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Abstract

Background It is difficult to achieve stress equilibrium at both ends of the specimen of brittle materials such as ice because
cracks are generated during impact compression.

Objective The present study investigated the compressive stress of pure ice at— 10 °C by using the split Hopkinson pressure
bar (SHPB) method.

Methods An SHPB compression test using flanged bars was conducted on pure ice specimens while simultaneously observ-
ing their internal deformation and fracture state by using a high-speed camera. The results were analyzed defining that
dynamic equilibrium was established when the stress error rate between both ends of the specimen was within + 15%.
Results The results demonstrated that establishing the dynamic equilibrium and contact condition between specimen and
testing apparatus are crucial for performing the SHPB compression test on ice. They also showed a correlation between crack
generation/propagation and stress rate variation and that the fracture stress at strain rates > 10% s~! can be defined; therefore,
the fracture stress measured at strain rates of approximately 10'-10° s~! exhibited a positive strain rate dependence.
Conclusions The fracture behavior and stress of ice at high strain rates can be determined by combining the SHPB method
with high-speed camera observation.

Keywords Ice - split Hopkinson pressure bar - Compression - Strain rate - Fracture - High-speed camera observation

Introduction

The split Hopkinson pressure bar (SHPB) method proposed
by Kolsky [1, 2] is the most famous impact test to meas-
ure the deformation of materials under high strain rates. An
SHPB compression apparatus typically consists of three
long bars: a striker, an input bar, and an output bar. The
specimen is sandwiched between the input and output bars.
Under this condition, when the striker ejected by air pres-
sure or other means impacts the input bar, an elastic stress
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wave propagates in the latter and reaches the specimen as an
incident wave. Then, some of this wave deforms the speci-
men and propagates along the output bar, while the rest is
reflected at the specimen/input bar interface and propagates
back in the input bar as a reflected wave. The stress and
strain acting on the specimen, including the strain rate,
can be calculated by measuring these elastic stress waves
propagating in the bars and applying the one-dimensional
elastic wave theory [3]. Since, in principle, this test can be
conducted on various specimens, its application has been
recently developed for not only metallic [4, 5] but also non-
metallic materials [6, 7], which are mainly ductile. Moreo-
ver, the stress—strain relationship can be derived by confirm-
ing the equilibrium of the stresses applied at both ends of
the specimen (hereafter called dynamic equilibrium). On the
other hand, it is difficult to achieve stress equilibrium at both
ends of the specimen since brittle materials can fracture even
at small strains. Therefore, some techniques such as control-
ling the incident wave have been reported for applying the
SHPB method to brittle materials [8, 9].
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In the present study, we focused on the application of the
SHPB method to ice, which is a well-known brittle mate-
rial. Ice exhibits ductile or brittle behavior depending on the
strain rate, that is, it undergoes brittle fracture at high strain
rates [10—12]. The impact fracture of ice has become an
important issue in various fields; examples include counter-
measures against hail damage to cars, houses, and aircraft,
and protection against ice debris impacting space rockets
during launch. It is also key in improving the icebreaker
technology for resource exploitation in the Arctic, Antarctic,
and other cold regions.

The mechanical properties of ice have been widely inves-
tigated, generally through compression and tensile tests. Pre-
vious studies have shown that the ice compressive stress
depends on various parameters, such as temperature [13,
14], strain rate [15, 16], and ice crystal structure [17]. In
this work, we focused mainly on the strain rate dependence,
which is significant as regards the compressive stress of ice.
According to previous studies, the maximum compressive
stress of the ice, which primarily indicates fracture stress,
increases along with the strain rate up to~ 107> s™!, and uni-
axial compression tests at — 10 °C have demonstrated that
ductile-brittle transition occurs at strain rates of the order
of 1072 s~1 [10]. In the brittle region, Schulson [18] reported
that the maximum compressive stress decreases from 10 to
6 MPa when increasing the strain rate from 103t0 107" 57,
while Cole [19] suggested that the maximum compres-
sive stress is independent of the strain rate in the range of
1072-10"! s!. Besides, Jones [20] observed an increase in
maximum compressive stress when incrementing the strain
rate from 107! to 10! s7!.

Although there are relatively few studies on the impact
strain rate, SHPB experiments have been conducted recently.
Dutta et al. [21, 22] showed that at high strain rates of 10% to
103 s~!, at— 10 °C and — 40 °C, the ice maximum compres-
sive stress is almost the same as that in the quasi-static defor-
mation regime. Kim and Keune [23] reported a maximum
compressive stress nearly constant in the strain rate range of
400-2600 s~!, with an average value of 19.7 MPa at 0 °C.
Shazly et al. [24, 25] observed a positive strain rate depend-
ence of the maximum compressive stress of ice in the strain
rate range of 601400 s~! at— 10 °C and — 30 °C. Further, they
reported that the ice strength is greatly influenced by the test
temperature, while the effect of the specimen end constraint by
the input and output bars is negligible [24, 25]. Furthermore,
referring to the quasi-static test results of Schulson et al. [17],
the ice strength continues to increase when raising the strain
rate from 0.01 to 1400 s™! [24, 25]. Song et al. [28] recently
reported an increase in compressive strength along with the
strain rate in the 500-1200 s~' range. The SHB method should
confirm whether stress equilibrium is established at both ends
of the specimen; although it was mentioned in some of these
previous studies, it was not shown in the figures in most of

&

them; thus, a third party cannot verify that dynamic equilib-
rium had been actually established in the reported cases.

In the SHPB method, the stress—strain relationship can be
calculated in the following three ways when the material and
cross-sectional area of the input and output bars are the same:

(i) (when using an incident wave, a reflected wave, and
a transmitted wave)

AE
o= o4 [e1(t) + e (1) + £1(1)] 1)
. CO
€0 =1 [e1(1) — &g (1) — £1(D)] )
S
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(i1)) (when using an incident wave and a reflected wave)
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(iii)) (when using an incident wave and a transmitted wave)
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where Ag and Lg are the cross-sectional area and length of the
specimen, respectively, A, E, and C, are the cross-sectional
area, elastic modulus, and elastic wave velocity of the input
and output bars, correspondingly, and,&;(¢) ex(f), and ep(?)
are the strain values of the incident, reflected, and transmitted
waves, respectively. In (i), the incident, reflected, and trans-
mitted waves were used to derive the average nominal values
of stress, strain, and strain rate, based on the one-dimensional
elastic wave theory. Besides, the following condition is required
for achieving a dynamic equilibrium:

&1(t) + eg(t) = e1(1) (10)
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Therefore, if the dynamic equilibrium is established, equa-
tions (1)—(3) can be expressed as equations (4)—(6) and
(7)—(9). When the SHPB method is applied to metallic
materials, equations (7)—(9), which use only incident and
transmitted waves, are often utilized after confirming the
dynamic equilibrium. This is because, compared with the
incident and transmitted waves, the reflected wave is more
susceptible to disturbance factors, which influence the
stress—strain relationship of the specimen when this wave
is used.

Table 1 summarizes the previous studies that conducted
SHPB compression tests on ice [21-29]. Most of them used
equations (1)—(3) to calculate the stress—strain relationship.
However, it is questionable whether it is correct to use the
average nominal values of stress, strain rate, and strain to
evaluate the compressive property of brittle materials such
as the ice that fracture via crack propagation. This is because
the impact tests on ice require larger specimens than those
on metallic materials, and the conditions make it difficult
to establish stress equilibrium due to crack propagation.
When the specimen is small, the stress equilibrium can be
assumed as confirmed with little effect, considering the
measurement resolution. However, it is unclear whether
the same quasi-static test conditions could be achieved for
smaller specimens in impact tests since the crystal grain size
of ice is relatively large; moreover, if the stress difference
between both ends of the specimen is extremely large, aver-
aging is meaningless. Therefore, a combination with other
evaluation methods is necessary, for example, to visualize
the deformation state simultaneously with the SHPB test.
Digital image correlation (DIC) has been recently utilized
to quantitatively visualize the deformation state [30]. In this
technique, random patterns applied to a specimen by spray-
ing or other means can be tracked via image processing to
analyze displacement and strain; however, the application
of random patterns to ice is tricky. On the other hand, since
ice is a transparent material, its inner cracks can be observed
by photographing the deformation process with a high-speed
camera. In previous studies, Shazly et al. [24, 25] and Song
et al. [28] have attempted to observe the ice fracture using

a high-speed camera. However, they did not clearly observe
crack generation/propagation, and the relationship between
compressive stress and fracture behavior of ice has not been
adequately discussed.

The purpose of this study is to properly evaluate the
compressive stress and fracture behavior of ice through
the SHPB method. Therefore, we constructed an apparatus
that combines an SHPB method with a cooling chamber
and conducted the experiments at— 10 °C, while simulta-
neously observing with a high-speed camera the state of
the cracks inside the ice specimen during impact deforma-
tion; the relationship between the cracks and the stress at the
two specimen ends was also investigated. Furthermore, the
compressive stress of the ice and its fracture behavior were
investigated by changing test conditions such as the contact
conditions between input/output bars and specimen and the
specimen length.

Experimental Procedure
Specimen Preparation

To not vary the test conditions, this study was conducted
on specimens of the same commercially available pure ice
used in previous quasi-static tests [31]. Rectangular paral-
lelepipeds with a size of 20 mm X 20 mm X 30 mm were cut
out from a pure ice block (260 mm X 550 mm X 1000 mm)
using a band saw and stored in a— 20 °C freezer. The bot-
tom surface of each rectangular parallelepiped ice taken
out of the freezer was slightly melted on a metal plate and
adhered to a flange pre-cooled with dry ice; this flange was
made of AA2017 aluminum alloy because of its good ther-
mal conductivity. Then, the upper surface of the ice was
cut with a microtome (REM-710, Yamato Kohki Industrial
Co., Ltd) in 10 pm steps to obtain a flat surface, and a total
of 173 specimens with different heights (Ls; 5, 10, 20, and
25 mm) were prepared. The specimens with a Ls of 5 and
10 mm were used for the experiments with strain rate range

Table 1 Previous studies that

. ; Researchers Calculation formula Reference to Graphical display High-speed
use the split Hopkinson pressure stress/force of stress/force camera
bar method equilibrium equilibrium observation
Duttaet al. [21,22] (1)-(3) X X X
Kim and Keune [23] (1) -(3) X X X
Shazly et al. [24, 25]  (7), (5), (6) O X A
Wu and Prakash [26] (7), (5), (6) O X X
Bragov et al. [27] No description X X X
Song et al. [28] -3 O X A
Potter et al. [29] No description O O X
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of 10>-10° s™!, while the tests at~ 10' s~ were conducted
on those having a Ls of 20 and 25 mm.

Experimental Apparatus
Experimental setup

Figure 1 schematizes the SHPB testing apparatus used in
this study. Given the low strength of the ice, bars with a
cross-sectional area as small as possible and a low elastic
modulus should be used for high measurement sensitivity.
However, aluminum alloys with a low elastic modulus have
high thermal conductivity, which may affect the sensitivity
of the strain gauges at low temperatures. Therefore, each bar
was made of stainless steel (ISO 4301-304-00-I), which has
relatively low thermal conductivity and is resistant to rust. In
general, the SHPB testing apparatus is designed so that the
diagonal length of the specimen bottom does not exceed the
diameters of the input and output bars; for example, if the
specimen bottom is a square with a side length of 20 mm,
bars with a diameter of >29 mm must be used. However,
increasing the bar diameter results in poor measurement
sensitivity. Therefore, we set the diameter of the input and
output bars to 16 mm. Furthermore, aluminum alloy flanges
with a diameter of 34 mm and a thickness of 4.5 mm, and
of the same type as that used for flattening the ice surface
when preparing the specimens, were screwed to the tip of
these bars; the use of an aluminum alloy only for the flanges
allowed cooling only around the specimen while avoiding
excessive cooling of the strain gauges. Tateyama et al. [32,
33] have conducted SHPB tests with flanged bars on foamed
films, reporting that the stress equilibrium was established
at both ends of the specimen even with flanges and the axial
stress could be measured with high sensitivity.

As shown in Fig. 2(a), the SHPB testing apparatus was
combined with a cooling chamber, which has been used in
our previous study [31]. The specimen was placed between
the flanges (Fig. 2(b)). The flange with the ice specimen
was attached to the output bar side, and two methods were
used to compare the effect of the contact condition between
flanges and specimen. In one case, the flange on the input
bar side did not adhere to the ice specimen but was contacted

by applying a small load with restoring force of a rubber
attached to the bar (only the output bar side was directly
bonded to a flange). In the other, the top surface of the speci-
men was slightly melted and then adhered to the pre-cooled
flange on the input bar side so that both the specimen ends
were firmly contacted to the flanges. In each experiment, the
dimensions of the specimens were measured before install-
ing the specimens in the chamber.

To record the deformation and fracture of the ice specimens,
a high-speed camera (ULTRA Cam HS-106E, nac Image Tech-
nology Inc.) was installed in front of the observation window
of the cooling chamber. The images were taken at a frame rate
of 500,000 fps, a pixel count of 360x410 pixels, and a shutter
speed of 0.2 ps; the image resolution derived from the shooting
conditions was 74 pm. A strobe (PE-60SG, Panasonic Photo &
Lighting Co., Ltd.) was used as the light source, and the speci-
mens were illuminated from the opposite side of the camera,
as shown in Fig. 1. By using a strobe emitting light instantane-
ously, the ice specimens were not affected by heat. To accom-
modate observation of the cracks inside the ice specimens, the
chamber window was made of high-performance glass with a
transmitted wavefront aberration of A/8 (A=632.8 nm); further-
more, the nitrogen gas used for cooling was reused and sprayed
on this glass window to prevent moisture condensation while
allowing observation of the inside.

The strain gauges were mounted to the input and output bars
to measure the propagating elastic stress waves. Their output
was passed through a Wheatstone bridge circuit and a differ-
ential amplifier (5307, NF Corporation) which eliminate high-
frequency electrical noise via an 1-MHz filter, and recorded
on a digital oscilloscope (DL850E, Yokogawa Test & Meas-
urement Corporation) with a sampling period of 1 MHz. The
launch air pressure of the striker was varied between 0.025 and
0.4 MPa to obtain strain rates ranging from~ 10" to 10* s~

In the SHPB method, oscillations of strain wave are likely
to occur when the rise of the incident wave is steep. Therefore,
many impact tests utilize a buffer material as a pulse shaper on
the contact surface between striker and input bar, which slows
down the rise of the strain wave [8, 9]; this allows the genera-
tion of strain waves with less turbulence. Figure 3 compares
incident waves obtained with and without using a 0.27-mm-
thick cardboard piece as the pulse shaper. Without the pulse

Fig. 1 Schematic of the split Strobe
Hopkinson pressure bar testing |;|
1994.5 1494.5
apparatus
750 Strain gauge Flange Strain gauge
[ ] = (I +
Striker Input bar Specimen / Output bar
Digital ..| Wheatstone | Gooingchamber Ii'
oscilloscope P bridge box High-speed
camera
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shaper, the rise of the incident wave was steep. Alternatively,
the oscillation of strain wave was observed at the rise of the
incident wave when the launch pressure was high. Therefore,
we used the cardboard piece as the pulse shaper to increase
the rise time of the incident wave and suppress the oscillation
of the strain wave in the present study.

To further verify the effect of the pulse shaper, we conducted
the SHPB test at room temperature on a 20 mmx20 mmX 10 mm
specimen made of commercially available acrylonitrile butadi-
ene styrene resin. The stresses on the input and output bar sides
were calculated as, respectively, o, and o, by using equations (4)
and (7). Figure 4 illustrates the stress—time relationships obtained
with and without the pulse shaper. When the pulse shaper was

not used, both ¢, and ¢, oscillations were observed from the
beginning of deformation to~200 ps; this was due to the vibra-
tion of the flanges. This stress oscillation was greatly reduced
when using the pulse shaper. However, ¢, did not pass through
the origin, and was negative until~20 ps after the beginning of
deformation with and without the pulse shaper; this was probably
due to the interference of the reflected wave, but it was negligi-
ble compared to the measurement time. The rapid increase in
o, from~300 ps after the deformation onset was attributed to
the influence of the reflected wave, but this did not affect our
measurements because the ice specimens fractured in a shorter
time, as described later. These results indicate that the SHPB
test with flanges was effective in improving the measurement

SEM
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sensitivity for the elastic stress waves, although some waveforms
were disturbed even when using the pulse shaper. Hence, we used
the pulse shaper in all our experiments.
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Fig.4 Stress—time relationships for an acrylonitrile butadiene styrene
resin specimen obtained via split Hopkinson pressure bar tests (a)
without and (b) with a pulse shaper
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Temperature control

Since we could not measure the temperature of the ice spec-
imens for each experiment, the temperature was preliminar-
ily measured in the cooling chamber. Two K-type thermo-
couples were used: one was installed inside the chamber and
the other was inserted ~5 mm inside a 20-mm cube of ice
specimen. Nitrogen gas was flowed into the chamber to cool
it down, and the chamber space temperature was maintained
at approximately — 10 °C to measure the variation of the ice
specimen temperature.

Figure 5 compares the variation in the temperature of the
chamber space and ice specimen, showing that the ice tem-
perature gradually decreased as the chamber one was cooled
to around — 10 °C and maintained. Table 2 summarizes the
average ice specimen temperature values obtained with six
measurements at different times (5, 10, and 15 min) after
the space temperature reached — 10 °C. There was great vari-
ability among the measurements conducted after 5 min, but
the ice temperature became more stable as the temperature
holding time increased. Therefore, we decided to maintain the
chamber space temperature for 15 min after reaching — 10 °C,
and each experiment was conducted at an ice specimen tem-
perature of — 10.1 °C £0.3 °C.

Results and Discussion
Stress-Time Relationship and Fracture Observation

In each test, o, and o, were calculated using equations (4)
and (7) to confirm the state of dynamic equilibrium. The
resulting stress—time relationships are shown in Fig. 6, along
with the average nominal stress (c,) calculated with equa-
tion (1), and Table 3 lists the experimental conditions and
results. Figure 7 shows the deformation and fracture of the

10
——Chamber space temperature
5 H ——Ice specimen temperature
)
o 0
S
©
8 -5
£
o
-10
-15 L L
0 500 1000 1500
Time [s]

Fig. 5 Temperature variations while cooling down the chamber space
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Table 2 Average ice specimen temperature measured at different times after the cooling chamber reached — 10 °C

After 5 min After 10 min After 15 min
Ice specimen temperature -8.6°Cx1.1°C -9.3°C+0.8°C —10.1°C+0.3°C
a 30 ice specimens, as recorded by the high-speed camera, under
— 04 the experimental conditions. The 20-mm-long specimens
25 | — oy (Figs. 6(a) and 7(a)) exhibited a large difference between
— Op 0, and o, from the initial stage of deformation to the frac-

N
o
T

ture; according to the sequence of photographs taken during
this process, the cracks were generated at the input bar side
and, then, propagated toward the output bar side only in
the upper side of the specimen. A fracture in one direction
from the specimen end probably disrupted the axial stress

Stress [MPa]
o

-
o
T

S r equilibrium, explaining the large stress difference observed
m; between the input and output bars. Meanwhile, the ¢, of the

0 0 50 100 150 200 25- and 5-mm-long specimens (Fig. 6(b), (c)) was affected
Time [us] by the reflected wave in the initial stage of deformation,

which led to a negative output, as mentioned in “Experimen-

b 30 tal Setup” section. For the 25-mm-long specimens, the effect
— 04 was almost negligible due to the long deformation time; in

2 r — 02 contrast, for the 5S-mm-long ones, the initial time lag had

20 | — OA a relatively large effect due to the short deformation time.

However, the difference between ¢, and o, decreased as the
deformation progressed. Therefore, the error rate between
the maximum stresses at the input (o, ,,,,) and output sides

Stress [MPa]
o

10 (63 max) Of these specimens was calculated as™
5t \/\' R(%) = 22— ¢ 100 (11
0 \ ~ 2max
0 50 100 150 200 The R values were relatively consistent with 9.87% and
Time [ps] 12.10% for the 25- and 5-mm-long specimens, respectively.
However, the R value for the 20-mm-long specimen was
c 30 38.15% because of the large stress difference from the initial
o5 | : 21 stage of deformation. Therefore, we defined that the dynamic
_ 02 equilibrium was established when R was within + 15%, and
—20 A adopted only the data meeting this condition. The state of
%ﬂ.’ dynamic equilibrium was confirmed in 94 out of 173 tests,
15 and these cases were evaluated using the average nominal
%]
o
® 10 r Table 3 Experimental conditions and results
5 Test number Specimen length  Air pressure Strain rate
L (mm) (MPa) at fracture
0 ™
0 50 . 100 150 200 25 20 0.188 162
Time [us] 163 25 0.056 9.09
148 5 0.400 551

Fig. 6 Stress—time relationship for ice specimens with a length of (a)
20, (b) 25, and (¢) 5 mm
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«Fig. 7 Images showing the deformation and fracture state of ice spec-
imens with a length of (a) 20, (b) 25, and (¢) 5 mm; the top of each
image shows the time after the elastic stress wave reached the speci-
men end facing the input bar side (the left end of the specimen in the
images). The black shadows that appear after O us are cracks

stress o, in equation (1), although its initial value was miss-
ing, as described above. Although the average nominal strain
rate and average nominal strain using equations (2) and (3)
should be used in this case, this was difficult because of
the disturbance of the reflected wave, which we attributed
to the flange vibration. In this study, when the dynamic
equilibrium could be confirmed, the nominal strain rate and
nominal strain were calculated with equations (8) and (9)
(i.e., without using the reflected wave), and the results were
organized based on them.

Regarding the 25-mm-long specimens, o, increased
slowly, reached a peak value around 68—71 ps, and then
decreased. When the deformation progressed to~32 ps, a
very small crack was observed inside the specimen; after-
ward, the generated cracks gradually grew and propagated
toward both specimen ends (Fig. 7(b)). To understand the
relationship between the cracks and the flow stress, we cal-
culated the stress rate (do/dt) and o, was used since o, is
noisy. Figure 8 shows the relationship between time and the
stress or stress rate on the output bar side. For the 25-mm-
long specimens, the stress rate increased up to ~24 us and
then decreased; however, the crack became visible in the
camera image only ~32 ps. Since the minimum resolution
of the camera used in this study is 74 um, cracks smaller
than that cannot be observed. Moreover, there is a limit to
the observation from one direction, and some existing cracks
might not be identified. Therefore, the formation of micro-
scopic cracks, which could not be observed by the camera,
may have led to the decrease observed in the stress rate.
Furthermore, the stress rate decreased rapidly after ~ 66 ps,
which corresponds roughly to the time when many cracks
started to propagate in the axial direction at once. These
results indicate a correlation between stress rate variation
and crack generation/propagation.

On the other hand, the stress increased rapidly and o,
reached its peak at 23 ps in the 5-mm-long specimens. At
that time, multiple cracks were observed generating from
the output bar side and propagating toward the input bar
side, leading to fracture (Fig. 7(c)). According to the camera
observation from one direction, the ice specimen appeared to
have already fractured with many cracks at~ 16 ps, but the
stress continued to increase after that. We believe that since
it remained between the flanges, the ice specimen continued
to be loaded by the inertia effect due to the high deformation
rate even after it cracked and turned into fragments, main-
taining the increasing trend of the stress. Meanwhile, the
stress rate started to decrease after 17 ps (Fig. 8(b)), which is

a 14 : 0.4

12 L | ko — 0y {03
i *Tee, Stressrate 1 0.2 —
—o. _ =
F10 0.1 5
S8t 10 =2
g‘ 1019
©
g 67 » 1-02%
P 4L . 1038
) . {049

I o {1 -05

0 -0.6

0 50 100 150
Time [us]
b 30 : 3
o‘... — 02

25 | R {2
It e Stress rate =
° ° =
=20 IR . 11 g
S |l . =}
15 7 10 @
g ? g
&0 | . 1418
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5 r o |o 1 -2
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Fig. 8 Stress or stress rate on the output side as functions of time for
ice specimens with a length of (a) 25 (differentiation at 3-ps inter-
vals) and (b) 5 mm (differentiation at 1-ps intervals)

roughly equivalent to the time when the ice appeared to have
been fractured by many cracks (Fig. 7(c)). We inferred that
the stress rate did not change with the crack generation due
to the high deformation rate but the propagation of multiple
cracks caused a stress rate change.

Stress—Strain Relationship

Figure 9 displays the stress—strain relationship curves obtained
at various strain rates; the experimental conditions and results
are summarized in Table 4. The outcomes confirmed that the
maximum stress tended to increase along with the strain rate.
Besides, after the stress reached its peak value, it gradually
decreased, regardless of the strain rate; this tendency has been
reported also by Shazly et al. [24, 25] and may be due to the
fact that the ice fragments remained constrained between the
flanges after the fracture.

As regards the contact condition between specimen and
flanges, the stress increased from the initial stage of defor-
mation when the specimens firmly adhered to both flange
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a 18 — ends., while its curve slope was gentle and the strain. at the
w6t oA T 73 maximum stress was large when the specimens directly

14 :::gg adhered to pnly one flange. This difference arose regardless

N —ise of the specimen length, and it was probably due to the pres-

= , ——158 ence of a small gap between the flange and specimen sur-
% 10 “.‘ o 12; faces before the beginning of deformation, which prevented
E‘ 8 \, 163 complete contact. For the 20- and 25-mm-long specimens,
L2 s the camera images of the test numbers 156, 158, 161, 162,
@ 4 AW and 163 showed that the cracks generated from inside the
5 o T specimen (Fig. 7(b)), while those of the test numbers 73, 88,

0 s and 96, where only one side adhered to the flange, revealed
0.004 0.006 0.008 that the cracks generated and propagated from the unadhered

Strain flange side. In contrast, the camera images showed no clear

b 40 difference in crack generation for the 5-mm-long specimens,
Test number regardless of the contact conditions. This happened probably

3 r :::gg because the difference in stress distribution between speci-

Stress [MPa]

Fig.9 Stress—strain relationship at strain rates in the ranges of (a)

9.09-15.7 and (b) 500-706 5.~

Table 4 Experimental
conditions and results

0.02
Strain

men edge and center was small due to its short length, and
the equilibrium could be maintained even when the cracks
were generated from one side; that is, it is synonymous with
establishing the dynamic equilibrium by shortening the
specimen height in the SHPB method. Hence, these results
suggest that the contact condition of the specimen signifi-
cantly influences the stress—strain relationship in pure ice.

Effect of Specimen Length on the Strain
Here, the results for the specimens adhered to both flange

ends are summarized. Figure 10 illustrates the relationship
between the strain at the maximum stress and the specimen

Test number  Specimen Contact condition Maximum stress  Strain rate Strain at
length (mm) between flanges and (MPa) at maximum — maximum
specimen stress (s™) stress

73 20 One end adhered 15.1 14.0 0.00524
88 (Output bar side) 10.2 13.9 0.00384
96 104 13.0 0.00398
156 25 Both ends adhered 16.9 9.30 0.00606
158 14.9 9.59 0.00254
161 15.2 9.50 0.00206
162 15.5 9.09 0.00198
163 13.1 15.7 0.00190
56 5 One end adhered 28.5 542 0.0175

60 (Output bar side) 26.6 500 0.0168

137 Both ends adhered 33.7 534 0.00533
147 29.2 608 0.00519
148 26.2 551 0.00495
149 21.8 706 0.00557
150 26.7 589 0.00449
151 30.7 618 0.00521
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Fig. 10 Relationship between strain at the maximum stress and speci-
men length

length, showing a tendency of the strain to increase with
decreasing the specimen length. Since the stress—time rela-
tionship and camera observation results presented previously
indicate that the stress continued to increase even after many
cracks appeared in the shorter specimens, we can assume
that the strain at the maximum stress also increased when the
specimen length was small. In our experiment, we expected
that the ice fractured when the maximum stress was reached,
as reported in previous studies, but our results suggested that
it might have actually fractured before that, demonstrating
that the fracture strain of ice at high strain rates cannot be
defined only by the stress—strain relationship and a simul-
taneous camera observation is required. However, since the
conclusion that the ice specimens had fractured was based
on observations from a single angle, further studies includ-
ing multidirectional observations are needed to evaluate
cracks in the entire ice specimen where the fracture strain
can be defined.

Effect of Contact Conditions

Figure 11 displays the relationship between maximum stress
and strain rate. The maximum stress of the specimens with
both ends adhered to the flanges was higher than those with
only one end adhered, indicating that the contact conditions
at both specimen ends affect the fracture of ice. As previ-
ously mentioned, the specimens with only one end adhered
may have cracked from one side, decreasing the maximum
stress, due to poor contact between the flange face and
specimen. Thus, to measure the compressive stress with the
SHPB method, attention must be paid to the contact condi-
tion between specimen and testing apparatus so that cracks
do not generate from the specimen’s end face. On the other

100 ¢
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Fig. 11 Relationship between maximum compressive strength and
strain rate depending on whether the specimen adhered to one or both
flange faces

hand, Shazly et al. [24, 25] denied the effect of the specimen
edge constraint by the jig at high strain rates; they described
the friction effect by comparing the use of grease with that
of a thin water layer on the contact surface for adhesion.
If no grease is applied to the contact surface, cracks will
appear from there, while its application may eliminate the
unevenness of the ice surface and prevent the cracking from
the specimen edges. Therefore, these were likely to be the
apparent same conditions as when the specimen adhered to
the input and output bars in the present study. We can infer
that the results of these two experimental setups by Shazly
et al. [24, 25] did not significantly differ since they both
prevented the crack generation from the specimen’s end face.

The rate of increase in maximum stress along with the
strain rate («) was simply calculated as follows:

o = Cé" (12)

where C is a constant and «a is expressed as the slope of a
double-logarithmic plot. The calculated results are shown
in Fig. 11. The specimens with only one side adhered to the
flange exhibited larger a values, and the difference in maxi-
mum stress depending on the contact condition decreased
as the strain rate increased. Since the specimens were thin
and there was no difference in crack generation/propagation
due to different contact conditions in the tests at strain rates
above 10? s™!, the effect of the initial crack on the maxi-
mum stress might have been reduced. Although the speci-
men thickness was varied to control the strain rate, it was not
possible to accurately test all the impact strain rates by using
the same specimen thickness and the current equipment. It is
a future task to investigate the effect of the specimen thick-
ness, including the experimental method, on ice fracture.
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Comparison with Previous Studies

The present study confirmed a positive strain rate dependence
of the maximum stress in the strain rate range of approxi-
mately 10'=10° s™!. This trend is consistent with the results
reported by Kim and Keune [23], Shazly et al. [24, 25], and
Song et al. [28], but not with those observed by Dutta et al.
[21, 22]. Since the length of the specimens used by the latter
was 76.2 mm, perhaps the dynamic equilibrium might have
not been established. However, a clear judgment cannot be
made because the measurement data by Dutta et al. [21, 22]
were not described. The maximum stress results obtained
in the present study for the specimens adhered to only one
flange side are in good agreement with those reported by
Kim and Keune [23] and Shazly et al. [24, 25], while the
stress values for the specimens adhered to both flange ends
are slightly higher than theirs. There are several possible
reasons for this. First, Kim and Keune [23] conducted the
experiments at 0 °C and, since the maximum compressive
stress of ice increases with decreasing the testing tempera-
ture [12-14], our experiments performed at — 10 °C provided
higher stress values. Moreover, since their experiments were
conducted by cooling the bars with ice bags in a room tem-
perature environment, the melting of the ice on the contact
surface might have affected their results. On the other hand,
the experiments of Shazly et al. [24, 25] were performed
at— 10 °C, the same experimental conditions as in this study;
however, the specimen center surface had an interface formed
during their specimen preparation process, and this might
have reduced the ice maximum compressive stress.

Strain Rate Dependence of Maximum and Fracture
Stress

Figure 12(a) compares the results of the present study and
our previous quasi-static tests [31] about the relationship
between maximum stress and strain rate of ice; the data at
the strain rate of 0.8 s~! were newly added in this work. In
the previous tests [31], the maximum stress reached a peak
value around a strain rate of 107> s™! and then decreased.
These tests were performed using a universal testing
machine (5982, Instron), and the specimens adhered to the
fixed lower jig but not to the movable upper jig before begin-
ning the measurements. Since ice shows ductile behavior at
low strain rates, the effect of this contact condition should
be negligible, while it is expected to have a significant effect
at strain rates above 107> s~! because ice begins to exhibit
brittle behavior in that condition. This is probably why the
results obtained in these previous tests at a strain rate of
10° s7! and those observed in the present study with the
specimens having only one side adhered to the flange could
be expressed by the power approximation represented by
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Fig. 12 Comparison of the results of the present study with those
of previous tests [31]: (a) relationship between maximum stress and
strain rate; (b) relationship between fracture stress and strain rate

the green dotted line in Fig. 12(a). On the other hand, in
our previous indentation tests with spherical indenters, the
maximum load, which is the load at the time of ice frac-
ture, decreased when increasing the strain rate from 107>
to 107! s™' [31]; this trend is similar to that of the maxi-
mum stress in the same strain rate range observed in the
uniaxial compression tests. The specimens are supposed to
have small flaws on the surface due to the cutting process
during specimen preparation. Therefore, perhaps only one
part of the specimen contacted the jig first, resulting in a
complex deformation distribution inside the specimen, simi-
larly to the indentation test. This might have caused stress
concentration on the specimen surface, making it more sus-
ceptible to cracking from the surface; thus, decreasing the
maximum stress in the uniaxial compression test. The power
approximation for the specimens with both ends adhered to
the flanges, which is represented by the broken, red line in
Fig. 12(a), does not pass through the results for a strain rate
of 10° s™! and overlaps the upper limit of the results for a
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strain rate of 107! s™!. Therefore, in the results of the uniax-
ial compression tests at strain rates from 1072 s~ to 10° 571,
the specimens with lower maximum stress than the broken,
red line of Fig. 12(a) had poor contact conditions and were
fractured from the surface as in the indentation test. This
suggests that the rate of maximum stress reduction above a
strain rate of 107> 5! was not as large as that observed in
our previous study [31] and the ice maximum stress tends to
increase at least at a strain rate of > 107! s,

Furthermore, the maximum stress did not coincide with
the fracture observed by the camera at high strain rates
(>10%s71), as discussed in “Stress—Time Relationship and
Fracture Observation” and “Effect of Specimen Length on
the Strain” sections. This suggests that the maximum stress
does not necessarily correspond to the stress at fracture.
Therefore, we defined the fracture as the point where the
stress rate began to decrease, which roughly corresponded to
the time of ice fracture detected via camera observations, at
strain rates above 10% s~'. Moreover, we attempted to use the
stress at fracture as the fracture stress. However, the dynamic
equilibrium was not established because the reflected wave
still had a large influence when the stress rate reached the
inflection point. For this reason, the fracture stress was sum-
marized using the o, values at low strain rates (~ 10t s7h,
where the dynamic equilibrium was established, but using
the o, values at high strain rates (> 10% s7Y). The strain rate
was calculated again with respect to the time of fracture. We
deleted the results with stresses lower than the broken, red
line in Fig. 12(a), i.e., the results that were obtained at 100571
and those measured at 1072-10~! s~! with lower maximum
stresses, because the corresponding specimens were most
likely to fracture due to crack generation from the surface.

Figure 12(b) shows the relationship between fracture stress
and strain rate. The fracture stress was slightly lower than the
maximum stress. Its increase rate, o, at strain rates> 10" s, cal-
culated with Eq. (12), was 0.107, which is smaller than the maxi-
mum stress one. Furthermore, when compared with Fig. 12(a),
the power approximation of the fracture stress was closer to the
upper limit of the maximum stress at a strain rate of 107! s7%.
The fracture stress results also suggest that the maximum stress
tended to increase at least from a strain rate around 107! s™!. On
the other hand, maximum stress increase at the impact strain
rate has been reported in several studies [23-27], but there is no
unified view about at what strain rate it begins.

Our maximum and fracture stress results when both speci-
men ends adhered to the flanges are consistent with those
reported by Jones [20]; however, they indicate that the maxi-
mum stress of ice at high strain rates does not match the frac-
ture stress. Therefore, to discuss the strain rate dependence of
the fracture stress of the ice, SHPB testing method must be
combined with high-speed camera observations to correctly
evaluate the timing of fracture.

Conclusions

We investigated the measurement of ice compressive stress
by reviewing the previous studies that uses the SHPB method.
Therefore, we conducted SHPB compression tests with
flanged bars on pure ice specimens at — 10 °C while simul-
taneously observing their internal deformation and fracture
state by using a high-speed camera; the contact conditions
between the input and output bars and the specimen were
also investigated. The dynamic equilibrium was confirmed
in each test. When the stress difference between both ends
of the specimen was within + 15%, the dynamic equilibrium
was considered as established, and the results were analyzed.

In the specimens with both ends adhered to the flanges, the
cracks generated from inside the specimen and propagated
when its length was long enough (20 or 25 mm), and the
stress rate changed with the crack generation/propagation.
In the shorter specimens (5 or 10 mm), instead, the cracks
appeared from the edge; moreover, the stress did not decrease
when the cracks were generated but continued to increase
after the camera observations from one direction detected ice
fracture. This suggests that in the shorter specimens the ice
might have been already fractured before the stress reached
its maximum value. The combination of SHPB testing and
camera observation revealed a correlation between crack gen-
eration/propagation and stress rate change.

The rate of stress increase with respect to strain was more
gradual in the specimens with only one side adhered to the
flanges than in those with both ends adhered. Furthermore,
the maximum stress remarkably differed between these two
specimen groups, and the former showed a lower maximum
stress. This was probably due to stress concentration caused
by the small gap present between specimen and flange sur-
face in the early stage of deformation, from which the cracks
were generated. These results suggest that close attention
should be paid to the relationship between the contact condi-
tions of the specimen and the ice maximum stress.

The maximum stress of ice in a strain rate range of 10'-10° s~
exhibited a positive strain rate dependence. The fracture stress,
which was redefined as the inflection point of the stress rate at
high strain rates (> 10% s71), was lower than the maximum stress.
The results of the impact tests on the specimens with both ends
adhered to the flanges and those of our previous quasi-static tests
suggest that the maximum and fracture stresses tend to increase
at least at a strain rate of ~ 107! 57!

These experimental results demonstrate that the estab-
lishment of the dynamic equilibrium and the contact condi-
tion between specimen and testing apparatus are important
aspects for the application of the SHPB compression test to
ice. We also showed that fracture of ice at high strain rates
cannot be defined with the impact compression test alone
but needs high-speed camera observations.
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