
Cold Regions Science and Technology 118 (2015) 1–13

Contents lists available at ScienceDirect

Cold Regions Science and Technology

j ourna l homepage: www.e lsev ie r .com/ locate /co ld reg ions
Dynamic compressive behavior of ice at cryogenic temperatures
Xianqian Wu b, Vikas Prakash a,⁎
a Department of Mechanical and Aerospace Engineering, Case Western Reserve University, Cleveland, OH 44106, USA
b Key Laboratory of Mechanics in Fluid Solid Coupling Systems, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, PR China
⁎ Corresponding author. Tel.: +1 216 834 2646.
E-mail address: vikas.prakash@case.edu (V. Prakash).

http://dx.doi.org/10.1016/j.coldregions.2015.06.004
0165-232X/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 20 September 2014
Received in revised form 2 June 2015
Accepted 9 June 2015
Available online 15 June 2015

Keywords:
Dynamic compression of ice
Low temperature split Hopkinson pressure bar
Rate sensitivity of ice
Cryogenic temperatures
Peak stress
In the present study dynamic behavior of distilled water ice (polycrystalline ice Ih) is investigated under uniaxial
compression at strain rates in the range of 100 s−1 to 1350 s−1 and at temperatures in the range of −15 °C to
−173 °C using a modified split Hopkinson pressure bar (SHPB). The peak compressive strength is found to in-
crease from 32 MPa to 112 MPa as the test temperatures are decreased from−15 °C to−125 °C. With a further
decrease in test temperature from−125 °C to−173 °C the peak strength is observed to remain nearly constant
and lie in the range of 110–120 MPa. In addition, the ice samples show positive strain rate sensitivity over the
range of strain rates employed in the present tests at test temperatures in the range of−15 °C to−125 °C. How-
ever, the sensitivity of the logarithmic of peak stress (strength) to logarithmic of strain rate decreases with de-
creasing test temperatures, and the ice samples are observed to be nearly insensitive to strain rate at test
temperatures lower than−125 °C. An interesting feature of the dynamic compressive behavior of ice is the pres-
ence of a shoulder/double-peak in the dynamic stress versus strain curves at test temperatures in the range of
−50 °C to −150 °C. Another feature of the post-peak stress regime of distilled water ice is the presence of a
long tail in the dynamic stress versus strain curves at a test temperature of−15 °C. At lower test temperatures
(from −150 °C to −173 °C) the residual strength of ice is observed to become negligible. These artifacts in the
dynamic behavior of ice can be attributed to details associated with dynamic failure of the ice samples and geo-
metric effects emanating from thefinite size of the samples and the diameter of the loading bars. The residual dy-
namic strength of ice can be best understood by considering the damaged/fragmented ice as an assemblage of
wet highly-fragmented granular material created by adiabatic heating during grain-to-grain frictional sliding
and held together by ice melt and/or recrystallization in the post peak-stress regime.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Many fundamental questions regarding preservation of Europa's
evolutionary history and possibility of finding life can be best examined
by performing in-situ analysis of its ice and oceans (Carr et al., 1998). In
this context, a mission to the Jupiter's moon Europa to search for life in
its ice-covered oceans promises to provide a unique opportunity to
place scientific instruments onto the surface of Europa. Compared
with conventional soft-landers that have previously been used in
Lunar and Mars explorations, high-velocity kinetic penetrators provide
the benefit to access the sub-surface of Europa for onsite sampling and
analysis without the need for additional drilling or digging. Moreover,
kinetic energy penetrators have the advantage of simplicity and require
no sophisticated landing programs for the airless environment on Euro-
pa. One of the key challenges faced in the mission is to enable deep
penetration of the cryogenic ice crust of Europa to deliver the required
scientific instruments for in-situ analysis of the subsurface layers
which necessitates a better understanding of the basic impact physics
into cryogenic ice. For example, the fundamental thermo-mechanical
properties of hard cryogenic ice determine the boundary conditions act-
ing on the projectile, and significantly affect the stress state, peak loads,
accelerations, and penetration depth of the penetrator.

There is a considerable body of literature that addresses the dynamic
compressive behavior of ice at strain rates in the range from10−2 s−1 to
2600 s−1 and at temperatures in the range from 0 °C to−30 °C. How-
ever, there is little data on the dynamic behavior of ice at cryogenic tem-
peratures in the range from sub-zero to −170 °C. In view of this, an
experimental investigation was undertaken at Case Western Reserve
University to obtain the dynamic uniaxial compressive strength and
failure of ice as a function of loading rate (up to 1500 s−1) and test tem-
peratures down to−173 °C. The data obtained from the present study
can be used to validate and/or develop newmaterialmodels for dynam-
ic behavior of ice at high strain rates and cryogenic temperatures for
various planetary and/or engineering applications.

The mechanical behavior of ice is complex. Ice, that can be regarded
as a class of materials rather than a single specific material with well-
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Fig. 1.Method for growing ice samples of 19.05mm and 11.23mm in diameter employed
in the modified low temperature SHPB designed for conducting uniaxial compression
experiments. Two precision matched Vee blocks are used to ensure perfect alignment
(parallelism) between the two inserts.
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defined properties, has thirteen different crystal structures and two
amorphous states depending upon its growth temperature and pres-
sure conditions (Klug, 2002; Petrenko and Whitworth, 1999). A rela-
tively large body of literature exists on the compressive and tensile
behavior (Currier and Schulson, 1982; Dempsey et al., 1999a;
Dempsey et al., 1999b; Haynes, 1978; Jones and Glen, 1969; Petrenko
and Whitworth, 1999; Schulson, 2001; Schulson and Duval, 2009;
Schulson andGratz, 1999; Schulson et al., 2005), and fracture properties
(Dempsey, 1991; Nixon and Schulson, 1987; Parameswaran and Jones,
1975; Schulson, 1990; Schulson and Duval, 2009; Uchida and
Kusumoto, 1999; Weber and Nixon, 1996) of ice. Most of these studies
focus on the creep and quasi-static deformation behavior of distilled
water ice. Like many brittle materials, ice is stronger in compression
than in tension. However, unlikemost brittlematerials, ice exhibits brit-
tle behavior up to its melting point even at relatively low strain rates
(Schulson, 2001).

The compressive strength of ice is sensitive to strain rate and ice ex-
hibits behavior ranging from ductile to brittle under various loading
rates. The ductile to brittle transition is understood to occur at a strain
rate of 10−3 s−1 at a test temperature of −10 °C. At higher strain
rates, there are relatively few studies on the compressive behavior of
ice. The studies by Dutta (1993) and Dutta et al. (2004) suggest that
the compressive strength of ice at high strain rates is lower than that ob-
tained under quasi-static deformation conditions. Kim and Keune
(2007), using the split Hopkinson pressure bar (SHPB) (Hopkinson,
1914; Kolsky, 1949), reported that the compressive strength of ice is es-
sentially constant at a level of 19.7MPa in the strain rate range of 400 to
2600 s−1. Other studies on ice at high strain rates indicate that its com-
pressive strength shows positive strain rate sensitivity. For example,
study by Jones (1997) show that the compressive strength of ice in-
creases with increasing loading rates over the strain rate range 10−1

to 10 s−1, although the data shows considerable scatter. The study by
Schulson et al. (2005) shows similar behavior in the strain rate range
from 10−2 to 1.6 s−1. In a more recent study, Shazly et al. (2006b,
2009) investigated the dynamic behavior of single crystal and polycrys-
talline ice using SHPB at a range of strain rates from 60 to 1400 s−1. The
compressive strengths of both single and polycrystalline ice samples
were reported to increase with increasing strain rates. The compressive
strength of ice have also been reported to be sensitive to temperature.
Studies by Carter et al. (1971) and Schulson et al. (2005) show that
the compressive strength of ice increases linearly with decreasing tem-
peratures by approximately 0.3MPa/K over the temperature range from
0 °C to −50 °C under quasi-static deformation conditions. In addition,
Arakawa andMaeno (1997) have shown that under quasi-static uniax-
ial compression the sensitivity of compressive strength of ice to test
temperature is positive in the temperature range from 0 °C to
−100 °C, and then the compressive strength becomes nearly constant
in the temperature range from −100 °C to −175 °C.

In view of the aforementioned studies the compressive behavior of
ice can be summarized as follows. Under quasi-static uniaxial compres-
sion the strength of ice increases from 3MPa to 65MPa with a decrease
in test temperature from 0 °C to −100 °C and then increases rather
slowly from 65 MPa to 75 MPa from −100 °C to −175 °C. On the
other hand, under high loading rates the uniaxial compressive strength
of ice is observed to increase with increasing strain rates in the range 60
to 2000 s−1 and at test temperatures in the range −10 °C to −30 °C.
Arakawa and Maeno (1997) have attributed the insensitivity of quasi-
static compressive strength of ice at test temperatures lower than
−50 °C to possible confinement of specimen end faces due to
adhesion/freezing of the ice samples to the loading platens. At higher
loading rates, however, the end face confinement is negligibly small as
per analysis provided by Shazly et al. (2006b, 2009). Therefore, one of
the keymotivations of the present study is to better understandwheth-
er this observed insensitivity of compressive strengthwith a decrease in
test temperature at quasi-static loading rates is carried over to the
higher loading rate condition.
In this regards, in the present study, the conventional split Hopkin-
son pressure bar is modified to accommodate experimentation on ice
at cryogenic test temperatures and high strain rates. The paper is orga-
nized as follows: in Section 2, the experimental procedure used for the
growth of the ice samples and the extension of the split Hopkinson pres-
sure bar for cryogenic temperature testing are described. Section 3 pro-
vides details of the experimental results on ice at various strain rates
and test temperatures. In Section 4, the experimental results on ice ob-
tained at various strain rates and cryogenic temperatures are compared
and a discussion relevant to the experimental results is provided.

2. Experimental methods

2.1. Ice specimens

In the present study, disk shaped ice samples were utilized to con-
duct the dynamic compression experiments at elevated strain rates
and sub-zero temperatures down to−175 °C. Two different ice samples
were utilized in the present study. At test temperatures up to−50 °C ice
specimens of 19.05 mm diameter and 3 mm thickness were utilized
while at temperatures lower than −50 °C ice samples of 11.23 mm in
diameter and ~3 mm in thickness were employed to accommodate
the increase in ice compressive strength with decrease in test tempera-
tures. Although the ice samples were thin when compared to their di-
ameter, which could constrain radial displacements in the sample
during loading and lead to concerns regarding frictional effects, previ-
ous study by Shazly et al. (2006b, 2009) have shown that the friction-
al/adhesion effects at the ice sample/bar ends are expected to be
negligible (please refer to Appendix A) since dynamic frictional resis-
tance between ice and aluminum inserts is relatively low at high sliding
rates (Irfan and Prakash, 1994; Okada et al., 2001; Prakash and Yuan,
2004; Yuan and Prakash, 2008a; Yuan and Prakash, 2008b).

Besides frictional effects, the stress wave loading used in split Hop-
kinson pressure bar experiments can cause inertia to have an influence
on the measured sample properties, particularly at high strain rates
(Graham, 1989). For a sample with diameter d, and an initial length to
diameter ratio lo/do, the stresses measured by the output bar, σmeasured,
can be expressed as

σmeasured−σy ¼ ρd2ε
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where, σy is the actual yield stress of thematerial, ρ is the density of the
material, ad v is the velocity of the interface between the specimen and



Fig. 2. Typical transversemicrostructure of the ice sample. Note that the vertical lines rep-
resent the scale and the spacing between the lines is 1 mm.
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the output bar. In a typical SHPB experiment with a nearly constant
strain rate, the magnitude of the second term is much smaller when
compared with that of the first term, and the magnitude of the third
term is generally small for materials which do not exhibit very high
strain hardening and/or softening. Ignoring the second and third
terms, a typical relative error in flow stress measurement due to inertia
can be expressed as

σmeasured−σy

σy
¼ ρd2

σy
ε
� 2 1
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þ 1
6

lo
do

� �2
" #

ð2Þ

For the ice samples used in the present study, using Eq. (2) the error
due to inertia can be approximated to be 0.001%, where we have used
the ice density to be ~897 kg/m3,&& diameter of the sample ~ 19 mm,
lo/do ratio of 0.16, average strain rates 250 s−1, and σy ~ 30 MPa,

As shown in Fig. 1, ice samples of 19.05mm in diameter were grown
between two flat aluminum inserts of corresponding diameter and
31.75 mm in length with smooth end-surfaces, which were spaced at
Fig. 3. Modified low temperature Split Hopkinson pressure bar that incorporates a cooling ch
temperatures.
a predetermined distance (equivalent to the desired thickness of the
ice specimens) and then wrapped with masking tape to form a mold,
whereas the disk ice samples of 11.23 mm in diameter were grown
using a similar method except that a pair of steel inserts of 11.23 mm
in diameter and 31.75 mm in length were used. The diameter of the
steel insertswas selected tomatch the acoustic impedance of the alumi-
num Hopkinson bars. A small hole is introduced in the masking tape to
fill the cavity between the two inserts with de-ionized water to grow
ice. The hole also acts as a drain for water from the compartment
when it freezes. A precisionmatched pair of Vee blockswere used to en-
sure perfect alignment between the two inserts. The whole assembly is
then placed inside a freezer at−40 °C to grow the ice samples. The ice
nucleation and growth process required approximately 30min; howev-
er, the specimens are kept in the freezer for at least 6more hours before
the samples were taken out of the freezer for testing. Due to the high
thermal conductivity of the aluminum inserts the ice crystals were ob-
served to consistently nucleate from the inner faces of the aluminum in-
serts inside the molds and grow inwards towards the center of the
compartment. This growth process resulted in a noticeable interface at
the mid-plane of the ice specimens. Since the interface was nearly per-
pendicular to the axis of the disk its effect on the measured dynamic
compression strength of ice was found to be negligible.

Fig. 2 shows themicrostructure of a typical ice sample grown by fol-
lowing the aforementionedmethod.We observed themicrostructure of
the specimens by examining thin-sections under direct light and/or be-
tween crossed polarizing filters. Under polarized light, the grains exhib-
ited interference colors and could be easily differentiated. The ice
samples were found to be polycrystalline, and the ice crystals preferen-
tially nucleated from the aluminum inserts creating small equi-axed
grains up to approximately 1.5 mm in diameter. These grains continue
to grow from the two insert ends towards themid-plane of the sample.
The resulting grains were approximately 3 mm in diameter by 5 mm in
length for the largest grains. The transverse section of the ice specimen
indicates that the large grains have extensive substructures. It is to be
noted that the relatively large grain size relative to the thickness of
the ice samples (~3 mm) used in the present study is not expected to
have any serious implications on the measured dynamic stress versus
strain profiles since our previous study on dynamic behavior of ice
with 3 mm and 6 mm thick ice samples with similar grain size has
shown that the sample thickness to grain size ratio effect on the mea-
sured dynamic behavior is negligible (Shazly et al., 2009). Also, there
were concerns that during ice growth the ice samples may have devel-
oped a crystallographic texture with ice crystals being elongated along
the insert axis (longitudinal) when compared to the radial direction.
amber to facilitate investigation of dynamic compression behavior of ice at sub-zero test



Fig. 4. Pulse shaper optimization by trial and error method to match the slopes of the in-
cident and transmitted signals for impact velocities of 5.6 and 6.9 m/s.

Table 1
Experimental parameters for tests conducted at −15 °C.

Test name Test Temp
(°C)

Thickness
(mm)

Pulse shaper
(mm)

Type of insert

MDH-15-004 −13 3.1 3 × 3 × 0.25 Aluminum inserts
MDH-15-008 −13 2.4 3 × 3 × 0.25 Aluminum inserts
MDH-15-009 −14 2.5 3 × 3 × 0.25 Aluminum inserts
MDH-15-010 −15 2.5 3 × 3 × 0.25 Aluminum inserts
MDH-15-020 −15 4.7 3 × 3 × 0.25 Aluminum inserts
MDH-15-021 −14 3.0 3 × 3 × 0.25 Steel inserts
MDH-15-022 −14 2.9 3 × 3 × 0.25 Steel inserts
MDH-15-023 −14 2.8 3 × 3 × 0.25 Steel inserts

4 X. Wu, V. Prakash / Cold Regions Science and Technology 118 (2015) 1–13
Consequently, in the present study, all dynamic compression experi-
ments were with the sample longitudinal direction being parallel to
the bar direction.

2.2 . Modified split Hopkinson pressure bar

In thepresent study, SHPB apparatuswasmodified to investigate the
compressive behavior of ice at high strain rates varying from 100 to
1300 s−1 and at cryogenic temperatures in a range of −15 °C to
−173 °C. The schematic of the modified SHPB for low temperature ex-
periments is shown in Fig. 3 (Wu and Prakash, 2015). The facility com-
prises a striker bar, an incident bar, and a transmitter bar, all made from
19.05 mm diameter high-strength 7075-T6 aluminum alloy having a
nominal yield strength of approximately 500 MPa. The length of the
striker bar is about 0.3m,while the lengths of the incident and transmit-
ter bars are approximately 1.8 m and 2 m, respectively. The striker bar
was accelerated using a compressed air gas gun to impact velocities in
the range of 3 to 20m/s; corresponding strain rates in the ice specimens
Fig. 5. Stress and strain-rate versus strain profiles for two representative experiments
MDH-15-009 and MDH-15-20 at a test temperature of −15 °C.
are 100 to 1300 s−1. A pair of backed semiconductor strain gages
(SS-060-033-1000 PB-S1) strategically attached on to the incident and
transmitter barswere utilized in combinationwith aWheatstonebridge
circuit, a differential amplifier (Tektronix 5A22N), and a digital oscillo-
scope (Tektronix TDS 420) to record the strain pulses in the incident
and transmitter bars during the dynamic tests.

To enable high rate compression tests on ice at sub-zero tempera-
tures the conventional SHPB was modified to incorporate a cooling
chamber around the specimen. Also, a self-pressurized liquid nitrogen
tank equipped with a nozzle spray tool was employed to direct a
spray of liquid nitrogen directly on the sandwiched ice specimens be-
tween the inserts. The temperature of the specimen was monitored by
a 0.015 inch diameter chromel–alumel wire thermocouple secured in
a well machined screw hole by a matched aluminum bolt in one of the
inserts sandwiching the ice specimen. Using this procedure, high strain
rate SHPB dynamic compression tests were conducted on ice at sub-
zero temperatures over−15 °C to−173 °C.

In a typical SHPB test, a compressed air gas gunwas used to acceler-
ate the striker bar to impact the incident bar at a pre-determined veloc-
ity. The impact results in an elastic compression wave with a strain
profile εI(t), which travels in the incident bar towards the specimen.
Due to the impedance mismatch between the specimen and the pres-
sure bars, part of the incident compressive wave is reflected back into
the incident bar, denoted by εR(t), while the rest, denoted by εT(t), is
transmitted through the specimen into transmitter bar. Under the as-
sumption of homogeneous deformation, elementary 1D elastic wave-
propagation equations are used to calculate the engineering stress
σS(t), the strain rate ε

�

SðtÞ, and strain εS(t) in specimen as

σS tð Þ ¼ E
A0

AS
εT tð Þ ð3Þ

ε
�

S tð Þ ¼ −2
c0
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εR tð Þ ð4Þ

εS tð Þ ¼
Zt
0

ε
�
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Table 2
Experimental results for tests conducted at −15 °C.

Test name Impact velocity
(m/s)

Strain rate
(s−1)

Strain at peak stress
(×10−3)

Peak stress
(MPa)

MDH-15-004 5.1 119 7.7 26.6
MDH-15-008 5.2 156 7.9 25.7
MDH-15-009 7.0 224 5.9 32.4
MDH-15-010 7.0 272 7.5 33.6
MDH-15-020 5.0 117 4.0 24.5
MDH-15-021 1.9 100 5.3 26.8
MDH-15-022 2.5 118 4.7 28.4
MDH-15-023 3.0 175 3.5 30.9



Fig. 6. Stress versus strain profiles for uniaxial compression on distilled water ice grown
using aluminum inserts at a test temperature of −15 °C.

Table 3
Experimental parameters for tests conducted at −50 °C.

Test name Test Temp
(°C)

Thickness
(mm)

Pulse shaper
(mm)

Type of insert

MDH-50-010 −52 4.7 5 × 5 × 0.25 Aluminum inserts
MDH-50-011 −54 4.7 10 × 10 × 0.25 Aluminum inserts
MDH-50-013 −54 4.7 12 × 12 × 0.25 Aluminum inserts
MDH-50-018 −56 2.9 8 × 8 × 0.25 Aluminum inserts
MDH-50-019 −56 3.0 10 × 10 × 0.25 Aluminum inserts
MDH-50-022 −55 2.8 10 × 10 × 0.25 Aluminum inserts
MDH-50-023 −55 2.9 10 × 10 × 0.25 Aluminum inserts
MDH-50-024 −55 2.9 10 × 10 × 0.25 Aluminum inserts
MDH-50-025 −55 28 10 × 10 × 0.25 Aluminum inserts
MDH-50-026 −55 2.9 12 × 12 × 0.25 Aluminum inserts
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In Eqs. (3) to (5), E, A0 and c0 are Young's modulus, cross-sectional
area, and longitudinal wave speed in incident and transmitted bars, re-
spectively, and AS and LS are the initial cross-sectional area and length of
the specimen, respectively. The true stress–strain relationship is deter-
mined from the engineering stress–strain relationship by assuming uni-
form and isochoric deformation conditions to prevail within the
specimen during the deformation process.

Stress equilibrium within the samples is important for the interpre-
tation of the experimental results. In a typical split Hopkinson pressure
bar experiment (SHPB), as pointed out by Davies and Hunter (1963),
the stress within the specimen reaches equilibrium state after approxi-
mately π reverberations of the stress pulse within the specimen,

tequil ¼
πL0
cice

ð6Þ

where L0 is length of specimen and cice is longitudinal elasticwave speed
in ice. The average Young's modulus of ice is 10 GPa, and its density is
approximately 897 kg/m3 (Shazly et al., 2006a). Based on these values
Fig. 7. Stress versus strain profiles for uniaxial compression on distilled water ice grown
using steel inserts at a test temperature of−15 °C.
the longitudinal elastic wave speed in ice can be approximated to be
3338m/s. Using Eq. (4), the equilibrium time for a 3 mm thick ice spec-
imen can be estimated to be 3 μs. This estimate provides a lower bound
on time for attainment of peak stress in the ice specimens, which must
be greater than that required to reach an equilibrium stress state. This
condition can be facilitated using the pulse shaper technique to increase
the rise time of the incident loading pulse. In the present study,
annealed copper shims of various sizes were used as the pulse shapers
for all of the experiments. The copper shims were placed on the impact
end of the incident bar using a thin layer of vacuum grease. The size of
the shimwas determined by trial and error depending on the impact ve-
locity and the test temperature (Frew et al., 2002). Firstly, a testwas run
with an arbitrary pulse shaper size. The transmitted signal was then
used to optimize the size of pulse shaper by matching the slopes of
the incident signals with that of the transmitted signal. Fig. 4 shows re-
sults of experiments conducted at a temperature of−15 °C to optimize
the size of the pulse shaper at impact velocities of 5.6m/s and 6.9m/s. In
view of Fig. 4, it is clearly seen that the slopes of pulse shaper with size
3 × 3 × 0.25 mm were close to the slopes of transmitted signals at
5.6 m/s and 6.9 m/s, respectively. Consequently annealed copper pulse
shapers with size 3 × 3 × 0.25 mm were used at the test temperature
of −15 °C to achieve almost constant strain rate during the dynamic
compression tests. In addition, pulse shapers were optimized for differ-
ent test temperatures and impact velocities using a similar procedure
and employed in the tests.

Since ice is a brittle, particularly in the ranges of temperatures and
strain rates of interest in the present study, there is little time to estab-
lish a constant strain-rate before the samples fail (Shazly et al., 2006b;
Shazly et al., 2009). As shown in Fig. 5 for two representative experi-
ments of MDH-15-009 and MDH-15-20 at a temperature of −15 °C,
the strain rate increased with increasing time and a near constant strain
rate was achieved near the peak stress using pulse shapers. The strain
rate listed in the following tables represents an average value taken
near the peak stress of the stress–strain curves. It is difficult to obtain
constant strain rate over the entire duration of loading for ice samples.
Table 4
Experimental results for tests conducted at −50 °C.

Test name Impact velocity
(m/s)

Strain rate
(s−1)

Strain at peak stress
(×10−3)

Peak stress
(MPa)

MDH-50-010 9.8 330 4.0 57.5
MDH-50-011 10.5 378 3.5 65.0
MDH-50-013 11.7 201 4.0 59.9
MDH-50-018 9.4 254 2.6 52.0
MDH-50-019 9.7 281 3.0 59.1
MDH-50-022 10.7 384 3.7 67.1
MDH-50-023 11.2 293 2.9 62.6
MDH-50-024 11.0 503 4.9 69.0
MDH-50-025 11.8 489 4.6 72.2
MDH-50-026 14.1 420 2.8 59.9



Fig. 8. Stress versus strain profiles for uniaxial compression on distilled water ice at rela-
tive low impact velocities at a test temperature of −50 °C.

Table 5
Experimental parameters for tests conducted at −80 °C.

Test name Test Temp
(°C)

Thickness
(mm)

Pulse shaper
(mm)

Type of insert

MDH-80-008 −80 3.1 12 × 12 × 0.25 Aluminum inserts
MDH-80-009 −82 3.2 12 × 12 × 0.25 Aluminum inserts
MDH-80-017 −84 2.9 10 × 10 × 0.25 Aluminum inserts
MDH-80-018 −87 3.0 10 × 10 × 0.25 Aluminum inserts
MDH-80-019 −86 2.7 12 × 12 × 0.25 Aluminum inserts
MDH-80-020 −82 2.1 12 × 12 × 0.25 Aluminum inserts
MDH-80-021 −81 3.0 12 × 12 × 0.25 Aluminum inserts
MDH-80-024 −80 2.8 10 × 10 × 0.25 Steel inserts
MDH-80-025 −80 3.1 12 × 12 × 0.25 Steel inserts
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Similar difficulties have been observed during high strain rate SHPB
testing with other brittle materials such as ceramics (Sarva and
Nemat-Nasser, 2001), Zr-based bulk metallic glass (Sunny et al., 2007,
2008, 2009) and rocks (Shan et al., 2000; Yuan et al., 2011).
3. Experimental results

In the present study dynamic uniaxial compression tests were
conducted on ice samples at test temperatures of −15 °C, −50 °C,
−80 °C,−125 °C,−150 °C and−173 °C. These experiments were con-
ducted with either aluminum inserts having the same diameter as the
incident and transmitted bars or with lower diameter impedance
matched steel inserts. Since the sample diameter is smaller when
using the steel inserts, hard ice samples with higher peak stress levels
(at cryogenic test temperatures) can be investigated with high fidelity.
Fig. 9. Stress versus strain profiles for uniaxial compression on distilled water ice at rela-
tively high impact velocities at a test temperature of −50 °C.
3.1. Test temperature of−15 °C

The first series of experiments was conducted at a test temperature
of−15 °C. Tables 1 and 2 summarize the experimental parameters and
key results from these tests. The tables provides information on experi-
ment number, test temperature, specimen thickness, pulse shaper size,
type of inserts used to grow the ice samples, impact velocity, average
strain rate, strain at peak stress, and the peak stress. For tests MDH-
15-021, MDH-15-022 and MDH-15-023, a pair of steel inserts with
11.23 mm diameter and 31.75 mm length were used to grow the ice
samples. The diameter of the steel inserts were selected such that the
acoustic impedance of the steel and aluminum insertswere nearly iden-
tical. Except for these tests, the ice sampleswere tested using aluminum
inserts of 19.05mm in diameter and31.75mm in length. The impact ve-
locity of the striker varied from 4.9 m/s to 7.0 m/s for experiments con-
ducted using the aluminum inserts and 1.9 m/s to 3.0 m/s for the steel
inserts; the corresponding strain rates varied from 117 to 272 s−1. The
peak stress in the ice samples were observed to vary from 24.5 MPa to
33.6 MPa and the corresponding strains were in the range 3.5 × 10−3

to 7.9 × 10−3.
Figs. 6 and 7 show the stress versus strain profiles for tests conduct-

ed at−15 °C. In all cases the ice sampleswere observed to fail by uniax-
ial crushing during the tests. The peak stress levels were observed to
increase with increasing strain rates. In addition, the ice samples did
not show a catastrophic drop in load carrying capacity after the attain-
ment of the peak (failure) stress. In fact, after the attainment of peak
stress, the strength of the samples is observed to drop to a plateau char-
acterized by a long tail, indicating the existence of substantial residual
strength of fragmented ice in its post peak-stress regime. The residual
strength of ice is measured to be as high as 13 MPa from tests MDH-
Clean-008, MDH-Clean-009 and MDH-Clean-010, and can be best un-
derstood by considering the pulverized ice as an assemblage of wet
highly fragmented granular material that is held together by ice melt
created by grain-to-grain frictional sliding in the post peak-stress re-
gime. The average strain at peak stress in the ice samples was estimated
to be 5.9 ± 2.3 × 10−3.
Table 6
Experimental results for tests conducted at −80 °C.

Test name Impact velocity
(m/s)

Strain rate
(s−1)

Strain at peak stress
(×10−3)

Peak stress
(MPa)

MDH-80-008 11.5 447 4.6 79.2
MDH-80-009 11.7 315 3.8 73.1
MDH-80-017 11.2 407 4.1 83.9
MDH-80-018 11.5 334 3.5 80.0
MDH-80-019 11.1 376 4.0 79.1
MDH-80-020 13.5 564 5.2 87.6
MDH-80-021 15.2 400 4.0 89.1
MDH-80-024 11.3 504 4.4 78.8
MDH-80-025 7.8 321 3.5 66.4



Fig. 10. Stress versus strain profiles for uniaxial compression on distilled water ice at rel-
atively low impact velocities at a test temperature of −80 °C.

Table 7
Experimental parameters for tests conducted at −125 °C.

Test name Test Temp
(°C)

Thickness
(mm)

Pulse shaper
(mm)

Type of insert

MDH-125-002 −126 3.3 10 × 10 × 0.25 Aluminum inserts
MDH-125-003 −122 2.9 12 × 12 × 0.25 Aluminum inserts
MDH-125-004 −125 2.9 12 × 12 × 0.25 Aluminum inserts
MDH-125-005 −120 2.9 12 × 12 × 0.25 Aluminum inserts
MDH-125-006 −122 2.9 12 × 12 × 0.25 Aluminum inserts
MDH-125-007 −125 2.9 12 × 12 × 0.25 Aluminum inserts
MDH-125-008 −124 2.9 12 × 12 × 0.25 Aluminum inserts
MDH-125-009 −124 2.9 12 × 12 × 0.25 Aluminum inserts
MDH-125-010 −123 3.1 12 × 12 × 0.25 Steel inserts
MDH-125-011 −125 3.0 12 × 12 × 0.25 Steel inserts
MDH-125-012 −125 3.1 12 × 12 × 0.25 Steel inserts
MDH-125-013 −124 3.2 12 × 12 × 0.25 Steel inserts
MDH-125-015 −125 3.0 12 × 12 × 0.25 Steel inserts
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3.2. Test temperature of−50 °C

Tables 3 and 4 summarize the experimental parameters and test re-
sults for the series of experiments conducted on distilled water ice at a
test temperature of−50 °C. The ice samples utilized in this series of ex-
perimentswere all grownbetween aluminum inserts. The impact veloc-
ity of the striker bar was varied from 9.4 m/s to 14.1 m/s; the
corresponding strain rates were 201 to 503 s−1. The peak stress levels
in ice were observed to vary from 52 to 72.2 MPa, which are more
than two times higher than that obtained at a temperature of −15 °C.
The strains at the peak stresses were 2.6 × 10−3 to 4.9 × 10−3, which
are a little lower than the strains obtained from tests conducted at
−15 °C. The average strain at peak stress was estimated to be 3.6 ±
1.3 × 10−3.

Figs. 8 and 9 show the stress versus strain profiles obtained for the
tests conducted at a test temperature of −50 °C. In all tests, the peak
stress levels were observed to increase with increasing strain rates
and the specimens were observed to fail by uniaxial crushing. In
Fig. 11. Stress versus strain profiles for uniaxial compression on distilled water ice at rel-
atively high impact velocities at a test temperature of −80 °C.
addition, the dynamic stress versus strain profiles indicate that a resid-
ual strength of approximately 5 MPa is maintained in the post peak
stress (failure) regime. Moreover, for tests MDH-50-019, MDH-50-024
and MDH-50-025, the ice samples show the presence of a shoulder at
failure (near the peak stress), which is followed by a catastrophic drop
in dynamic strength with further accumulation of inelastic strain. The
presence of the shoulder is an indication that the failure/fragmentation
in the ice samples is preceded by fracture into relatively large ice frag-
ments sandwiched between the aluminum inserts,which can carry sub-
stantial fraction of the peak compressive load before extensive
fragmentation can occur. It is interesting to note that this double peak
is absent in the experiments conducted at −15 °C, where the ice
samples are soft enough such that they deform essentially in a ductile
fashion during dynamic compression.
3.3. Test temperature of−80 °C

Tables 5 and 6 summarize the experimental parameters and results
for tests conducted at a temperature of−80 °C. Aluminum inserts were
employed in all tests except for tests MDH-80-024 and MDH-80-025,
where the samples were sandwiched between steel inserts. The impact
velocity of the striker bar was varied from m/s 7.8 to 15.2 m/s, and the
corresponding strain rates were in the range 315 to 564 s−1. The peak
stress levels attained in ice were observed to vary from 66.4 MPa to
89.1 MPa, which are higher than those obtained at the test temperature
of −50 °C. The strains at the peak stresses were 3.5 × 10−3 to
5.2 × 10−3, which are almost at the same level as the tests conducted
at −50 °C. The average strain at peak stress for this series of tests was
estimated to be 4.1 ± 1.1 × 10−3.
Table 8
Experimental results for tests conducted at −125 °C.

Test name Impact velocity
(m/s)

Strain rate
(s−1)

Strain at peak stress
(×10−3)

Peak stress
(MPa)

MDH-125-002 18.5 463 3.6 107.9
MDH-125-003 14.2 540 4.2 101.8
MDH-125-004 13.9 364 3.6 105.0
MDH-125-005 15.5 523 5.1 118.4
MDH-125-006 14.5 407 4.1 107.6
MDH-125-007 16.6 498 6.1 112.0
MDH-125-008 16.9 577 5.5 112.1
MDH-125-009 17.8 445 4.1 113.4
MDH-125-010 17.7 720 5.5 110.3
MDH-125-011 8.9 534 6.0 107.4
MDH-125-012 8.7 451 5.8 104.4
MDH-125-013 11.2 487 4.9 94.7
MDH-125-015 11.4 447 3.9 93.0



Fig. 12. Stress versus strain profiles for uniaxial compression on distilled water ice grown
using aluminum inserts at relatively low impact velocities at a test temperature of
−125 °C.

Fig. 14. Stress versus strain profiles for uniaxial compression on distilled water ice grown
using steel inserts at a test temperature of−125 °C.
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Figs. 10 and 11 show the stress versus strain curves for tests
conducted at −80 °C. All specimens were observed to fail by axial
splitting/fracture followed by extensive fragmentation/pulverization
during the tests. From the Figures we can observe that the peak stresses
increase with increasing strain rates, and in the post peak-stress regime
ice shows a finite non-zero residual strength of approximate 4 MPa.
Moreover, it is interesting to note the presence of the double peak at
failure (near the peak stress for tests MDH-80-08, MDH-80-017 and
MDH-80-019), which is followed by a catastrophic drop in dynamic
strength with the accumulation of inelastic strain. The formation of
the double peak is understood to be due to the fracture of “harder” ice
(promoted by the lower test temperature) into large fragments that
are reloaded before complete pulverization of ice can take place.
Fig. 13. Stress versus strain profiles for uniaxial compression on distilled water ice grown
using aluminum inserts at relatively high impact velocities at a test temperature of
−125 °C.
3.4. Test temperature of−125 °C

Tables 7 and 8 summarize the experimental parameters and results
for the tests conducted at −125 °C. For tests MDH-125-002 to MDH-
125-009 aluminum inserts were utilized while for tests MDH-125-010
to MDH-125-015 steel inserts were used in conducting the experi-
ments. As also discussed earlier, the use of the steel inserts allow higher
stresses to be used during the uniaxial compression loading. The impact
velocities of the striker were varied from 8.7 m/s to 18.5 m/s; the corre-
sponding strain rates obtained in the ice samples varied from 364 to
720 s−1. The peak stresses in ice were measured to be in the range of
93.0 MPa to 118.4 MPa, which are much higher than those obtained at
−80 °C. The corresponding strains at peak stress were measured to be
between 3.6 × 10−3 and 6.1 × 10−3, which are almost at the same
level as the tests at −50 °C and −80 °C. The corresponding average
strain at the peak stress was estimated to be 4.8 ± 1.3 × 10−3.

Figs. 12 to 14 show the stress versus strain profiles for the tests con-
ducted at a temperature of−125 °C. All specimenswere observed to fail
by axial splitting/fracture at the peak stress level followed by extensive
fragmentation/pulverization with accumulation of inelastic strain. It is
interesting to note that the sensitivity of peak stress to strain rate
Table 9
Experimental parameters for tests conducted at −150 °C.

Test name Test Temp
(°C)

Thickness
(mm)

Pulse shaper
(mm)

Type of insert

MDH-150-004 −153 3.2 12 × 12 × 0.25 Steel insert
MDH-150-005 −151 3.1 12 × 12 × 0.25 Steel insert
MDH-150-007 −150 3.2 12 × 12 × 0.25 Steel insert
MDH-150-009 −150 3.2 12 × 12 × 0.25 Steel insert
MDH-150-010 −152 3.1 12 × 12 × 0.25 Steel insert
MDH-150-011 −155 3.2 12 × 12 × 0.25 Aluminum insert
MDH-150-013 −151 3.1 12 × 12 × 0.25 Aluminum insert
MDH-150-014 −151 3.1 12 × 12 × 0.25 Aluminum insert
MDH-150-015 −147 3.2 12 × 12 × 0.25 Aluminum insert
MDH-150-016 −155 3.1 12 × 12 × 0.25 Aluminum insert
MDH-150-017 −152 3.2 12 × 12 × 0.25 Aluminum insert
MDH-150-018 −152 3.1 12 × 12 × 0.25 Aluminum insert
MDH-150-020 −151 3.1 12 × 12 × 0.25 Steel insert
MDH-150-021 −150 3.2 12 × 12 × 0.25 Steel insert
MDH-150-022 −151 3.0 12 × 12 × 0.25 Steel insert
MDH-150-023 −150 3.0 12 × 12 × 0.25 Steel insert
MDH-150-024 −150 3.1 12 × 12 × 0.25 Steel insert



Table 10
Experimental results for tests conducted at−150 °C.

Test name Impact velocity
(m/s)

Strain rate
(s−1)

Strain at peak stress
(×10−3)

Peak stress
(MPa)

MDH-150-004 9.4 413 3.6 99.5
MDH-150-005 9.2 630 4.9 116.8
MDH-150-007 9.8 498 4.3 108.7
MDH-150-009 10.7 453 3.5 101.5
MDH-150-010 11.5 873 5.1 98.8
MDH-150-011 18.2 688 5.3 100.1
MDH-150-013 18.9 1308 6.2 93.4
MDH-150-014 18.8 1073 5.6 98.3
MDH-150-015 18.3 805 3.9 86.4
MDH-150-016 21.4 678 4.7 106.3
MDH-150-017 22.7 921 5.5 107.2
MDH-150-018 24.0 1057 6.1 104.4
MDH-150-020 9.2 388 3.4 96.0
MDH-150-021 9.8 359 3.3 110.3
MDH-150-022 13.2 574 4.2 95.6
MDH-150-023 11.1 457 3.7 89.3
MDH-150-024 11.3 471 4.8 101.1

Fig. 16. Stress versus strain profiles for uniaxial compression on distilled water ice grown
using steel inserts at relatively low impact velocities at a test temperature of −150 °C.
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decreases as the test temperature is reduced to −125 °C when com-
pared to the higher test temperatures. Moreover, the majority of the
ice samples tested using aluminum inserts show a double peak (as
seen from Figs. 12 and 13), while the double peak is virtually absent in
the case of ice samples tested using the steel inserts (Fig. 14). These dif-
ferences in the observed dynamic behavior (double peak for aluminum
inserts versus single peak for steel inserts) can be attributed to essen-
tially geometrical effects where the ice samples following axial
splitting/fracture under dynamic compression are trapped between
the larger diameter aluminum inserts when compared to the smaller
diameter steel inserts, and are thus reloaded to give the double peak.
3.5. Test temperature of−150 °C

The experimental parameters and experimental results for tests con-
ducted at−150 °C are summarized in Tables 9 and 10. In this series of
experiments both impedance matched aluminum and steel inserts
were utilized to conduct the experiments. The smaller diameter steel in-
serts were used to provide higher stress levels when compared to the
aluminum inserts for the same impact velocity range. The impact
Fig. 15. Stress versus strain profiles for uniaxial compression on distilled water ice grown
using aluminum inserts at a test temperature of −150 °C.
velocities of the striker were varied from 9.2 m/s to 24 m/s; the corre-
sponding strain rates in the ice sampleswere estimated to vary between
413 and 1308 s−1. The peak stresses obtained in the ice samples ranged
from86.4MPa to 116.8MPa,which are almost at the same level as those
obtained at −125 °C. The strains corresponding to the peak stresses
were measured to be in the range from 3.3 × 10−3 to 6.2 × 10−3,
which are similar to the strains obtained for −50 °C, −80 °C and
−125 °C. The average strain at peak stress for this series of tests was es-
timated to be 4.6 ± 1.6 × 10−3.

Figs. 15 to 17 show the stress versus strain profiles for tests conduct-
ed at−150 °C. Nearly all the ice samples are observed to fracture at the
peak stress and undergo extensive fragmentation during the test. Also, it
is interesting to note that the sensitivity of peak stress to strain rate is
observed to be considerably lower at −150 °C when compared to
tests at higher temperatures. Also, the double peak observed in the
stress versus strain profiles at test temperatures of −80 °C and
−125 °C is less prominent at −150 °C and the re-loading behavior
Fig. 17. Stress versus strain profiles for uniaxial compression on distilled water ice grown
using steel inserts at relatively high impact velocities at a test temperature of −150 °C.



Table 11
Experimental parameters for tests conducted at−173 °C.

Test name Test Temp
(°C)

Thickness
(mm)

Pulse shaper
(mm)

Type of insert

MDH-173-002 −170 3.1 12 × 12 × 0.25 Steel inserts
MDH-173-003 −169 3.2 12 × 12 × 0.25 Steel inserts
MDH-173-004 −173 3.0 12 × 12 × 0.25 Steel inserts
MDH-173-005 −170 3.0 12 × 12 × 0.25 Steel inserts
MDH-173-006 −173 3.1 12 × 12 × 0.25 Steel inserts
MDH-173-007 −173 3.2 12 × 12 × 0.25 Steel inserts
MDH-173-009 −173 3.2 12 × 12 × 0.25 Steel inserts
MDH-173-010 −170 3.1 12 × 12 × 0.25 Steel inserts
MDH-173-013 −173 3.1 12 × 12 × 0.25 Steel inserts
MDH-173-014 −173 3.1 12 × 12 × 0.25 Steel inserts
MDH-173-016 −173 3.1 12 × 12 × 0.25 Steel inserts

Fig. 18. Stress versus strain profiles for uniaxial compression on distilled water ice grown
using steel inserts at relatively low impact velocities at a test temperature of −173 °C.
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after the attainment of the peak stress is observed only in a few tests
conducted using the larger diameter aluminum inserts. Again, this be-
havior can be attributed to a combination of the mode of ice fracture
and geometrical effects arising because of the two different insert diam-
eters utilized in the tests. Since themuch harder ice samples at−150 °C
undergo extensive fragmentation after the attainment of the peak stress
in these tests, the probability of the ice fragments to be trapped between
the loading faces of either the larger diameter aluminum inserts or the
smaller diameter steel inserts is much lower when compared to tests
conducted at higher temperatures, and hence the absence of the double
peak.
3.6. Test temperature of−173 °C

Finally, the uniaxial compression behavior of ice at a test tempera-
ture of −173 °C and at high loading rates was investigated. Tables 11
and 12 summarize the experimental parameters and experimental re-
sults obtained in the tests. Steel inserts were used in all tests in this se-
ries of experiments. The impact velocity of the striker bar was varied
from 8.76 m/s to 13.95 m/s; the corresponding strain rates were in the
range 417 to 1201 s−1. The peak stresses in the ice samples were ob-
served to vary from 101.4 MPa to 127.3 MPa, which are a little higher
than those obtained at test temperatures of −125 °C and −150 °C.
The strains at peak stress were measured to be between 4.2 × 10−3 to
7.3 × 10−3, which are slightly higher when compared to the tests at
the temperatures of−50 °C,−80 °C,−125 °C and−150 °C. The aver-
age strain at peak stress for this series of experiments was estimated to
be 5.3 ± 2.0 × 10−3.

Figs. 18 and 19 show the stress versus strain profiles for the tests
conducted at a test temperature of −173 °C. In all cases steel inserts
were used in the experiments and the ice samples were observed to
fail by fracture followed by extensive fragmentation into very fine ice
particulates during the tests. As also observed for the tests at −125 °C
Table 12
Experimental results for tests conducted at−173 °C.

Test name Impact velocity
(m/s)

Strain rate
(s−1)

Strain at peak stress
(×10−3)

Peak stress
(MPa)

MDH-173-002 11.2 440 4.6 127.3
MDH-173-003 14.0 1201 6.2 121.0
MDH-173-004 9.8 733 7.3 119.0
MDH-173-005 11.7 510 4.4 115.8
MDH-173-006 8.8 786 5.6 111.9
MDH-173-007 10.0 442 5.3 104.3
MDH-173-009 10.6 502 4.3 101.4
MDH-173-010 10.2 536 5.4 104.3
MDH-173-013 11.1 417 4.2 116.8
MDH-173-014 10.2 528 5.6 114.8
MDH-173-016 12.9 657 5.0 112.4
and −150 °C, the sensitivity of peak stress to the strain rate is lower
when compared to tests in the temperature range from −15 °C to
−125 °C. However, the peak strength of the ice samples at the test tem-
perature of−173 °C is nearly at the same level (range) as obtained from
tests conducted at −125 °C and −150 °C. Moreover, except for Test
MDH-173-002, none of the experiments exhibit a double peak in their
stress versus strain profiles. Again, this behavior can be attributed to
the fine scale pulverization of the highly brittle ice samples during the
dynamic compression loading and the relatively smaller diameter of
the steel inserts which inhibit trapping and subsequent reloading of
the ice fragments in between the loading faces of the inserts.
4. Results and discussion

In the present paper, the dynamic uniaxial compression behavior of
distilled water ice (polycrystalline ice Ih) is investigated at cryogenic
temperatures using a modified split Hopkinson pressure bar. Typical
stress versus strain profiles for ice obtained at test temperatures of
Fig. 19. Stress versus strain profiles for uniaxial compression on distilled water ice grown
using steel inserts at relatively high impact velocities at a test temperature of −173 °C.



Fig. 20. (a) Typical stress versus strain profiles for uniaxial compression of distilled water
ice obtained at test temperatures of −15 °C, −50 °C, −80 °C, −125 °C, −150 °C and
−173 °C; (b) an expanded view of the information shown in Fig. 20a in the strain range
from 0 to 0.01.

Fig. 21. Typical damaged/fragmented ice samples after dynamic uniaxial compression a

Fig. 22. Logarithmic of peak stress versus logarithm of strain-rate for dynamic uniaxial
compression on distilled water ice at test temperatures of −15 °C, −50 °C, −80 °C,
−125 °C, −150 °C and −173 °C.
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−15 °C,−50 °C,−80 °C,−125 °C,−150 °C and−173 °C, are shown in
Fig. 20a. Fig. 20b shows the same information as in Fig. 20a but in the
strain range from 0 to 0.01. It is interesting to note that under dynamic
compression the peak stress increases from 32 MPa to 112 MPa as the
test temperatures are decreased from −15 °C to−125 °C and then re-
mains nearly constant in the range 112–120 MPa as the test tempera-
tures are decreased from −125 °C to −173 °C. In addition, the
curvature of the stress versus strain profiles near the peak stress at
test temperatures of −50 °C, −80 °C, −125 °C, −150 °C and
−173 °C are observed to be relatively sharpwhen compared to the cur-
vature observed at−15 °C, which is considerably rounded. The average
(failure) strains at peak stress corresponding to the various test temper-
atures is observed to be nearly independent of the test temperatures
employed. Moreover, a shoulder/double-peak is consistently observed
in the true stress versus true strain curves near the peak stress in tests
ranging from −50 °C to −125 °C; however, the shoulder/double peak
is absent at test temperatures of −15 °C, −150 °C and −173 °C. In all
cases the shoulder/double-peak at peak stress is followed by a cata-
strophic drop in ice strength with the accumulation of inelastic strain.
t test temperatures of −15 °C, −50 °C, −80 °C, −125 °C, −150 °C and −173 °C.



Fig. 23.Dynamic stress versus strain curves obtained for distilledwater ice under dynamic
uniaxial compression at test temperatures of−15 °C,−50 °C,−80 °C,−125 °C,−150 °C
and −173 °C.
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The presence of the shoulder/double-peak is an indication that failure of
the ice samples occurs at the peak stress by fracture into relatively large
ice fragments, which remain essentially sandwiched in between the
aluminum inserts and can carry substantial fraction of the peak com-
pressive load before extensive fragmentation can occur in the test tem-
perature range from −50 °C to−125 °C. The absence of the shoulder/
double peak at −15 °C is attributed to the relative ductile failure of
the ice samples during dynamic compression. Also, it is interesting to
note that the dynamic stress versus strain curve corresponding to
−15 °C test temperature does not show a catastrophic drop in stress
carrying capacity after the attainment of peak (failure) stress. In fact,
after the attainment of peak stress the stress in the samples is observed
to drop to a plateau characterized by a long tail, indicating the existence
of substantial residual strength in the post peak-stress pulverized/
fragmented ice. Consequently, the residual strength of ice at −15 °C
in the post-peak regime can be best understood by considering the pul-
verized ice as an assemblage of wet highly fragmented granularmateri-
al that is held together by ice melt created by adiabatic heating due to
grain-to-grain frictional sliding in the post peak-stress regime. On the
other hand, the absence of the double-peak at −150 °C and −173 °C
can be attributed to extensive fragmentation and pulverization of the
ice samples immediately following the attainment of peak stress during
the dynamic compression event. The relatively smaller diameter steel
inserts along with the fine scale pulverized ice, inhibit trapping of the
ice fragments in between the loading faces of the inserts and subse-
quent reloading of the fractured ice.

Fig. 21 shows pictures of fragmented ice samples following dynamic
uniaxial compression at test temperatures of −15 °C, −50 °C,−80 °C,
−125 °C, −150 °C and −173 °C, respectively. At all temperatures, ex-
cept for at −15 °C, −50 °C and −80 °C the ice samples are observed
to form highly fragmented and dry (frozen) granular powder following
dynamic compression. In the case of tests at−15 °C and−50 °C, the ice
fragments were recovered as agglomerates of fine grained wet granular
material.

Fig. 22 shows the summary of the logarithmic of peak stress as a
function of logarithmic of strain rate obtained under dynamic compres-
sion on the ice samples at test temperatures of−15 °C,−50 °C,−80 °C,
−125 °C,−150 °C and−173 °C. As seen from thefigure, the peak stress
(strength) of ice increases with decreasing test temperatures in the
temperature range from−15 °C to−125 °C and with increasing strain
rates in the strain rate range from100 to 750 s−1. The sensitivity of peak
stress to both test temperature and strain rate is observed to decrease
with decreasing test temperatures. The peak stresses in the test temper-
ature range from−150 °C to−173 °C are observed to remain almost at
the same level as those obtained at −125 °C.

Comparing peak stress data obtained from the present dynamic uni-
axial compression tests with those obtained from previous studies at
quasi-static and high strain rates in the past, it can be argued that the re-
sults of Jones (1997), Schulson et al. (2005) and Shazly et al. (2006b,
2009) are consistent with results obtained in the present study and
show similar positive rate effects over the strain rate range of 10−2 to
103 s−1 at −15 °C. The peak stress versus strain rate data obtained
from the present studyhave almost the same slope as the results obtain-
ed by Jones (1997), Schulson et al. (2005) and Shazly et al. (2006b,
2009) on distilled water ice at approximately −10 °C, except that the
peak stresses obtained in the present study are a little higher than
those reported in the studies by Shazly et al. (2006b, 2009). It is to be
note that the results of Schulson (1990) at strain rate 1 × 10−3 s−1

and Arakawa and Maeno (1997) at 4 × 10−5 s−1 show similar effects
of temperature with decreasing test temperatures. Also, the peak
strength of ice in the temperature range from−100 °C to−130 °C is al-
most at the same level and the strength is observed to increase with de-
creasing test temperatures down to −173 °C, which is similar to the
results obtained at much higher loading rates in the present study.
The dependence of peak stress on strain rate for uniaxial compression
of distilled water ice at test temperatures of −15 °C, −50 °C and

−80 °C can be described by the relationships σ ¼ 7:2ε
� 0:27

with a corre-

lation coefficient of r2 = 0.8, σ ¼ 18:0ε
� 0:2

with a correlation coefficient

of r2 = 0.3, σ ¼ 24:5ε
� 0:2

with a correlation coefficient of r2 = 0.35, and

σ ¼ 57:1ε
� 0:1

with a low correlation coefficient of r2=0.07, respectively.
Fig. 23 shows a summary of the stress versus strain profiles under

dynamic compression of ice at test temperatures of −15 °C, −50 °C,
−80 °C, −125 °C, −150 °C and −173 °C. The corresponding strain
rates in the tests varied from 272/s to 678/s. From the figure it can be
seen that the peak stress (strength) of ice increases with decreasing
temperature as the test temperature is lowered from −15 °C to
−125 °C. The observed peak stress in the temperature range −125 °C
to −173 °C is essentially constant and lies in a narrow band of 110 to
120 MPa. These results along with the results shown in Fig. 22 help to
better clarify the strain-rate and temperature dependency of peak stress
in ice.

Acknowledgments

The authors acknowledge financial support from NASA under con-
tract NNX13A74A and National Natural Science Foundation of China
(Grant No. 11402277).

Appendix A

Analysis of uniform uniaxial compression of solid cylinders under
the presence of frictional forces has shown that the radial stress σrr is
given by (Kuhn, 2000)

σ rr ¼ f
d
L

1−
2r
d

� �
; ð7Þ

where f is the frictional stress and is assumed to be constant across the
cross-sectional area of the specimen. In general, the radial stress σrr can
be minimized by decreasing the frictional stresses and/or the ratio d/L.
Recent experiments on the frictional behavior of ice against variousma-
terials (Kennedy et al., 2000 4231; Maeno and Arakawa, 2004; Maeno
et al., 2003) showed that the coefficient of kinetic friction is reduced
by a factor of 10 as the sliding velocity increases from 10−5 to 0.1 m/s.
For the SHPB tests, assuming constant volume deformation, the radial
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velocity of the outside radius of the ice specimen is given by

dr
dt

¼ ri ε
�
tð Þ

1−ε tð Þð Þ3=2
ð8Þ

where ri is the initial outside radius, and ε and _ε
�
are the instantaneous

average strain- and strain-rates in the specimen, respectively. For the
case of the experiment conducted at the lowest strain-rate,
i.e., 100 s−1, and with an initial diameter of the specimen of
~19.05 mm, the radial component of the particle velocity at the outside
diameter of the specimen at the peak stress is approximately ~1 m/s.
This velocity is expected to reduce the coefficient of kinetic friction of
ice from approximately 0.06 (Maeno et al., 2003) by a factor of 10,
thus negating any effects of friction.
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