary condition at the interface between the sand specimen 
and the confinement tube.  This complicated boundary condition makes it difficult to 
examine the confinement effect.  For example, the stress-strain behavior varied only slightly 
when the confinement was changed from a PC tube to a steel tube. However, the deformation 
behavior for these two cases was quite different. There was a significant lateral deformation 
in the PC-tube confinement case, involving an extensive shear deformation in the sand 
specimen.  The steel tube, on the other hand, facilitated a nearly uniaxial strain deformation.  
In future experiments, more definitive lateral conditions need to be specified and achieved.  

 
In triaxial experiments, specimens were subjected to hydrostatic confinement which facilitates 
the examination of confinement effect.  The confinement pressure has been varied systematically 
to examine its effect on the principal stress difference.  As we have used heat shrink tube for the 
confinement, it provides little resistance on top of the hydraulic confinement.  From the 
experiments it is evident that the principal stress difference depends on the confinement level. 
With application of higher confinement, the sand particles are crushed more, making the sample 
more packed.   

 
3. Effect of moisture: The porosity of a given particulate material is dependent on the shape of 

the particles and the particle’s size distribution.  Dry sand can be considered as two-phase 
material: a solid corresponding to the sand skeleton and a gas associated with the pore air.  If 
water or any other liquid is added then it is a three phase material (Hampton et al., 1966) 
unless it is fully saturated.  In our investigation, the specimen consists of a sand skeleton and 
pores filled with air and water in an undrained state. If the specimen is strained sufficiently, 
all pore air or pore water will be removed from the volume if drained conditions prevail, but 
in undrained conditions pore air and pore water are displaced without leaving the volume.  
When all pore air is replaced by pore water the specimen is fully saturated and water is 
loaded causing the specimen to stiffen with little additional compression of the specimen. 
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The experiments conducted in the uniaxial experiment use steel confinement to contain the 
specimen.  This condition preferentially allows axial strain to occur, since radial stress generated 
by the steel confinement will constrict lateral expansion. For uniaxial strain conditions, the 
volume fraction of air voids in the specimen is directly related to the percent strain required to 
remove the air voids. When the percent strain is equal to the maximum percent volume of air, it 
can be assumed that the specimen is fully saturated. The corresponding percent volume of air 
associated with each of the investigated moisture contents is tabulated in Table 2.  In the 
dynamic experiment, the specimens were loaded to approximately 9% strain.  With the maximum 
percent strains below the maximum percent volume of air voids, the effects of water are not 
dominant. The mean stress-strain curves in Figure 38 show no evidence of the material “locking 
up” where the specimen becomes completely saturated and water is loaded. 
 

Table 2.  Percent of air at varying moisture contents 

 

The results show that partially saturated sand is more compliant than dry sand.  It is 
presumed that pore water acts as a lubricant at the inter-particle contact areas, decreasing the 
friction between the particles resulting in lower localized shear stresses.  The trend present in 
the partially saturated sand is considered the results of the interactions between the moisture 
and sand particles in the specimen.  At the lower moisture contents, the water between the 
particles lubricates the contact surfaces and enables the specimen to become more compliant.  
Subsequently, when the specimen becomes highly saturated, the pore water assumes the load 
acting to stiffen the specimen.  The movement of sand particles, the lubrication of water, and 
increased hydrostaticity are all integrated phenomena that work together to influence the 
behavior of partially saturated sand.    
 
A similar trend is also visible in the dynamic triaxial experiments.  The principal stress 
difference in 7% moisture sand is lower than the corresponding dry sample. Wetting the sand 
sample makes it softer thereby the sample experiences more volumetric compaction than the 
dry counterpart.  

 
4. Particle size redistribution: Sand samples were collected after each triaxial experiment for 

checking size redistribution.  It is observed that a considerable amount of sand size 
redistribution occurred in each higher confinement level.   
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8. SUMMARY  
 
We experimentally investigated the compressive mechanical response of fine sand. The strain-
rate, initial density, stress state, and moisture level are systematically varied.  A Kolsky bar was 
modified to apply dynamic compressive load on sand specimens with and without confinement.  
A controlled loading pulse generated by a pulse-shaping technique allows the specimen to 
acquire stress equilibrium and a constant strain-rate.  Hydrostatic pressure chambers are 
integrated with the Kolsky bar to conduct dynamic triaxial experiments on the sand specimens.  
The results show that the compressive response of the fine sand is not sensitive to strain rate 
under the loading conditions in this study, but significantly dependent on the moisture content, 
initial density and lateral confinement.  Partially saturated sand with moisture levels varying 
from 3% to 20% by weight is more compliant than dry sand, regardless of the moisture level. 
Similar trends were reported in the quasi-static regime for experiments conducted at comparable 
specimen conditions. The sand becomes stiffer as initial density and/or confinement pressure 
increases. A sieve analysis shows that the sand particle sizes become smaller after hydrostatic 
pressure, and furthermore, smaller after dynamic axial loading.  
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APPENDIX A:  BASIC RELATIONS TO THE TRIAXIAL TEST 
 
Consider the deformation process of a specimen, placed in the confining chamber. During hydrostatic 
phase, same pressure is applied on the radial and longitudinal chamber, so the sample is in true 
hydrostatic state condition. Hence, the stress and strain tensor will be: 
 

 
 

σ1 = σ 2 = σ 3 = Ph  ε1= ε 2 = ε3 = ε ah = ε rh            (8)  

where σ1…3 are principal stresses, Ph is hydrostatic pressure, ε1…3 are principal strains, εah is axial 
strain, and εrh radial strain.  

 

During the dynamic phase, an impact loading is applied axially in addition to hydrostatic 
pressure, Ph. The main components of the stress and strain tensors will be: 
 
 σ1 = σa + Ph  σ2 = σ3 = σr = Ph + Pd  ε1 = εa  ε2 = ε3 = εr  (9) 

 
where σa is axial stress and σr radial stress, while Pd is the dynamic pressure variation, εa is axial 
strain and εr radial strain.  
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The Maximum Tangential Stress, τ (resistance to shear) will occur at the planes inclined 45
o

 to axis 
X. The Principal Stress Difference or the deviatoric stress, q (2xMaximum tangential stress, τ) on 
these planes will be:  

 
q = 2τ = σax − σr    (10) 

 
The Mean Normal Stress, P in the specimen can be expressed in terms of the principal stresses as:  

P = 
3
1  (σ 

a 
+ 2σ 

r
)   (11) 

The volumetric strain will take the following form: 
  

εv = ε a +2ε r   (12) 
 

Thus having found σr, one can compute the Mean Normal Stress or the effective pressure P in the 
specimen. Expressions (11) and (12) as well as the uniaxial compression diagram, allow one to find 
the volumetric compressibility curve of the sample.   
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APPENDIX B:  CALIBRATION CURVES FOR MEASURED 
PARAMETERS IN THE TRIAXIAL EXPERIMENT 

 

 
 

Figure B-1.  Calibration for the line pressure gage 
 

 
Figure B-2.  Calibration curve for the LVDT for hydrostatic longitudinal strain 

measurement 

 
Figure B-3.  Calibration curve for the Manganin pressure gage for dynamic pressure 

measurement 
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Figure B 4.  Calibration curve for the hydrostatic and dynamic diametric strain 
measurement 
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APPENDIX C:  DYNAMICS PRESSURE DISTRIBUTION 
 

During the dynamic impact, the sample undergoes volume change therefore the pressure inside 
the test chamber varies with the loading. So it is necessary to measure the pressure distribution in 
the test chamber.  We employed manganin pressure gages to record this variation of pressure. 
Three gages were placed radially at three different distances from the center of the sample to 
check the radial pressure variation.  One at the front end of the sample and one at the middle of 
the sample were placed to record axial pressure distribution.  Figure 1 shows the schematic of the 
manganin gage placement inside the test chamber.  Figure 2 shows the actual photograph of the 
gage placement.  
 

 

Figure C-1.  Schematic of pressure gage placement with respect to the sample 
 

 
Figure C-2.  Actual photograph of the pressure gage placement with respect to the 

sample 
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The reading from the pressure gages were recorded in the digital oscilloscope during the 
experiment. Figure 3 and 4 show the pressure distribution, radial and axial respectively. It is seen 
that the dynamic pressure variation in the test chamber during the impact are very close. 

 
Figure C-3.  Radial pressure distribution at 150 MPa confinement and 1000/s strain-rate 

 

 
Figure C-4.  Axial pressure distribution at 150 MPa confinement and 1000/s strain-rate 
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