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HIGHLIGHTS

. Theice ball impact onto a rigid target is extensively investigated in experiments
. Empirical relations are proposed to predict the impact response of ice balls
. The relations can accurately predict the experimental results conducted by others

« The impulse in the impact is equal to the input momentum of ice balls

Graphical Abstract
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Abstract

This paper is concerned with the peak force (F,) and time of occurrence (T,,) generated by the
spherical ice specimen impacting onto a rigid target. The ice specimens had diameter ranging
from 31.8 to 50 mm, and were prepared at temperature of -10 °C and -30 °C, respectively. The
key original contribution of the article is the derivation of a correlation relationship for
providing accurate predictions of F, and T,,, for given hail size, velocity and temperature. A
total of 149 Hopkinson bar tests were conducted, with impact velocity varying from 13 to 105
m/s for measuring the impact force. The tensile strength of ice, which is a term in the predictive
expressions (and is measurable by the Brazilian tests), can be adjusted to take into account
changes in temperature of the ice specimen. Experimental results showed that as the size of the

ice specimen and its impact velocity increases, F, increases significantly whereas T, only
increases slightly. Lowering of the temperature resulted in an increase in F,, and decrease in
T,,. Dimensional analysis was employed for processing the experimental data. Empirical

relationships expressed as functions of impact velocity, specimen radius, tensile strength of ice,
ice density and elastic wave speed of ice were derived. The ratio of the measured impulse to
the momentum generated by the impact has also been checked, and was found to be within the
range of 0.8 to 1.12. The derived empirical relationships will serve as a guide for further

investigations into the structural responses to impact of an ice ball.

Keywords: Ice ball impact, impact force, force-time curve, impulse, dimensional analysis.

1. Introduction

Hailstone impact is one of the most concerned issues among ice impact scenarios of
low-to-moderate velocity. As a natural meteorological phenomenon, severe hailstorm may

cause disastrous damage to civil infrastructure, assets and agriculture. Damage to cars, roofs
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and building claddings accounts for the majority loss in a hailstorm. To mitigate the loss,
extensive investigation is needed to understand the severity of damage caused by hailstorms

and the related impact response.

The damage severity of a plate subjected to ice impact is one primary concern. Impact
of aluminium plates, steel plates and the associated fracture of ice were reported [1-4]. In ice
impact, the responses for aluminium plates involve indentation, crack initiation and crack
propagation [1]. Strain gauges were attached on the plate surfaces to obtain the strain signals
versus time. Various impactors were used [1], including ice cylinders, ice cylinders with a
conical tip, and water packed in rubber envelopes. The residual strain after the impact indicated
that the cylindrical ice impactor caused much more severe damage to aluminium plates
compared with the other two types of impactors, whereas water impactor only led to global

bending.

The impact response for composite panels is relatively complex, in which the main
failure mechanisms included delamination, fibre failure, cracks and transverse damage [5-11].
For low-velocity impact, delamination occurred first in the panel. With the increase of velocity,
fibre failure and cracks were observed. Under very high velocity impact, the panel was
perforated. Rhymer et al. [5] characterised the damage resistance of carbon/epoxy composite
tape laminates subjected to high velocity ice impact by identifying the threshold energy of
failure when delamination occurred. Their study found that the failure threshold energy

exhibited a linear relationship to the ratio of panel thickness to ice ball diameter.

The severity of panel damage in ice impact is governed by the force history generated
between the impactor and the target. However, direct measurement of the force is challenging.
Several studies have been conducted to experimentally extract the force history experienced
by a panel under ice impact. Hammetter et al. [12] used the Sum of Weighted Accelerations

Technique (SWAT) to measure the impulse produced by ice impact on a panel and obtained
3
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force histories. Sun et al. [13] designed a model based on a mass-spring-damper system to
predict the peak force generated during ice impact onto a panel. The stiffness and the mass of
the target were characterised by a spring and a lumped mass, respectively, and the values of
stiffness were empirically fitted. The results gave a reasonable estimate for the peak force at a

relatively low velocity range (i.e., 10 m/s to 40 m/s).

The value of peak force depends on geometric and mechanical properties of both the
impactor and the target, as well as the impact velocity. As a first step, it is interesting to study
a simple case of an ice ball impacting onto a rigid target. As the peak force increases with the
stiffness and mass of the target, this case of using a rigid target should provide an upper bound
for the peak force, which is of critical importance in quantifying the mechanical response of
panels in resisting the impact. Several studies have been performed for the peak force between
an impactor and a rigid target [14-19] and most of them employed a load-cell as backing in
order to capture the force history. Pereira etal. [16] tested the impact response of an ice cylinder
on rigid target and obtained the force history generated using a piezoelectric load cell mounted
on a circular sensor plate. They evaluated the effect of ice microstructure on the force history,
including single-crystal, poly-crystal and low-density ice. The results indicated that the effect
of ice microstructure on the peak force was minimal. Carney et al. [19] conducted similar
impact tests by using the same setup as that of Pereira et al. [16] and then validated a
phenomenological model considering failure, especially developed for ice impact. In addition
to using plates, Combescure et al. [1] also studied the ice impact on a rigid target by using a

piezoelectric load cell and no force history was provided, however.

Instead of using load cells, several studies attempted to obtain the force history by
designing a force/impulse transducer system [17, 18]. The force was measured by using a
quartz load cell washer sandwiched between a rigid backing plate and a top plate [17]. Ice balls
were launched to the target at speeds from 60 to 90 m/s. The impulse measured was found to

4
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be roughly equal to the input momentum, which indicated that the momentum loss due to the
force impulse transducer (FIT) system could be neglected. Moreover, it was reported that the
peak force was related to the kinetic impact energy by a power law regardless of the sizes of
the ice balls. Kim and Kedward [18] used a system similar to FIT in order to record the force
history of ice impacting on a rigid target. Monolithic ice balls and flat-wise layered ice balls
were employed as the impactors. It was concluded that the influence of ice microstructure on

the peak force could be negligible, as also observed in [16].

When a load cell or force impulse transducer is employed in high velocity impact, the
accuracy of experimental data could be of concern. It is known that the velocity of shock wave
propagation can be high and also sensitive to contact details in the load cell fixture. This may
result in accumulation of iterative positive and negative waves in the measured time window,
leading to reduced reliability for the data. The plate placed on the top of a load cell introduces
an inertia effect, which reduces the force transmitted to the loadcell. To overcome these
shortcomings, Tippmann et al. [15] used a modified Hopkinson bar to measure the force history.
An ice ball was launched to one end of a hollow aluminium tube. Strain gauges were attached
to measure the voltage signal generated by ice impact and the signal was converted to force
history. This method eliminated the drawbacks of using a load cell. The peak force was found
to be a function of the impact kinetic energy of the ice balls. Pernas-Sanchez et al. [20]
compared the peak force obtained using a load cell with the data obtained by Tippmann et al.
[15] and found that the peak forces measured by a load cell were slightly lower than those
measured by strain gauges. Lower rigidity of the target due to the load cell may account for
this difference. They also obtained a semi-empirical relationship which relates the peak force
to the impact kinetic energy. Recently, Tan et al. [14] conducted impact tests using a Hopkinson
bar to study the characteristics of layered ice under impact velocities. Layered ice was

fabricated to simulate the natural hailstone due to its onion-like structure. The peak force
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produced by layered ice was found to be higher than that for pure ice, probably because the

layered structure might delay the disintegration of the ice ball in the impact.

Natural hailstones are formed by the freezing and attaching life cycle of water droplets
in particular thunderstorm cells [21], which results in onion-like structures. For experimental
studies, it is common to use laboratory-grown spherical ice to represent a hailstone due to the
difficulty of replicating the exact forming environment of a natural hailstone. Since the
properties of the impactor play an important role in an impact event, the mechanical properties
of ice should be characterised first. The mechanical strength of ice is, however, considerably
scattered due to its sensitivity to the microstructure and the temperature. The compressive
strength of ice was found to be between 5 and 25 MPa from -10 °C to -20 °C [22]. The smaller
grain size and lower temperature, the higher the compressive strength of ice [23]. The tensile
strength of ice was found to be 2.14 MPa on average at -7 °C from the uniaxial tensile test [24].
Alternative to direct tensile test due to technical difficulties, some studies employed the
Brazilian test as an indirect tensile test. Typical tensile strength of ice obtained in Brazilian
tests ranged from 0.68 to 2 MPa | 251, lower than that obtained in a direct tensile test. Moreover,
the tensile strength of ice is significantly affected by the grain size with negligible strain rate
sensibility [26]. Typical Young’s modulus of ice was characterised as 3 to 10 GPa at -10 °C

[27].

This study aims to quantify the peak force in the impact of an ice ball onto a rigid target
and identify the parameters that affect the peak force (F,) and time corresponding to the peak
force (T},). Ice balls frozen at -10 °C and -30 °C were prepared using a casting method. Quasi-
static Brazilian tests were conducted to characterise the tensile strength of ice. Impact tests
were conducted on a modified Hopkinson bar of 4 meters in length with a pair of strain gauges
mounted on the surface, capable of recording the force history. The impact velocities ranged

from 13 to 105 m/s. The effects of impact velocity, impactor size and temperature on F, and
6
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T,, were investigated. Dimensional analysis was conducted to find an empirical relationship for
both E, and T,,, with the impact velocity. Experimental data from the previous work by

Tippmann et al. [15] and Tan et al. [14] were compared with the present study and they agree

with the developed empirical relationships.

2. Quasi-static tests for tensile strength

2.1 Specimen preparation

A unique feature of the predictive expressions to be presented in the later part of the
article is incorporating the tensile strength of ice as a modeiling parameter. Thus, Brazilian
tests were conducted to obtain the tensile strength of ice at -10 °C and -30 °C, respectively. In
order to make bubble-free ice, a delicate method was used. Vacuum walled cans (Polar cans)
of an inner diameter of 65 mm (Fig. 1a) were filied with clear tap water and then frozen for at
least 44 hours without caps in a freezer (Meiling Ultra low temperature freezer DW-FL439).
“Polar cans” may provide sufficient vacuum insulation along circumferential and bottom faces,
guiding water to freeze unidirectionally from the top open surface to the bottom, which may
force the resolved air in the water to escape towards the bottom when freezing. The ice was
kept at two temperatures, i.e., -10 °C and -30 °C, respectively. This process can make raw ice
cylinders of approximately 65 mm in diameter, which were then delicately cut to specimens of
32.5 mm thick for Brazilian tests. Fig. 1b shows a typical ice cylinder fabricated by using this

method.
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(@) (b)

Fig. 1. Preparation of cylindrical specimens: (a) “polar cans” for making clear ice cylinders; and (b)

a clear ice cylinder for Brazilian test.

2.2 Experimental setup

Fig. 2a shows the setup of the Brazilian tests. The Brazilian tests were performed using
an Instron 5965 at room temperature. A loading rate of 10 mm/min was employed for the
purpose of shortening the test duration to mitigate the effect of temperature rise in tests.
Polycarbonate sheets were inserted between the load platens and the specimen to minimise
melting at the contact. All the ice specimens were loaded to failure within 30 seconds after

taking out from the freezer.
2.3 Experimental results

It should be noted that the Brazilian test is only valid when specimens split from the
middle at failure. Fig. 2b shows a typical specimen after failure, which is treated as a valid test.
Three valid tests were obtained for -10 °C ice and four for -30 °C ice. The tensile strength is
calculated by using Equation (1) [28, 29],

2F
O-T =
Dt (1)
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where F is the peak force obtained from the tests, D is the diameter of the disc, and t is the

thickness of the sample.

(a) (b)

Fig. 2. Brazilian test: (a) an ice sample was loaded between two platens insulated with polycarbonate

sheets, and (b) a typical fractured specimen after test.

Fig. 3a and 3b show the force-displacement curves obtained from the Brazilian test for
ice at-30 °C and -10 °C, respectively. The tensile strengths obtained are shown in Fig. 4, which
are calculated as 0.69 MPa for'-30 °C ice and 0.56 MPa for -10 °C ice on average. Although
the obtained data in tensile strength varies within a range of 7% for -30 °C ice and 11% for -
10 °C ice, respectively, the average tensile strength is close to that obtained by Mellor and
Hawkes [25], which was approximately derived as 0.5 MPa for -7 °C ice. Moreover, the tensile

strength slightly increases with decreasing temperature [30].
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Fig. 3. Force-displacement curves obtained from the Brazilian tests (cross-head speed: 10mm/min): (a)

for -10 °C ice, and (b) for -30 °C ice.
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Fig. 4. Tensile strength of fabricated ice frozen at -10 °C and -30 °C.

3. Impact tests

3.1 Specimen preparation

Spherical ice specimens with a diameter of 50.8, 44.5, 38.1, and 31.8 mm were prepared
by using self-designed moulds, as shown in Fig 5a. The corresponding values of mass were
58.0, 40.5, 25.2, and 14.4 g. The fabrication process for ice was the same as that for Brazilian
tests. Clear ice without bubbles was obtained by freezing tap water in the “Polar cans” and then
maintained at -10 °C or -30 °C for at least 44 hours. It was then sandwiched between the two
parts of the mould with a pre-machined spherical inner surface. The ice melted due to the heat
transfer from the moulds and was gradually pressed into a perfect spherical ball under the self-
weight of the top cap, guided by two columns. The ice ball was then immediately placed in the
freezer again at the set temperature of -10 °C or -30 °C for another 24 hours. A crystal clear

spherical ball is shown in Fig. 5b.

11
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(@) (b)

Fig. 5. Preparation of spherical ball: (a) moulds for forming ice balls with different diameters, (b) a

crystal clear spherical ice for the impact test.

3.2 Experimental setup

Fig. 6a and 6b show the setup of the impact test and its sketch, which was modified
from a split Hopkinson pressure bar with a gun barrel of 37 mm in diameter. A compressed air
launcher was used to shoot an ice bali specimen to the end cross-section of an aluminium bar
of four meters in length, which effectively avoided any interference of wave pulses reflected
from the far end within the impact time period. Compressed nitrogen gas was used. By
controlling the pressure of the gun, different impact velocities were achieved. In order to
accommodate spherical ice balls of different sizes, a 0.5 meters long PVC extension tube was
connected to the existing steel gun barrel, and specimens were placed into position through a
cut-off hole on top of the PVVC tube adjacent to the end of the barrel. Pressure gas accelerated
the ice specimen in the extended PVC tube to achieve desired velocities. PVC extension tube
was used to minimise possible melting of the specimen. The time interval between placing the
specimen and firing the gun was within one minute so that the temperature of the ice ball did
not change considerably. Aluminium bar of 70 mm in diameter was selected as the target for
its relatively low value of Young’s modulus, which was measured as 67.6 GPa. Its density was
2673 kg/m®. A pair of semiconductor strain gauges with gauge factor of 110 and resistance of

12
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130 Q were mounted on the surface of the bar at 0.9 m from the impact end. During the impact,
voltage signals in the Wheatstone bridge through a half bridge connection were firstly
amplified and then recorded by an oscilloscope (Tektronix TDS 2024B). The impact velocity
was measured by a high-speed camera (Phantom V2512) placed perpendicular to the flying
path of the ice balls. The exposure duration of the specimen in environment temperature
averaged approximately 45 seconds. The mass of each specimen was measured by a digital
scale before launching. The fragmentation process of the ice ball was captured by high speed

photography at a frame rate of 52,000 frames per second.

Aluminium
bar with strain
gauges

PVC guiding

Oscilloscope pipe

and amplifier »

High-speed
camera

(@)

Strain gauge  Aluminium bar PVC pipe Ice sphere  Steel gun barrel
b >
«— 09m —— «—(05m—*
+«— 40m ——» Compressed air launcher

(b)

Fig. 6. Experimental set-up for the impact test: an ice ball is launched onto the end cross-section of an

aluminium bar with velocity V; through the PVC pipe. (a) a photograph, and (b) a sketch

13
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3.3 Data processing

The original voltage signals recorded in the oscilloscope were low-pass FFT filtered at
a cut-off frequency of 50 kHz, which did not evidently change the magnitude of the peak force.
The strain history was converted from the voltage history by using a calibrated voltage to strain
coefficient of 60.6 pe/V. With the measured Young’s modulus and cross-section area of the
aluminium bar, the force history was calculated by using Hooke’s law in the elastic range. A
total of 149 tests were conducted and there were 80 force histories obtained for -10 °C and 69
for -30 °C at impact velocities ranging from 13 to 105 m/s. Note that typical terminal velocity
of natural hailstones ranges from 5 m/s to 50 m/s. The selecied velocities largely cover this
range. The test rig could not produce repeatable velocities at lower velocities. The selection of

higher velocity up to 105 m/s is also because of potential applications in aerospace industry.
3.4 Fragmentation process and typical force histories

The fragmentation process of an ice ball was imaged every 19.23 us by a high-speed
camera. Fig. 7 shows the frames captured within the first 1 ms after the initial contact, for a
50.8 mm ice ball impacting at 68.5 m/s. The ice ball is clear and transparent before the initial
contact, followed by crack initiation and propagation in a very short period. At 19.23 s, the
crack propagated to roughly 3/4 of the diameter and then completely through the ball between
19.23 ps and 38.46 ps. The crack propagation speed was estimated at 1,834 m/s, which is

comparable to that observed by Combescure et al. [1], i.e., 2000 m/s.

Fig. 8 shows the force history of the above specimen. At 72 us after the initial contact,
the force reached its maximum value of 17 kN and the deformation was close to the photograph
at 76.92 us in Fig. 7. Evidently, cracks were spreading throughout the ball at this instant, when
the specimen was in the process of disintegration. The force decreased sharply when severe

fragmentation occurred. At 500 ps, the ice ball completely disintegrated to tiny debris,

14



behaving like granular fluid. The corresponding force at this time was only 20% of the peak
force. At 1000 ps, the force further decreased to less than 0.5 kN and the ice debris continued

spreading radically, approaching the end of the impact process.

Mt=0ups 2 t=19.23 s (3)t=38.46 us

n

() t=76.92 s (5) t =500 ps (6) t=1000 ps

@) t = 2462 ps
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(@)

Region of cracks

(b)
Fig. 7. (a) The fragmentation process of a 50.8 mm ice ball impacting at 68.5 m/s. (b) Enlarged view

of the ice ball showing cracks att = 19.23 us.
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Fig. 8. Typical force versus time history. Diameter of the ice ball is 50.8 mm and the impact velocity is

68.5 m/s.
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3.5 Typical experimental results

Fig. 9a shows the force histories of 50.8 mm ice balls (frozen at -30 °C) impacting at
different impact velocities. All the curves exhibit similar features as in Fig 8. With the increase
of impact velocity, the peak force, F,, increases significantly, while the time reaching the peak
force, T,, increases slightly. Fig. 9b shows the force histories of ice balls of different diameters,
all for a given temperature of -30 °C and impact velocity of 60 m/s. It shows that both F, and
T, increase with the diameter (and hence mass) of the balls. Increasing velocity and mass of

the ball leads to enhanced momentum of the ball, and this results in higher peak forces.

20 -
Temperature = -30 °C = 41 m/s
A i -
P Diameter = 50.8 mm A vo =54 m/s
it
L
sk : ‘ -V, =60m/s
O’ =
by N Vo 72 m/s
o [ B3 |
Bl
R |
slof v
2 L B
o P Y .
L (S Increasing velocity
\;'-'\_ A
XK
i 3
ﬁ'_‘:e
B, A
0 i 1 N 1 i 1 L 1 L
0 Tp 0.2 0.4 0.6 0.8 1
Time (ms)
(a)

17



Journal Pre-proof

16 -
Temperature = -30 °C —2R =50.8 mm
Impact velocity = 60 m/s S gg - ;g? mm
v 2R =38.1 mm
121 --=-2R=31.8 mm
\
1
Zz \
g | I
v 8k \
2 2
(= 3
e f 3\ In S
X y [Increasing size
;LB
0 - 1 X
0 0.2 0.4 0.6 08 1

Time (ms)

(b)

Fig. 9. Force histories: (a) 50.8 mm-diameter ice balls impacting at different velocities (-30 °C), and

(b) ice balls of different diameters at the same impact velocity of 60 m/s (-30 °C).

Fig. 10 shows the force history of ice balls, which have the same diameter of 50.8 mm
but different frozen temperatures at -10 °C and -30 °C, respectively. Two impact velocities,
73.0 m/s and 34.6 m/s, were employed for the two types of ice balls. The results show that, at
both the velocities, the peak force for ice balls at -30 °C is approximately 15% higher than that
at -10 °C. On the contrary, ice frozen at -10 °C takes slightly longer time to reach the peak

force, i.e., a larger value of T;,. The F-t curves also show a slightly steeper curve before the

peak for ice frozen at -30 °C.

18
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Fig. 10. Force histories of 50.8mm ice balls at impact velocities of 73.0 m/s and 34.6 m/s, prepared at

-10 °C and -30 °C.
4 Dimensional analysis and empirical formulae

The three key parameters of interest are the peak force, the time corresponding to the peak
force and the impulse generated from the impact. Once these are known for any impact scenario,
subsequent structural responses could be estimated. Note that these values for impact onto a
rigid and heavy target represent an upper bound for other scenarios of ice ball impact onto a
structure with a finite stiffness and mass. Here we present a dimensional analysis for the data

from a total of 149 tests conducted.

4.1 Peak force

The peak force is plotted against the impact velocity for ice balls of four different values
of diameter, in Fig. 11a for -10 °C ice and Fig. 11b for -30 °C ice. Generally, the peak force
increases with the impact velocity regardless of size and frozen temperature of the ice balls.

However, lower frozen temperature results in slightly higher peak force.
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Fig. 11. Peak force vs. impact velocity for ice balls of different sizes: (a) -10 °C ice; (b) -30 °C ice.

Fig. 11 also shows that the peak forces are highly dependent on three factors, size of

the ice balls, frozen temperature and impact velocity. It is also observed that the peak force is

20
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monotonically related to an individual parameter if the other two parameters are fixed. Hence,
it is likely that one single formula could be developed to describe all these relationships, which
is not available in literature. Here, dimensional analysis is conducted to establish an expression

for the peak force of ice impacting on a rigid target.

In this study, the aluminium bar can be regarded as a rigid target for its large mass and
significantly higher value of elastic modulus than that for ice. Therefore, the bar’s dimensions
and properties are irrelevant. Other parameters that may affect the peak force F,, are the radius
of the ice ball (R), the impact velocity (V/;), the tensile strength of ice (o) and the elastic wave
velocity (c). The values of Young’s modulus, tensile strength and density for ice at two
different temperatures are given in Table 1. The following equation involving five physical

variables can be written,

f(Ey, R, Vo, 07,¢) =0 )

Table 1. Material properties of ice employed in the dimensional analysis

Temperature Young’s modulus Tensile strength Density
(°C) (GPa) (MPa) (kg/m?)
-10 5 0.56 870
-30 5 0.69 870

Based on the Buckingham theorem [31], the number of independent dimensionless
groups can be obtained as the difference between the number of physical variables and the

number of basic dimensions. In this impact problem, the three basic dimensions involved are
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length, mass and time. Therefore, there are two independent dimensionless groups (5 — 3 = 2),
which can be identified as F, /(R*or) and V, /c. In the initial stage of this analysis, only tensile
strength for -10 °C was measured as o = 0.56 MPa and this value was used for both the two
temperatures in the dimensionless plot in Fig. 12. Note that this is a double logarithmic plot. It
should be noted that the elastic wave propagation speed, c, is calculated by \/E_/p (where E is
the Young’s modulus of ice, taken as 5 GPa [27], and p is the density of ice, taken as 870 kg/m®

measured from the experiments), which is 2397 m/s. It can be seen that all the experimental

data points are now condensed into two groups each with a different frozen temperature for the

specimens.
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Fig. 12. Dimensionless peak force vs. dimensionless impact velocity for ice balls frozen at -10 °C and

-30 °C (o7 = 0.56 MPa for both temperatures)

In order to further understand the effect of temperature in the above plot, additional
Brazilian tests were conducted for ice at -30 °C, which gave the value of tensile strength of
0.69 MPa. Therefore, different values of the tensile strength corresponding to the temperature

were used in the dimensionless force and they are plotted in Fig. 13. Interestingly, now all the
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data points covering various values of the parameters are condensed to one group. At this stage,
we can say that the dimensional analysis is successful. To obtain an empirical formula, the
points can be approximated by a straight line in this double logarithmic plot, which indicates a

power law relationship in Equation (3).

©)

E Vi
p__ 0y1.31
R2g, 3969(c)

The values of the two coefficients in the above equation are obtained by best fitting technique.
The above equation can be re-written in terms of the peak force and other parameters.

Consequently, the peak force can be predicted by using a single formula, as follows

E, = 3969R207c7 131, 13 m/s <V, < 105 /s (4)
This suggests that the peak force is proportional to radius squared, quasi-static tensile strength,
and impact velocity raised to a power of 1.31. The effect of Young’s modulus and density of

the ice is reflected through the elastic wave speed c.
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Fig. 13. Dimensionless peak force vs. dimensionless impact velocity for ice balls (o= 0.56

MPa for -10 °C ice, 0.69 MPa for -30 °C ice).
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4.2 Time corresponding to the peak force

Fig. 14 shows the influence of impact velocity, size and frozen temperature of ice on

T,. Although in general monotonically increasing trend for individual test group can be

observed, the overall data seem rather scattered. From this figure, for specimens frozen at both

the temperatures T, increases with increasing impact velocity, by approximately 30% when

velocity changes from 30 m/s to 90 m/s. The data for -10 °C ice is relatively scattered as
compared with that of the -30 °C ice. It can be seen that T,, becomes larger when the diameter
increases. Overall, at relatively low impact velocities ranging from 20 m/s to 40 m/s the
temperature seems to have a minor effect on T, and the value of T;, is between 0.05 ms and
0.08 ms. When impact velocity is larger than 60 m/s, T,, is over 0.08 ms for -10 °C ice. However,

it remains smaller than 0.08 ms for -30 °C ice. Overall, it takes longer time for the force to

reach the maximum value for ice balls at -10 °C than at -30 °C.
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Fig. 14. Time corresponding to the peak force vs. impact velocity: (a) -10 °C ice; (b) -30 °C ice.

Similar to the earlier dimensional analysis, the time corresponding to the peak force T,
can be analysed. There are five physical variables in the dimensional analysis for T, i.e., the
time corresponding to the peak force (T,), the radius of the ice ball (R), the impact velocity

(Vy), the density of ice (p), and the tensile strength of ice (o). Therefore,

f (T, R Vo, p,00) =0 )

Again there are three fundamental dimensions; mass, time, and length. Two

independent dimensionless groups (5 — 3 = 2) can be found and we use T,/(R/V,) and

pVo?/ or. Fig. 15 plots the two dimensionless groups. Initially, the same value of ¢ of 0.56
MPa was used for all the points. Two distinct groups of points may be seen and the points for

-10 °C are slightly higher than those for -30 °C.

To reconcile the difference, applying the respective values of tensile strength measured

i.e., 0.56 MPa for -10 °C ice and 0.69 MPa for -30 °C ice, the dimensionless T, against the
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dimensionless Vj is plotted in Fig. 16. It can be seen that the two groups of data points are also
condensed in a narrow band, similar to that for the peak force. This again shows that the
dimensionless analysis is successful. The empirical relationship can be obtained by fitting the

data using a straight line in the plot, which means a power law relationship,

R/VO =0. 07( )0 .68

This can further be written as

T, = 0.07Rp%8 g, =068y, * 13m/s <V, < 105m/s (")
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Fig. 15. Dimensionless time corresponding to the peak force vs. dimensionless impact velocity

(or=0.56 MPa for both temperatures)
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Fig. 16. Dimensionless time corresponding to the peak force vs. dimensionless impact velocity

(o = 0.56 MPa for -10 °C ice, 0.69 MPa for -30 °C ice)

4.3 Impulse and momentum

In an ideal impact process, the momentum of ice ball shall be fully converted to impulse
measured, which is obtained by integrating the force-time curves. The present study
investigates the relationship between the incoming momentum MV, and the impulse I in the
impact of ice balls. M is mass of the ice ball. Fig. 17 plots the ratio of impulse measured to
momentum, which shows the values vary between 0.8 and 1.12, being close to 1. A similar
phenomenon was found by Singh et al. [17]. With the increase of impact velocity, the value of
I/MV, increases slightly. The fact that the impulse is higher than the input momentum would
suggest rebounding of ice fragments (also shown in Fig 7). For low velocity impact, the
aluminium bar may not be long enough to capture the entire duration of the force during the
tests, resulting in a very small amount of impulse not recorded. As illustrated in Fig. 10, for the
impact of 34.6 m/s, the force was still only approaching to zero at 1 ms. This loss is much

smaller for high velocity impact when the complete process finished at a much shorter duration.
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However, this occurred at very late stage of impact and should not affect the values of peak
force and the corresponding time analysed earlier. It is also possible that at low velocity impact,
some fragments outside the cross-section of the bar kept moving forward, resulting a low
impulse than the momentum. As values of I/MV, fall within 0.8 to 1.12 for all the impact tests,

it may be concluded that the impulse is approximately equal to the incoming momentum of the

ice balls.
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Fig. 17. The ratio of impulse/momentum for all the 149 tests. The average value is 0.97.

5 Discussion

5.1 Disintegration and failure mode of the ice ball

As a brittle material, the dynamic deformation and fracture of ice is complex and the
associated studies can be a separate research area. Initially, the contact between the ice ball and
the rigid target can be described as Hertzian contact [32], where compressive failure may take
place. After the crack initiation and propagation through the ice ball, though the front part could
be still experiencing compressive stress in the impact direction, the large back part of the ball
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starts to disintegrate and expands radially, perpendicular to the impact direction. The
fragmentation stage of the ice ball may involve compressive, tensile or shear failure. However,
the exact mechanism needs to be understood in future. It should be noted that the mechanical
strength of ice balls can only be retained before disintegration and it will be lost during
fragmentation into debris. Therefore, both momentum and mechanical properties of the ice ball
determine the behaviour of the ball before disintegration. The peak force is reached at an early
stage of the disintegration. As the contact force surpasses the peak and starts to subside (as the
ice specimen disintegrates), the rest of the time-history is controlled by the conservation of
momentum principles. However, it is difficult to accurately monitor the forcing function by the

high-speed camera during the phase of disintegration.
5.2 Comparison of the proposed empirical relations with previous results

A large number of data were obtained experimentally by Tippmann et al. [15] and Tan
et al. [14] and they are plotted together with our data and the established empirical relations in
Fig. 18. The properties of ice used for the present dimensional analysis are listed in Table 2.
Note that the temperature of the ice tested was -20 °C and -18 °C, respectively, in the two
studies. However, no experimental tensile strength of the ice was given in either of the
investigations. In Tippmann et al., the value of the tensile strength was chosen as 0.517 MPa
in the finite element analysis, which gave the best correlation between the numerical results
and the experimental data. Therefore, the average value for -10 °C and -30 °C from the present
tests, i.e., 0.625 MPa, is used. For the range of low-to-medium velocity impact, the data
obtained by Tippmann et al. [15] and Tan et al. [14] are in a good agreement with the present
empirical formula. At high impact velocity, the present equation underestimates the results
slightly. Given the large scatters observed in their results, it may still be said that the present
equation can give a good estimate for the peak force. Previous experiments were conducted by

the present group [13], where an ice ball impacted onto a rigid mass supported by an elastic
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spring. Even though the setup was different, it would be interesting to plot the data also as
shown in Fig. 18. The value of tensile strength for -10 °C from the present tests, i.e., 0.56 MPa,
is used for [10] as the specimens were prepared at a temperature within the range of 0 to -10 °C.
The data points fall broadly with the same trend, slightly lower values than the data obtained
by present study, but a little higher than the fitted curve in lower velocity range. This difference
is reasonable given that the mass which was supported by the spring was much smaller than

the Hopkinson bar.

Unfortunately, the prediction of peak time cannot be verified due to lack of data in
literature. In the work by Tippmann et al. [15] the obtained data for T, was dramatically
scattered. In the work by Kim et al. [18], no noticeable trend was observed. Due to the complex
nature of ice impact, the results might be affected by multiple parameters and it is challenging

to obtain consistent results.

Table 2. Material properties of ice employed to analyse the peak force in literature. The
average value for -10 °C and -30 °C from the present tests, i.e., 0.625 MPa, is used for [11] and [12].

The value for -10 °C from the present tests, i.e., 0.560 MPa, is used for [10].

Reported study Young’s modulus Tensile strength Density
(GPa) (MPa) (kg/m?3)
Tippmann [15] 5 0.625 880
Tan [14] 5 0.625 867
Sun [13] 5 0.560 870
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Fig. 18. Comparison of the present empirical relationship for dimensionless peak force with the

previous studies

5.3 A note on force history characterisation

For both the dimensionless plots of F, against V, and T,, against Vy, all the data agree
well with the empirical relationship established for the velocity range studied. With the present
formulae, the peak force and time corresponding to the peak force can be predicted beforehand
for each impact case with known velocity and size of the ice balls. The impulse, which is the
area under force-time curve, can be approximately regarded as the same value as the incoming
momentum MV, of the impact. Therefore, if the force history for a specified ice ball can be
approximated as a triangle with F, being the height, knowledge of E,, T, and the area of this
triangle would uniquely determine the force history, as shown in Fig 19a. It would be
interesting to estimate the impulse corresponding to the stage when force is assumed to be
increasing up to the peak value, called “first stage”. Hence, from the established empirical

formulae for peak force and time,
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For ice at -30°C, using corresponding values for strength and density, we have
empirically
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This indicates that the ratio of initial stage impulse increases with the initial impact velocity,

as also plotted in Fig 19b, from 10% to 25% for the range of velocities tested.
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Fig. 19. (a) Simplified force-time straight lines. The stage of force increasing is defined “first
stage” and the total area underneath the two straight lines is assumed as being equal to the initial

momentum; (b) Plot of the first stage impulse normalised with initial momentum vs. velocity.

It should be mentioned that the present study mainly focuses on an ice ball impacting
onto a rigid target. However, previous studies have shown that the contact force between an
impactor and target could also be significantly affected by the mass and stiffness of the target
[13, 33-35]. Therefore, the characteristics of impact target should be incorporated into future

experimental studies.
5.4 Merits of incorporating tensile strength as parameter in the predictive expression.

The incorporation of tensile strength (of the ice specimen) as a modelling parameter, in
lieu of temperature, is that tensile strength is more direct in representing the mechanical
properties of hail affecting its contact force behaviour; and can be obtained conveniently by
quasi-static testing of the ice specimen. The parameter of tensile strength takes into account of

the effect of the temperature and ice microstructure. The tensile strength parameter featured in
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the proposed expression can be used in future modelling work for encapsulating the effects of
the void ratio and internal structure of a real hailstone on the peak contact force by one

parameter.

A note of caution is also made here. Dimensional analysis requires a parameter with
unit of stress/strength to be used. Ideally, that parameter should characterise the main physics
of the exact failure and fragmentation mechanism under impact loading. In the absence of such
knowledge, we have used the most common parameter, tensile strength, which would suggest
an implicit hypothesis of tensile failure. The fact that when tensile strength is used, both the
peak force and the time corresponding to the peak force can be perfectly fitted into one
empirical relationship, respectively, regardless of temperature and size of ice balls may suggest
that our hypothesis is reasonable. If cracks are found to be dominated with shear cracks, then
shear strength would be more relevant. The shear strength is usually related to tensile strength
and hence the empirical formulae would still be applicable, but with a different value for

coefficient.

It should also be noted that the tensile strength of ice is reported to be insensitive to the strain
rates in the low range of from 107 to 10 s* [36]. Further investigation may be necessary to
study possible strain rate effect on the tensile properties of ice in the higher range, which has
not been reported in literature. Moreover, mechanisms of fracture and fragmentation of the ice
ball need detailed investigations. Depending on the exact mechanism, an appropriate parameter
for strength may be used in the proposed empirical relations, such as compressive strength and

shear strength of ice .
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6 Conclusion

In this paper, clear ice balls and cylinders were made by moulding and then stored at -
30 °C and -10 °C. Brazilian tests were conducted to obtain tensile strength of the ice samples,
which are 0.56 MPa for -10 °C ice, 0.69 MPa for -30 °C ice. A Hopkinson pressure bar was
modified to launch ice balls which then impacted onto a rigid target of a four-meter-long
aluminium bar. Strain gauges were used to record the force versus time history during the
impact, together with high speed photography. Dimensional analyses have been successfully
applied for the experimental data and empirical relationships have been obtained for prediction

of the peak force and time corresponding to the peak force.

The results show that the force history in ice impact is significantly influenced by the
size and impact velocity of ice balls. With the increase of size and impact velocity, both the
peak force and time corresponding to the peak force increase. The temperature of ice balls also
plays an important role in the impact by changing the tensile strength. Lower temperature
results in higher peak force due to higher value of tensile strength. Time corresponding to the
peak force is relatively insensitive to the temperature for velocities lower than 40 m/s; but for

higher velocities, low temperature results in smaller time corresponding to the peak force.

Two empirical equations have been developed for the dimensionless peak force and the
dimensionless time corresponding to the peak force in terms of dimensionless impact velocity,
respectively, by using a power law relationship. The established equations are able to predict
the peak force and time corresponding to the peak force in ice impact for a wide range of
parameters studied. The measured impulse is approximately equal to the momentum input from
the ice ball. The findings of the present study for these important quantities will offer great

guidance in future investigations into structural responses subject to ice impact.
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