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Abstract

The dynamic compressive behavior of ice is investigated using a
large-sized (37 mm in diameter) modified aluminum split Hopkinson
pressure bar (SHPB) with pulse shaper at the strain rate from 500
s to 1200 s™. A series of relatively stable experimental results of
dynamic compressive strength versus strain rate and a linear fitting
curve have been obtained by controlling data scatter within 25%.
The composition of incident wave has been discussed. The effects of
pulse shaper diameter and velocity of striker bar have been tested.
The properties and principles of incident wave in different stage has
been elaborated when using pulse shaper. A theoretical analysis of
pulse shaper and bar size effects on the rising time of incident wave
has been conducted. Results show the thickness of pulse shaper is
proportional to the rising time. Enlarging the diameter and reducing
the velocity of the striker bar could increase the rising time and
suppress the dispersion. The diameter and wave impedance of bars
also contribute to the rising time.
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Various outdoor structures, such as aircrafts, vehicles and buildings, are continually under attack by
hail ice storm in air or on the ground. These disasters may cause serious structural damage and
functional failure. To improve the performance of these structures on eliminating the damage of hail
ice storm hazards, the dynamic mechanical property of ice should be understood well.
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The research on ice mechanical property started at the late seventies of the last century by U.S.
Navy researcher Haynes (1978). Schulson’s research team (Currier and Schulson, 1982; Nixon and
Schulson, 1987; Schulson, 1995, 2005) and Dempsey et al. (1999a, 1999b) investigated the static
mechanical properties and crack growth of ice under compressive loading. Tensile and compressive
loading tests concluded that the tensile strength of ice is much smaller than that of compressive
strength. Under static compressive loading, the ice experienced ductile failure.

Existing studies show that the compressive performance of ice depends significantly on strain
rates (Weber and Nixon, 1996). The mechanical property of ice also varied from ductile to brittle
under different strain rates (Batto and Schulson, 1993). Schulson (2001) observed this phenomenon

that ice is subjected to strain rates in the range from 10%s! to 10" 5. And these experimental results

exhibited extensive scatter at strain rate from 10° s to 107 s™. Cole (2001) conducted experiments
on ice at strain rates from 102 s to 10" s to reveal the relationship between the microstructures of
different type of ice on its flow and fracture behavior under a wide range of condition. And their
results were quite different from Schulson’s experiments data. A series of compression experiments on
freshwater ice and sea ice were conducted by Jones (1997) at strain rates from 10" s to 10 s The
research results show that the strength of freshwater ice is 1.3 times higher than that of sea ice at
strain rate of 10 s™. Compressive strength of ice was been tested by Dutta et al. (2003, 2004) at the
strain rates from 10 s to 100 s*. And largediameter (41.64 mm and 71.12 mm) ice cylinder specimens
were employed to measure stress-strain curves at strain rates of 100 s by Fasanella et al. (2006).
This report also concluded that when ice fractured under high speed impact, the failure behave more
like a fluid, and the loading time history curves were much less dependent on the internal crystalline
structure (single crystalline or polycrystalline) of ice. More recently, lake and distilled water large-
sized (19 mm diameter)ice cylinderspecimens were tested by Wu and Prakasha (2015) at strain rates
in range of 80 st to 600 s using a modified split Hopkinson pressure bar (SHPB) with pulse shaper.
For obtaining higher strain rate of ice in SHPB tests, a small diameter (12.5 mm) SHPB and small
diameter (10 mm) ice cylinder specimen has been employed by Kim and Keune (2007) to test the
stress-strain relationships of ice at 400 s' to 2600 s strain rates.

Shazly et al. (2009) was the first to use pulse shapers to modify the SHPB tests on ice when using
large-sized specimen to obtain stress equilibrium. By freezing two metal disks on both sides of ice
specimen, the problems of surface flatness and ice melting during the tests were fixed. As they men-
tioned in their research, their results of compressive strengths were significantly two or three times
higher than the results of others (6.53+1.44 MPa (Dutta et al. 2003) and 6.77+3.23 MPa (Dutta et
al. 2004)) at strain rates from 10 s to 100 . Tt also illustrates that the results of those experiments
conducted by different researchers have considerable scatter. And all of these experiments show that
the data scatter of compressive strength versus strain rate is apparent when strain rates increase.
There are many methods have been used to suppress data scatter: both enlarging specimen size
(Fasanella et al. 2006; Wu and Prakasha, 2015) and purification the ice by using boiled distilled water
(Kim and Keune, 2007) are effective methods. On the other hand, Tippmann et al. (2013) summarized
and fitted all above scatter strength data versus strain rates into three curves: the upper bound, the
average fit and the lower bound curve. Their conclusion made the curves of compressive strengths at
different strain rates available to be employed to FE simulation to verified their tests of ice spheres
impact on force measurement bar (FMB).
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The modified SHPB pulse shaper has been carefully used by researchers when dynamic
stress/force equilibrium and constant strain rate requirements could not be achieved by using the
SHPB directly (Gong et al. 1990; Ligshitz and Leber, 1994). Frantz et al. (1984) was the first to
design a thin disk on the head of the incident bar to increase rising time and eliminate the dispersion
of incident wave. An extensive set of materials have been tested by researchers (Hsiao and Daniel,
1998; Togami et al. 1996; Vecchio and Jiang, 2007) and found copper is ideal for the SHPB tests
(Rome et al. 1998; Song et al. 2008). Meanwhile, the effect of wave shaping by changing the dimen-
sions of the pulse shaper has also been discussed (Song et al. 2007; Sedighi et al. 2010). The recent
work by Naghdabadi et al. (2012) show that by reducing the velocity of the striker bar could increase
the rising time and suppress the dispersion of incident wave. However, their work also claim that by
reducing the diameter of the pulse shaper could achieve the same effect, which is conflict with the
conclusions of our theoretical analysis and experimental results. Meanwhile, although pulse shaper is
a mature technology to be applied in SHPB testing, there is few research about the theoretical analysis,
properties and principles illumination of incident wave in each stage when using pulse shaper.

In this paper, a series of experiments on the dynamic mechanical properties of ice have been
conducted by using a large diameter (37 mm) SHPB to reduce the data scatter of compressive strength
versus strain rate. The appropriate size and aspect ratio of specimen has been carefully considered to
suppress data scatter and eliminate inertia and friction effects. The relationship between compressive
strength and strain rate has been researched by using pulse shapers. The properties and principles of
incident wave in different stage has been elaborated when using pulse shaper. The effects on waveform
shaping by changing the diameter and thickness of pulse shaper have been investigated by experi-
ments and theoretical analysis. The effects of varying the velocity of striker bar and the functions of
bars parameters on waveform shaping have also been explained.

2 EXPERIMENTAL PROCEDURE
2.1 Ice and Specimens

The ice specimens are made using deionized water, which is purer than other types of water for
obtaining more stable mechanical property. Internal cracks and bubbles caused by uneven cooling
and dissolved oxygen would affect the quality of ice. To eliminate these factors, we did the following;:
first, the crystallization of ice required putting boiled deionized water into -5 degrees Celsius environ-
ment for at least 36 hours to release the dissolved oxygen completely and uniform cooling. The water
was cooled using a plexiglass mold. Since the plexiglass has a low thermal conductivity when used as
a mold, it made the water be cooled down uniformly. When frozen, the specimens were removed from
the mold and stored in -16 degrees Celsius environment for at least 24 hours. Before testing, the size
of each ice specimen has been accurately measured in the constant temperature refrigerator. After-
wards, the microstructure and crystal types in this research have not been taken into consider as the
conclusion made by Fasanella et al. (2006) shows that microstructure of ice crystal has little contri-
bution to the dynamic strength when the tests at high strain rates (>100 s'l).
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2.2 Experiments Setup

The dynamic compressive material properties experiments of ice have been conducted by using a split
Hopkinson pressure bar (SHPB). For increasing testing sensitivity, an aluminum SHPB system has
been chosen for impedance matching.

There are several design considerations in selecting the diameter of the bars, which is almost
consistent with the diameter of the specimen. And for the specimen, a thinner geometry is preferred
for more easily to achieve stress equilibrium and obtaining high strain rates according to the nominal
strain rate defined Equation.

& =Y
n Ls (1)

In this equation, vyis the impact velocity of the striker bar, Lgis the thickness of the specimen. As
the reasonable aspect ratio of specimen is set to be a constant, a thinner thickness would match to a
smaller diameter of the specimen, and likewise, a smaller diameter of the bars.

However, crystalline brittle weak materials inevitably contain invisible initial cracks. These tiny
defects are non-uniformly distributed in the material, which affect the local performance. When the
sample is small, the difference between samples would be significant because the local properties of
the material are largely the global properties as well. Also, scatter of the mechanical property would
be more severe when specimen becomes smaller. Therefore, to eliminate date scatter and differences
between specimens in experiments, an appropriate bigger specimen dimension should be chosen.

In this research, the balance between strain rates and data scatter has been taken into consider-
ation and a SHPB system with a common diameter of 37 mm, which is larger than that of references,
has been employed for the ice testing. The diameter and thickness of ice specimen have been set to
be 36 mm and 15mm for reasonable aspect ratio(Davies and Hunter, 1963), respectively. The length
of striker bar, incident bar, transmission bar and momentum trap bar are 400 mm, 2000 mm, 2000
mm and 600 mm. The SHPB system is shown in Figure la. Each strain rate has been tested 4 times
to verify the reproducibility and accuracy of the experimental results.

(b) Pulse Shaper  (c) (d) Specimen (e)

(@) Gas Gun \ Incident Bar Transmission Bar

f—
Striker Bar

Figure 1: SHPB, pulse shaper and specimen failure procedure.
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There are many ways to prevent ice melting during the tests. Kim and Keune (2007) use ice bags
to cool down whole incident bar and transmission bar by embracing whole bars into the ice bags for
a while. But for such a large (2000 mm length and 37 mm diameter) aluminum bar in our experiments,
it hard to cool down the bars enough before the ice bags melted in room temperature circumstance.
Since it would be difficult to cool down a 2000 mm long bar in an open air environment, liquid
nitrogen has been employed to locally cool just the heads of incident and transmission bar where the
specimen has been placed. The heads of the bars were submerged in liquid nitrogen for 30 s. It should
be pointed out that although the temperature of liquid nitrogen is -196 degree Celsius, aluminum is
a very good thermal conductivity material and only very small part (<<5%) of the bar has been
submerged into liquid nitrogen for just 30 s, the bar head would be not so cold when rest of the bar
has been heated by air during the same time. While the soaking time is precisely controlled, the
temperature of bar head would be maintained at the temperature of a little bit lower than 0 degree
Celsius for few minutes after removing from liquid nitrogen. Thus, bars heads should be re-cooled
once every 4 tests. A very thin layer of petroleum jelly was used to not only make vacuum between
the specimen and bars, but also insulate heat and prevent ice melting by bars until the temperature
of bar head rises to around 0 degree Celsius (ensure the petroleum is uncondensed).
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04F V' N B— -
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Figure 2: Signals of SHPB testing on ice.

By using the SHPB system to test on ice, the signals of incident, reflected and transmitted wave
could be obtained from the strain gages on the incident bar and transmission bar, as shown in Figure
2.1t is observed that the signal of transmitted wave is much smaller than that of the incident wave,
due to the large impedance mismatch between bars and ice specimen. Large dispersion is also observed,
which caused a series of significant high frequency oscillations on the incident wave and reflected
wave. The oscillation amplitude is greater than that of transmitted wave. This means that the strain
caused by the oscillation is higher than the failure strain of the ice specimen. Therefore, a possible
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local premature failure on the specimen would be caused by the oscillation, which has no relationship
with the material property, and causes errors in the testing results.

Meanwhile, as Figure 2 shows, the rising time of the incident wave is around 20us. To meet the
dynamic stress equilibrium requirements (Chen et al. 2002) in SHPB tests, the wave should traverse
3 to 5 times in the thickness direction of the specimen (Ravichandran and Subhash, 1994). The
traverse time is determined by the thickness of the specimen and the wave velocity of the material.
For ice specimens, the thickness is much higher than that of other references, and the wave velocity
is much slower than that of other metal materials. The minimal rising time to achieve dynamic stress
equilibrium as shown in Equation (2).

t. =3 2L = 6LS\/Z ~ 27.95 us (2)
COi E|

Here the specimen thickness is Ly15 mm, the density of ice is p;900 kg/ m®and the young’s module
of ice E;is 9.38 GPa (static state) (Tippmann et al. 2013).

The result of Equation (2) shows that the rising time of incident wave is too short to meet the
dynamic stress equilibrium requirement in SHPB tests on the ice specimen in this experiment. And
Wu and Prakasha (2015); Shazly et al. (2009) elaborated the necessity of using pulse shaper for
obtaining stress equilibrium in SHPB testing when large-sized ice specimen has been employed. In
summary, a pulse shaper is indispensable for adjusting the incident wave in SHPB experiments on
ice.

3 PULSE SHAPER DESIGN
3.1 Composition and Mechanism of Incident Wave

There are three basic assumptions in SHPB testing: (i) One-dimensional stress wave propagation; (ii)
Dynamic stress/force equilibrium; (iii). Constant strain rate. Three-dimensional stress wave propaga-
tion, caused by the transverse inertia effect of the bars, is the reason of dispersion of the incident
wave and should be controlled for meeting the assumption (i). The wave should traverse 3 to 5 times
(Ravichandran and Subhash, 1994) in the thickness direction of the specimen during the rising time
of the incident wave to meet assumption (ii). For the elastic brittle material, such as ice, it is difficult
to maintain a constant strain rate during tests as required in assumption (iii) using only the bars
themselves. A pulse shaper should be employed to adjust the waveform and fulfill the requirements
of these three assumptions in testing.

A pulse shaper is a disk attached to the head of incident bar, as Figurelb shown. When struck,
the pulse shaper softens the impact force by elastic and plastic deformation, which has the effect of
increasing the rising time of the incident wave and changes the waveform thereby eliminating the
dispersion at the same time (Gong et al. 1990).

There are several types of materials that have been tested for making a pulse shaper for SHPB
testing, such as rubber (Hsiao and Daniel, 1998), plexiglass (Togami et al. 1996), fabric (Vecchio and
Jiang, 2007) and copper (Song et al. 2007, 2008). In this research, copper has been selected for the
pulse shaper due to its strain rate independent material properties.
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As Figure 3 shown, the waveform is assumed to be rectangular during impact (as red dashed
curve) in ideal state. However, force/stress loading stage inevitably requires a process due to the
elastic contacting between two bars, the waveform is not perfectly rectangular as a finite time is
required to achieve the fully contact, that is, the contact force/stress from 0 to a stable/maximum
level. This time period is defined as the rising timet, of the incident wave. Similarly, there is an
unloading timet,, in the wave.Meanwhile, due to the unavoidable transverse dimension of bars, dis-
persion exists when the wave propagates along the length. It appears as the high frequency oscillation
of the waveform (dashed bluecurve). The original rising and unloading time of bar impact are shown
as tyo and t,o in Figure 3, respectively. The response appears linear since the contacting and dynamic
response of bars are elastic. When a pulse shaper is placed between the striker and the incident bars,
the incident wave (as black curve) could be divided into three parts: rising periodt,, plateau period
tpeand unloading periodt,,.
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Figure 3: Composition of incident wave.

In the rising periodt,, there are two stages: t,candt,e,. The t,, is the first rising stage of the
rising period, during which the response of bars and pulse shaper is elastic; the second rising staget,,
is the period of elastic response of the bars and plastic response of pulse shaper. The turning point
between t,.and t,ep, is the time that the stress in pulse shaper reaches the yield stress gy, of the
material (copper).

The plateau periodty,, the signal amplitude by using pulse shaper it is the same as the signal
without the pulse shaper. During this period, there is no change in shape of pulse shaper and the
response of them are “rigid”--both pulse shaper and the compressed parts of the bars in a stable
compressed (maximum stress) state. The particles in the bars and pulse shaper could not be further
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compressed after this. The value of this maximum compressed stress g, in bars is shown in Equation

(3).

Op = %prObVO (3)

Here pyis the density of bar material andC;, is the wave velocity in bars material.

In the unloading periodt,, both bar and pulse shaper experience elastic unloading.

It is notable that the parts of elastic and plastic response during the loading period and the elastic
response of the pulse shaper during the unloading period increase the response time of rising and
unloading and also increase the width of incident wave. Therefore, when a pulse shaper has been used
in SHPB, the length of incident bar should be more than twice that of the striker bar. However, the
references (Naghdabadi et al. 2012) attributes the contribution of the waveform changes exclusively
to the pulse shaper and not influenced by the bars. Therefore, an experimental and theoretical analysis

has been conducted.

3.2 Experimental and Theoretical Analysis of Incident Wave

For testing the effect of varying velocities of striker bar on changing the waveform of the incident
wave, a series of experiments with the velocity of striker bar ranging from 10 m/s to 20 m/s have
been conducted using a pulse shaper with a thickness of 0.25 mm and diameter of 8 mm, as shown in

Figure 4.
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Figure 4: Incident waves under different velocities of striker.
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By increasing the velocity of the striker bar, the signal of stable/maximum stress has been in-
creased and the rising time has been decreased. The high-frequency oscillation, which was caused by
dispersion, also becomes seriously further.

A series of experiments with different diameters of pulse shaper has also been conducted at 11.6
m/s as shown in Figure 5. When the diameter of pulse shaper increased, there was no change in the
stable/maximum stress strength, but the rising time and dispersion of the incident wave have been
increased and suppressed better, respectively, which were in contradiction to references listed in ref-
erences (Naghdabadi et al. 2012).

For verifying the results, a theoretical analysis has been performed as shown in Figure 6. When
the striker bar first impacts/contacts the incident bar, the time is set to 0. And the end of the elastic
response is the time point t,.- where the copper pulse shaper reaches yield strength. Therefore, this
impact stage which we investigate here is an elastic dynamic response and all the deformation of the
materials is elastic.

T T T T T T
0.0 o -
z
)
=02
S
=
04 :
VU:P 1.6 m/s
o ; L i ‘ P i A T
0 40 80 120 160 200 240 280
Time (us)
Figure 5: Incident waves with different diameter of pulse shaper.
t=0 Striker Bar Pulse Shaper Incident Bar

Figure 6: Impact procedure schematic.

Since the thickness of pulse shaper is much thinner than that of bars, a dynamic stress/force
equilibrium assumption has been made for this procedure. According to the theory of elastic dynamics,

Latin American Journal of Solids and Structures 13 (2016) 391-406
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the particle stress, strain energy, kinetic energy differential and mass could be defined as following
Equations, respectively:

o= %pCOV (4)

U= j L edv = j )e(t) AC,dt (5)
dW = v(vdm-+madv) (6)

m= pV = pAC (7)

where pis the density of the material, vis the velocity of the particles, Cyis the wave velocity in that
material, €is the strain of that particles, Ais the cross section, Vis volume and the Mis the mass of
the particles.

As the dynamic stress/force equilibrium assumption, the following equation should hold true:

Gc'At:Gb'Ab (8)

where the subscript ¢ represents the copper/pulse shaper and b represents the bars.
Due to the elastic dynamic response, the strain energy and kinetic energy of pulse shaper in this
elastic procedure is:

U =jvlagdvzl
c=Jo 2 2

o, Ad 9)

v tre 20(: zo-yc Atd
AVVC = ‘[0 vmadv = IO [mj CAttdt C > (10)

c~0c

where d is the thickness of pulse shaper and E is Young’s module.
The strain energy and kinetic energy increase of the incident bar in this procedure is:

te ycAt _ 1 2 2
U, = 0 2 i()gi(t)AbCObdt 0 ZED[ LA j ACdt = 6EbAb Oy oA e (11)

m v tre 8o ZA? 8o ZAZ
AW :I v2dm+j vmdv:j w A ~t?dt =—2~ A te (12)
0 0 ° PoCorAlre 30.Con A
The strain energy and kinetic energy variation of striker bar in this procedure is:
U, =U, = ’Cop At
sk T Mi T ch ObAt re (13)

6E, A,
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. 80_ 2pA2 80_ 2p2
AW, = 1 mv,” — t LA“‘ztzdt 1 LoACut Ny ——2——t, (14)
2 * PCopAlre 2 30,Cor A
Since energy is conserved, then
AW, =Ug  +AW +U, + AW, +U (15)
Substituting Equations (9) ~ (14) into (15), and solving for t,, yields:
90'yczﬂd
4pC,.°
le= Lot 2p2 (16)
AC , lio, A
2 PoM00Vo 30.CoAA

By Equation (16), it showed that reducing the velocity of striker bar vy and adding thickness of
pulse shaper d would increaset,.,, which agrees with the experimental results and references (Nagh-
dabadi et al. 2012). Meanwhile, increasing cross-sectional area A, of pulse shaper would also in-
creaset,,, which agrees with experimental results and is opposite to the results in references (Nagh-
dabadi et al. 2012). Furthermore, the cross-sectional area A;, and wave impedance p;,Cyp, of bars also
contribute to the rising time.

According to the experimental results and theoretical analysis, a series of velocities of the striker
bar versus the size of pulse shaper have been obtained as shown in Table 1.

Velocity of striker bar Diameter of pulse shaper Thickness of pulse shaper
10 m/s 8.0 mm 0.25 mm
15 m/s 9.0 mm 0.25 mm
20 m/s 10.0 mm 0.25 mm
25 m/s 11.0 mm 0.25 mm

Table 1: Velocity of striker bar versus size of pulse shaper

For verifying the dynamic stress/force equilibrium of the ice specimen during testing, a high-
speed camera has been employed for monitoring the failure mode and cracks generation. As Figure
1d show, the ice specimen crushes uniquely when the material of ice reaches its failure limit. It means
that the cracks in the whole specimen emerge at the same time, and the failure stress/strain in the
whole specimen has been reached simultaneously. If stresses were not in equilibrium in specimen
during testing, the specimen would fail from the side of incident bar to the side of transmission bar
as result of strain rate effects. Therefore, the dynamic mechanical property of ice has been corrected
by using the pulse shaper as Table 1 shown.

Latin American Journal of Solids and Structures 13 (2016) 391-406
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4 RESULT AND DISCUSSION

The test signals, which were obtained from the incident and transmission bar by using and without
using pulse shaper are shown in Figure 7. The dispersion has been well suppressed and the rising time
has been increased as expected when pulse shaper has been employed. Meanwhile, the amplitude of
high-frequency oscillation has also been suppressed to a much lower level than that of transmitted

wave.

10 T T T T H T g T
------- Incident without shaper W,
Transimit-without shaper i

05 Incident with Shaper N
Transimit-with shaper
2
g 0.0
&
S
>
S0.5
S AR A N S S N N
0 200 400 600 800

Time (us)

Figure T7: Signals contrast of SHPB testing with and without pulse shaper.

Using the SHPB system, time histories for the incident, reflected and transmitted wave signals
were obtained using strain gauges on the incident and transmission bar. As the classic Equation (17)
of SHPB (Togami et al. 1996), the engineering stress, strain and strain rate could be calculated by
the strains of the incident, reflected and transmitted wave.

Gs(t)=%(5i +E +&)
gs(t):%j;(gi —&, —¢& )dt (17)
gs(t)z%(e‘i —-£-¢&)

where ¢;, £.and &; are strains of incident, reflected and transmitted wave, respectively. The subscript

s means that of specimen.
Due to the inevitable data scatter, the representative repeatable stress-strain curves at strain rate
from 500 s™' to 1200 s™are selected to be shown in Figure 8. It is observed that the ice are strain-rate

Latin American Journal of Solids and Structures 13 (2016) 391-406



Z. Song et al. / Pulse Shaper and Dynamic Compressive Property Investigation on Ice Using a Large-Sized Modified Split... ~ 403

sensitive and the slope of the curves steepens with the increase in strain rate. In addition, the peak
stress of ice increases significantly with the increase in strain rate. The failure strain is around 0.5 %
and stress-strain curve appears similar to that of a brittle material when it is under 0.5% deformation.
However, at higher stresses, just prior to reaching the peak stresses, the ice appears to be in a state
between solid and fluid-like materials, and the curve is no longer linear. After that, unloading process
is relatively slow when compared to brittle or ductile materials. This appearance agree with the
description of ice failure under impact in report of Fasanella et al (2006) and the curve shape agree
with that type of curve in other references Shazly et al. (2009).

To understand the relationship between peak strength and strain rate of ice, the experimental
data (including scattering data) were plotted in Figure 9 and a linear curve fitted through them has
also been obtained as Equation (18):

o, =ag +b (18)

where @=0.005778 ,,,q b=4.922

T T I
10 |- ]
2
E 6 |
w2
=1)]
R=
s 4 ‘
% Strain Rate 1143 s | |
5 , Strain Rate 830 s™
B Strain Rate 613 s
5 Strain Rate 488 s™!
0 ' : | : '
0 3 6 .

Engineering Strain (x 10™)

Figure 8: Dynamic stress-strain curves at different strain rates.

It is notable that in Figure 9 the statistical results and fitting curve of strength versus strain rate
in this testing is lower than the corresponding values in average fitted curve of Tippmann et al. (2013),
which obtained from previous experiments and references. For example, at strain rate of 103 s_l, the
testing strengths are 10712 MPa in this testing and 16718 MPa in average of previous data. But this
results agree with the corresponding values in Tippmann’s lower bound curve, which are the minimum
statistical results in previous references.
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B Experiment Data - kR
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Figure 9: Data and fitting curve of compressive strength versus strain rate.

There are many reasons affect the dynamic strength of ice. Water types (Jones, 1997; Wu and
Prakasha, 2015) and purification (Kim and Keune, 2007) of ice are most significant reasons. In this
research, deionized water is used to make ice, which is different from that in other reference. And
Shazly et al. (2009) prove that the dynamic strengths of ice in -30 degree Celsius are higher than that
of -10 degree Celsius, which means that temperature of ice is a crucial factor affecting its dynamic
strength. In this testing, even the ice specimens are stored in -16 degree Celsius for at least 24 hours
and bars heads are cooled down by liquid nitrogen, the ice specimens still been exposed at room
temperature for a few seconds when placing specimen at bars heads and triggering the gas gun system
of SHPB. That might slightly affect the strength of ice. And this environment temperature is more
close to the real engineering case, such as that of hail ice impact on ground buildings and vehicles.

The experimental data show 25% scatter to the fitted curve in Figure 9. This is because ice is
composed of crystals which inevitably contain uneven invisible small cracks. Also, the material prop-
erties are changed slightly when subject to the room temperature environment. However, the 25%
data scatter could still be acceptable and the data is more consistent with the fitted curve overall
than statistic results (Tippmann et al. 2013) of other references (>100% data scatter).

5 CONCLUSIONS

The dynamic compressive strength of ice has been tested by using a modified SHPB system with
pulse shaper at strain rates from 500 s1t0 1200 s™!. The bars size and specimen size have been chosen
carefully by taking material properties and elastic-dynamic theory into consideration. And the pulse
shapers have been designed properly by theoretical and experimental analysis. The conclusions have
been obtained as following:
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1) Dispersion phenomena and the rising time of incident wave has been suppressed and in-
creased by increasing the diameter of pulse shaper. The rising time decreases and dispersion
becomes seriously with the increasing of the striker bar velocity.

2) By theoretical analysis, the thickness of pulse shaper is proportional to the rising time. The
cross-sectional aread;, and wave impedance pj,Cyp of bars also contribute to the rising time.

3) Ice are strain-rate sensitive and the slope of the curves steepens with the increase in strain
rates. The peak compressive strength of ice increases significantly with the increase in strain
rates. The failure mode of ice is crush and the failure strain is around 0.5%.

4) A modified large-sized (37mm diameter) SHPB with pulse shaper is more suitable for test-
ing brittle crystal weak materials (ice), than smaller ones without pulse shaper for obtaining
less scattering experimental data in dynamic mechanical property tests. And the scatter of
this research experimental results has been well controlled within 25%.
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