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Ice impact is quite common and may become critical especially if it involves the transportation sector. Simulation
tools may help in the structural design phase to increase the ability to withstand this kind of impact and/or to
analyse the effect under extreme weather conditions. Such tools require an accurate description of the me-
chanical behaviour and therefore a detailed investigation about the dynamic mechanical properties of ice is of
great interest. In the present work, material characterizations of ice, including tensile and compressive tests,
were carried out under different strain rates. Two different material models (i.e., the modified Johnson-Cook
model and Johnson-Holmquist II model) were calibrated. Then, impact tests using ice as a projectile with
aluminium panels as a target were conducted to validate the material models of ice under impact loading.
Furthermore, the replication effect of ice projectiles was investigated under different impact energies based on
the mechanical responses and damage phenomena of ice for both models. Results showed that while both models
are able to provide reliable predictions of the impact behaviour of ice projectiles, the Johnson-Holmquist II
model presents a better performance as impact energy increases.

1. Introduction

Ice impact is always regarded as a destructive hazard in many fields,
such as civil, marine, and aerospace engineering. Understanding and
modelling the dynamic mechanical behaviour of ice, especially under
impact loading, is of great interest, which can help the design and
optimization of structures to resist ice impact. Despite the environ-
mental sensitivity of ice [1-3], experimental investigations considering
various strain rates have been widely conducted to understand the
mechanical behaviour of ice and establish a reliable material model.
However, besides environmental factors, one important extra concern
that should be stressed is that the mechanical properties of ice are
significantly affected by the type of water: fresh, atmospheric, river, sea
and distilled [1,4-7]. Among these, ice generated from distilled water
presents the highest strength [5]. Therefore, most experimental analysis,
especially impact cases, utilised ice projectiles made from distilled
water, for the purpose of structural design with high safety factors.

For tensile tests, to avoid ice melting at the contact region with the
clamps, ice samples should be assembled with especially designed
clamps before testing at low temperature [4]. Spalling tests with split

Hopkinson pressure bar (SHPB) can provide precise experimental data
about tensile strength of ice with the assistance of an high-speed camera
[8,9]. However, the correct interpretation of the failure modes, due to
different stress states, is complex with transparent material like ice. On
the other hand, Brazilian tests, which were originally designed for brittle
materials, are also capable to measure tensile strength of ice [2,6], as
long as it is validated by the initial central failure of samples [10]. In
particular, Brazilian tests by means of SHPB have been regarded as an
effective way to obtain the tensile strength under high strain rates [3,5].
According to the existing experimental results [3,4,6], tensile strength of
ice is around 1.0 MPa under the quasi-static conditions, while limited
increase on the strength can be found with an increase of the strain rate
and lowering of the temperature.

Unlike tensile tests, compressive experiments are much easier to
carry out. At intermediate strain rates (~10 /s), compressive strength of
ice increases compared with that in the static condition [11]. Regarding
higher loading rates, SHPB is usually employed [13-16], as it can ach-
ieve a strain rate range from 10 /s up to 2600 /s under compressive
loading conditions. Such a strain rate range is similar to those of impact
cases (10" — 10° /s). However, even though loading with a constant
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strain rate is hard to achieve when the strain rate is close to 1000 /s [12,
13], the shaping of an incident wave has been studied [13,14].

Regarding ice impact tests, the impact loading profile and the
collapse of ice projectiles are usually measured and captured [15,16].
Additionally to the shape, (e.g. sphere [17,18] and cylinder [15]), also
the impact velocity [19], and the size [20] of ice projectiles are
considered main factors for the study of ice impact. However, test data
always shows a large scatter, due to the variation of ice projectiles
induced during their manufacturing process and the uncertainty of the
measurement [17]. Besides controlling the manufacture process, efforts
have also been made to improve the accuracy of measurements. For
example, Pernas-Sanchez et al. [20] utilized a mass-spring analogous
system on a load cell to measure the impact force provided by the ice
projectile, while high-speed cameras were used to record the impact
process [15,16,19]. Both rigid [15,21] or aluminium targets [ 18], which
have predictable material models, are used to inversely reproduce the
ballistic behaviour of ice projectiles. In comparison to monitoring ice
projectiles themselves, the recording of the mechanical response of the
targets is more practical and applicable thanks to advanced measure-
ment methods [21,22], such as digital image correlation (DIC)
techniques.

Based on material tests under various strain rates, the material model
of ice can be calibrated, which is helpful for the simulation of ice impact.
Considering the strain-rate sensitivity of ice, a theoretical model with
strain-rate parameters can be used [23], while typical semi-empirical
material models, like Johnson-Cook constitutional model [24] and
Zhu-Wang-Tang model [25], are capable to simulate the mechanical
behaviour of ice under high loading rates. While the ice projectile with
high impact velocities can be accurately captured by the equation of
state (EOS), material models including EOS also present good capabil-
ities of ice impact simulation [26-28]. However, determining the pa-
rameters of EOS is difficult because planetary impact tests need to be
performed, which require hyper impact velocity of ice projectiles and an
extremely accurate monitoring system [29,30]. Besides, advanced nu-
merical methodologies, such as the particle-subdomain method [31] and
smoothed particle hydrodynamics [32], which always use
rate-dependent material properties as input, are more appropriate for
replicating the mechanical behaviour of ice impact, especially the fail-
ure process. Meanwhile, micromechanics also provide a new insight for
the modelling of ice, as they can provide reliable mechanical behaviour
considering the effect of temperature and strain rate with a microscale
kinematic and constitutional relationship [33]. However, the capabil-
ities of these numerous material s models and numerical methodologies
with regards to modelling ice projectiles under various impact velocities
are still not clear and are hence the main focuses of the present work.

In the current work, experimental activities, including tensile and
compressive loading conditions, considering different strain rates, were
conducted to characterize the mechanical properties of ice. Based on
experimental data, two different material models, the modified
Johnson-Cook and the Johnson-Holmquist II models, were calibrated to
replicate the mechanical properties of ice as a projectile. In order to
assess these two material models, impact tests with ice projectiles versus
aluminium targets were carried out. Through comparisons between
experimental data and simulated results of ice impact cases, both ma-
terial models were validated with respect to failure phenomena and
residual velocities.

2. Experiments
2.1. Sample preparation

Two differently shaped ice samples were prepared for the current
study: an ice cylinder used for material characterizations, including
tensile and compressive tests and an ice sphere used as a projectile in
impact tests for the validation of the material models. Both ice samples
were made of distilled water. The mould used for the sample preparation
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is presented in Fig. la, which contains two aluminium inserts, rigid
cover, and a foundation. The aluminium inserts were used to produce
flat ended ice samples, which were fixed on the rigid foundation. The
two aluminium inserts were closed with tape and distilled water was
injected through a hole in the tape. This method prevents the inclusion
of air during the injection of water, but also serves to remove extra liquid
water during the freezing process. The mould was assembled by screws
to avoid movements of the components. The temperature of the freezer
was set to -15°C and the samples were kept in the freezer for 2.5 h. Prior
to testing, cylinder ice samples were checked for their transparency, and
samples with low transparency were removed as higher transparency
indicates fewer micro cracks inside the ice samples. Some qualified
samples with high transparency are shown in Fig. 1b, the size of which is
®15 x 10 mm. Regarding the sphere ice samples for impact tests, a
similar mould was used as the one for the cylinder samples but with a
sphere shape. The sphere ice samples which were frozen for at least 3 h
at -15°C are shown in Fig. 1c, the diameter of which is 30 mm. After
manufactured, the ice was observed for microstructure, and the grain
size of the ice was found to be 0.4-1.6 mm.

2.2. Experimental setup

The experimental setup of the current work, including tensile,
compressive and impact tests, is introduced in this section.

2.2.1. Tensile tests

Low strain rates ranging from 10~ to 10! /s were firstly considered
in the present work. A universal electronic testing machine was used, as
shown in Fig. 2, to perform Brazilian tests to obtain the tensile properties
of the ice samples. In order to keep the samples in low temperature
environment, a cooling chamber with liquid nitrogen applied was used
and the inner temperature was monitored by a thermometer. A digital
camera was placed in front of the samples to record the failure process.

2.2.2. Compressive tests

Considering the dynamic compressive tests, a split Hopkinson bar
made of aluminium was used to achieve the strain rate up to 300 /s,
while the universal electronic testing machine was employed for tests
under quasi-static condition (~107' /s). More details of the Hopkinson
bar can be found in [10,13,34]. For each test, the balanced loading
condition and the constant strain rate state have been checked. Other-
wise, the experimental results must be discarded for the further use. As
in tests under quasi-static condition, a chamber with liquid nitrogen was
utilised to maintain the temperature at around -15°C (+ 2°C) during the
compressive tests (Fig. 3).

2.2.3. Impact tests

Regarding the impact tests, the experimental setup is presented in
Fig. 4a. An aluminium target made of Al6061 was fixed by steel window
frames on both sides, as shown in Fig. 4b. The reason for using
aluminium panels as targets is because aluminium is a reliable material
model for high-velocity impact cases [35] allowing to focus on studying
the capabilities of the material models of ice. Two infrared screens were
placed in front of the target to measure the impact velocity of ice pro-
jectiles. The ice projectiles were fired with a gas gun placed in front of
the target. During the firing process, a sabot (Fig. 4c) was used to protect
the ice projectiles from the friction with the gas gun and to control the
impact position. Before the projectile touches the target, the sabot was
removed with a specific device. A camera on the side of the target was
used to make sure the sabot had no effect for the ice impact test. The
impact velocity was set at around 100 m/s. Two high-speed cameras
with the stereo DIC system applied were placed behind the target to
monitor the out of plane deformation; frequency was set to 20 kHz for
the deformation history of the target. Data elaboration was conducted
by ARAMIS software. Each impact test was repeated at least three times,
the representative one has been reported in the current work for the
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Fig. 1. Components and assembly for cylinder ice samples used in material characterization (a); cylinder ice samples (b); sphere ice samples (c).
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Fig. 2. Experimental setup for quasi-static material tests.
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Fig. 3. Cooling chamber designed for split Hopkinson bar test.

validation with the numerical model.
3. Material models

3.1. Test data

In this section, the results from both tensile and compressive tests
were regarded as the input for material modelling.

3.1.1. Tensile tests
In the current study, Brazilian tests were conducted with various

loading rates to determine the tensile strength of ice. An example of a
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Fig. 5. Typical tensile results with failure process recorded (a); tensile strength under different strain rates (points) and the range of the tensile strength reported in

the literature (coloured area) (b).

typical curve from the Brazilian test is shown in Fig. 5a, the sample
started cracking at the centre when stress reached the peak, which
qualifies the Brazilian tests. The tensile strength test results at different
strain rates are presented in Fig. 5b and a 16% increase can be observed
from 10~%/s to 107! /s. Furthermore, the range of the tensile strength
reported in the literature is also summarised in Fig. 5b. The strength
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determined in the current study is then based on the current experi-
mental results from Brazilian tests.

3.1.2. Compressive tests
As the strain rate increased, the compressive strength increased up to
~600%, as shown in Fig. 6a. Some typical stress-strain curves under

20
Specimen18F (227s)
18 4 N
Specimen11% (200s%)
16
Specimen26® (195s7%)
14
Specimen12* (183s)
12 4
Specimen2® (170s%)
10 4
8 4
6
4
2
0-f T T T T 1
0.000 0.005 0.010 0.015 0.020
strain
(b)

Fig. 6. Typical compressive results of stress-strain curves under different strain rates (a); summary of compressive strengths with respects to strain rates (b).
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compression from the split Hopkinson bar tests are shown in Fig. 6b.
They can split into three distinct parts: the stress shows a linear increase
(part-1); as the yield stress arrives, the stress increases at a gradually
slower rate (part-II); after the stress reaches the peak value, the stress
starts to drop (part-III), indicating the collapse of the ice sample. Based
on these three parts, the material modelling was established.

3.2. Modified Johnson-Cook model

The Johnson-Cook model was first proposed in 1983 [36], and has
since been applied in many fields to describe the mechanical behaviours
of materials under different loading rates and temperatures. Although
this model may not accurately reconstruct the whole deformation his-
tory of ice, the mechanical properties under various strain rates and
temperatures can be empirically described with a few parameters
involved. Coupled with basic mechanical parameters, i.e. elastic
modulus and Poisson’s ratio (as listed in Table 1), pus the strength model
from the Johnson-cook model, the first two parts of the stress-strain
curves can be described. In the current work, the compressive strength
under different strain rates from tests was utilised as the input for the
strength model of the Johnson-Cook model. In order to properly estab-
lish a material model of ice, a damage model should be also considered
to describe the stress dropping after the peak value (part III). Herein, a
modified damage model was applied for failure behaviours of ice after
reaching the peak force.

3.2.1. Strength model
The basic equation of Johnson-Cook model can be expressed as Eq.
(1), where the effect of the temperature was ignored in the present work.

0= (A+Be")(1+ Clné") (€8]

Here, o, € and ¢ are stress, strain, and strain rate, respectively. A, B, C
and n are constants, which can be obtained from part-II of the stress
strain curves under different strain rates. The least squares method
(LSM) was applied for these parameters. Considering this material
model later serves for ice as projectiles with high impact velocities, and
LSM was initially used to focus on dynamic conditions, the curves from
high strain rates is required be more accurate compared to the ones
under lower strain rates. Table 1 lists the values of these parameters
obtained according to the current test results. The fitted and experi-
mental curves are compared in Fig. 7a, showing that this strength model
is capable of predicting part-Il of the stress-strain relation under
compression.

3.2.2. Damage model

The damage behaviour of ice obtained from the stress-strain curves
under different strain rates is presented in Fig. 7b. Generally, the dam-
age model is built based on the degradation of elastic modulus, as
expressed in Eq. (2), where E; and E are initial and damaged elastic
modulus, and D is a damage parameter, which can decide the degrading
rate of the material.

E = (1-D)E, @

Considering the trend of the stiffness degradation, an exponential
damage model was applied for ice, where D was determined by:

Table 1
Parameters for Johnson-Cook model considering damage of ice.

Basic mechanical parameters Johnson-Cook model Damage model

E [GPa] 12 A [MPa] 3.412 a 5.732
v 0.22 B [MPa] 77.85

N 0.355

9 0.8593
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pmax_ g0
1- exp( - a( o .()”’))
1— Em—Em 3
1 — exp(—a) 3

0
D=1- (—gm )
o

emex ¢9 and ¢ are the maximum, initial and failure strains for the
damage region (part-III) of stress-strain curve; a is the parameter con-
trolling the shape of the damage curve. By changing «, it can be found
that the damage curves in Fig. 7b can be replicated when o = 5.732. The
comparison between the fitted damage and the experimental data with
respects to the stress-strain curves is reported in Fig. 7c.

In summary, based on the stress-strain curves from compressive tests,
parameters of the modified Johnson-Cook model can be fitted as listed in
Table 1.

3.3. Johnson-Holmgquist II model

The Johnson-Holmquist II model, containing EOS, the strength
model and damage model, which have been used to simulate the me-
chanical behaviour of brittle materials with high velocity [28], were also
considered in the current work. With Johnson-Holmquist II model, the
failure of the brittle materials under high strain rates can be replicated
precisely due to the application of equations of state, which used the
volume strain to describe the deformation of the materials. Meanwhile,
strength and damage models can determine the initial failure strength
and failure process under different loading conditions, respectively.

3.3.1. Equation of state

EOS is a polynomial which is always used to establish the relation-
ship between pressure and volume strain. At low velocity, a one-order
polynomial can provide acceptable accuracy due to the low hydro-
static pressure. However, in the present study, a three-order polynomial
was utilised considering the scenario of ice projectiles under high impact
velocity, as expressed by Eq. (4). Herein, p is the pressure of ice, and ¢ is
the volume strain, while K; is the volume modulus, K, and K3 are
constants.

p= K1€ + K2€2 + K3€3 (4)

K; can be obtained through Eq. (5) by elastic modulus E and Pois-
son’s ratio v of ice.

K, =E/3(1-2v) (5)

The fitting of K and K3 is not straightforward as no experiments on
pressure and volume strain were conducted. However, the fitting can be
obtained mathematically according to the expansion of Hugoniot
equation (Eq. (6)) at ¢, as expressed by Eq. (7).

_ Pt )
(1 —sn)’
K, = /’oC42) Ve
K> = pycy(2s = 1)

Thus, the relationship between K; and K3 can be obtained:
Kz :K1(2571) (8)

According to the experimental work from Sterwart and Ahrens [29,
30], s = 0.92, is used to calculate K, in the current work, whereas Ks,
was set as zero because the volume strain should be negligible for ice, as
brittle materials always have low failure strength.

After the failure initiation of ice, the radial strain significantly in-
creases causing non-uniform bulking, and leading to the increase of
pressure providing internal energy. Thus, the energy transfer parameter,
B, and the increment of the pressure, Ap, were used to calibrate the
material behaviour in Johnson-Holmquist II model, as listed in Eq. (9). It
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Fig. 7. Comparison between the experimental and fitted curves of part-II (a); part-III of stress-strain curves from tests used for the damage model determination (b);
Comparison between the experimental and fitted curves of part-III (strain rate equal to 195 /s).

describes the relationship between the increment of energy and pressure
at a specific time interval, At. For modelling ice as a projectile, its
deformation occurs in a short period. Thus, an unchangeable internal
energy can be assumed during the whole process. Then, we could set = 1

(Apriar — Api)ecar + (Apr s, — A7) /(2K1) = AU 9

3.3.2. Strength model

In the strength model of Johnson-Holmquist I model, the strain rate
effect (¢) and damage parameter (D) are considered with the strength
normalized by hydrostatic pressure. The normalized parameters are
marked with ‘** in the strength model (Egs. (10)-(12)).

o =i =D(0; ~0}) 10
When there is no damage (D = 0), Eq. (10) can be expressed as:

N
a;:A(p*+a* ) [1+ Cln(é / é)] an

t.m

When the material collapses (D = 1), of can be stated as:
o; = B(p")"[1+ Cln(¢ | &)] 12)

In the strength model, some parameters depend on the material it-
self, i.e. A, B, C, N, M, and the maximum hydrostatic pressure, o;,,, are
introduced. Furthermore, the normalised pressure (p*) and maximum
hydrostatic pressure (o;,,) in Eqs. (11), (12) are: p* = p/pyg, and o}, =
6{ n/Pup.-Here, pyg, is the hydrostatic pressure of Hugoniot elastic
strength, and it can be expressed by Hugoniot elastic strength. According
to the planetary impact tests conducted by Sterwart and Ahrens [29,30],
Hugoniot elastic strength, oz, can be fixed to 5.2 GPa for ice. Based on
the theory of solid mechanics, the stress can be decomposed in a form of
hydrostatic stress and deviator stress tensors as:

2
OueL = PHEL + 3SHEL 13)

Furthermore, according to Hooke law, the relationship between the
deviator stress tensor (s) and volume strain (¢) can be found as:

€
s =2G 14
s e a4
Substituting Eqs. (4), (14) into Eq. (13) can obtain:

2 3 4 EHEL

e = Ky eppr + Koy + Ksppy + G ——— (15)
3 1+eéeun
E

Considering the shear modulus: G = 57

volume strain at Hugoniot elastic strength egg, = 0.423. Therefore, pyg;
= 3.44GPa according to Eq. (13).

Moreover, the strength model of Johnson-Holmquist II is based on
the increment of strain rate and hydrostatic pressure, but the strength

in Eq. (15), we can get the

Table 2
Normalised parameters used to fit strength model from our experimental
activities.

Specimen Strain rate o (MPa) p (MPa) o* p*

D ™

2 170 10.79763  3.599211  0.002076468  0.001047
12 183 13.17108  4.390359  0.002532899  0.001277
26 195 15.05995  5.019982  0.002896143  0.00146
18 227 17.11044  5.703479  0.003290469  0.001659

can be also determined by the stress state in reality, which may cause
error. Thus, a maximum failure strength, o7, should also be set to
guarantee the capability of the strength model.

According to our compressive test results, the related parameters are
calculated as listed in Table 2 as there is almost no deviated volume
deformation in the elastic region for ice samples under uniaxial
compression. Thus, we could get: A=1.40, C=0.2287 and N=0.8918,
when we used 100 s™! as the reference strain rate.

However, B and M for the strength model after collapse of ice were
hard to determine based on existing experimental data, so we utilised
B=0.09 and M=1.20 for ice, which have been previously applied on
typical brittle materials [37]. Furthermore, the static tensile strength is
also employed to determine the tensile failure in the material model,
which is set as 1.0 MPa. Herein, a higher tensile strength than the cur-
rent test results was used in the model considering it is a limit value in
the material model for tensile failure.

3.3.3. Damage model

Additionally, to EOS and the strength model, a damage model also
has to determine the post-peak behaviour of stress-strain curves. It can
be defined by failure strain of the material, ¢, as presented in Eq. (16),
where two damage parameters are introduced: D; and Dz. The failure
strain here is used to determine the erosion of the elements in the model.

& =Di(p" +0i) (16)

However, those two damage parameters are difficult to obtain
experimentally due to the low strain level of the brittle materials.
Instead, an inverse modelling approach can be used to numerically
obtain the damage parameters. Similar inverse methods have been used
for determining material models of brittle materials by Zhang et al. [38].
As for the establishment of the finite element models for the inversion
algorithm, experimental cases which are sensitive to the damage be-
haviours of ice samples should be selected. Therefore, experimental data
from the Brazilian tests was used, as the peak force can be reached once
the damage initiates.

In detail, to numerically determine the damage parameters, first a
finite element model was built to replicate the experimental setup in
Brazilian tests, as visible in Fig. 8a. Two platens were created with
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Fig. 8. Inversion finite element method to determine damage parameters: (a) finite element model; (b) typical force-time curve in Brazilian tests; (c) relationship
between D; and force from inversion calculation; (d) relationship between D, and force from inversion calculation.

reduced shell elements (S4R) in ABAQUS. These platens were modelled
as rigid bodies during the loading process. The top platen was con-
strained except along the loading direction at an identical loading rate
used in the experiments, while the bottom platen was fixed. Regarding
the sample, Johnson-Holmquist II model was assigned in ABAQUS with
damage parameters undetermined. The hard contact without friction
was assigned between the sample and platens, and the reaction force
was extracted for the validation.

Coupled with the software ISIGHT and the automatic modelling
strategy, Multi-Island Genetic Algorithms, a global optimization algo-
rithm, was employed to search for suitable damage parameters. The
history of the force from Brazilian tests is presented in Fig. 8b. Two
important values, i.e. maximum force, F,, and failure time, t;, were
considered in the algorithm to evaluate different damage parameter
values, with the priority on the maximum force, F,,. Herein, 784-time
calculation was carried out, and the results of peak forces with various
damage parameters are shown in Fig. 8c and 8d. Based on our Brazilian
tests, F,;,=144.45 N, is the value that can be reached when D; closes to
zero. Considering Dy, a clear relationship between F, and D, can be
found, and a stable F,, can be obtained when D, is near one. Besides, t;,

Table 3
Parameters for Johnson-Holmquist II model of ice.

Basic parameters

Equation of state Strength Damage
model model
G [MPa] 4444.4 K; [MPa] 7058.8 A 1.4 D; 0.0118
onpr, [MPa] 5200 K> [MPa] 2529.4 C 0.2287 D, 0.966
Pyg, [MPa] 34381 K3 [MPa] O N  0.8918
Tmax [MPa] 1 B 1 B 0.09
(Tensile strength) M 12

was also considered for a good match between experimental data and
numerical calculation. Finally, the damage parameters can be deter-
mined as: D;=0.0118 and D,=0.966.

In summary, the parameters for Johnson-Holmquist II model of ice
are in Table 3, based on experimental activities and numerical analysis.

4. Validation and assessment of the material models

4.1. Validation of the material models in impact cases with an ice
projectile

Impact tests with ice as a projectile and aluminium panel as a target
were used to validate the current material models of ice. The mechanical
response of targets can be used to evaluate the dynamic mechanical
performance of ice projectiles.

4.1.1. Numerical models

The ballistic model was created in ABAQUS, according to the
experimental setup of ballistic tests as described in Section 2.2.3. To
reduce the modelling and calculation time, the steel frame was modelled
through an all-fixed boundary condition in the shadow region of the
target, as presented in Fig. 9a. On the other hand, a sphere ice model as
the projectile was built with a diameter of 30 mm, as shown in Fig. 9b.
The target was modelled with reduced solid elements (C3D8R), while
the model of ice projectile was created with integrated solid elements
(C3D8) for high accuracy. In total, 30896 solid elements and 41919
nodes were modelled in this ballistic model. A general hard contact was
employed between the target and ice, while extra attention was also paid
to the contact behaviour among the inner elements of ice. The impact
velocity was set as 98 m/s according to the experiments.



D. Ma et al.

300 mm

300 mm

International Journal of Impact Engineering 172 (2023) 104375

Fig. 9. Finite element model for ballistic tests with ice (a); and details about ice projectile (b).

Table 4
Material model for aluminium (Al6061) [35].

Basic parameters Johnson-Cook material model

E [GPa] 70 A [MPa] 60

v 0.3. B [MPa] 500

p [kg-m?] 2700 n 0.3
C 0.02
Referenced strain rate 1

With regards to the material models, two different models were
applied on the ice projectile in the current study: the modified Johnson-
Cook model (JC) and Johnson-Holmquist II model (JH), as described in
Section 3.2 and Section 3.3. As for the aluminium target, Johnson-Cook
model was used, and the parameters for the material model can be ob-
tained from [35] as listed in Table 4.

4.1.2. Numerical and experimental results

Good agreement on the displacement history in the centre of the
target, see Fig. 10a, was seen between experiments and simulations
using different material models, especially with regards to the increasing
trends. Furthermore, similar peak values of the out-of-plane deforma-
tion (~ 6.6 mm) and contact time (~ 1.5 ms) were determined. For the
two different material models of ice calibrated, the deformation history

8
—=—exp
74 ®— simulation-JH
® simulation-JC
N “e,, | © simulation-JC
- 5 n
£
. N
£ 41 [
[0 h 1
2 'y
5 31 i
k)
©

0.0005 0.0010

time(s)

(a)

0.0015

of target was almost identical based on the DIC results, the deformation
at different locations of the target can be extracted. So, the global
deformation of the targets at different time points (t=0.2, 0.35, and 0.7
ms) were shown in Fig. 10b. Results from experiments and simulations
are in good agreement as far as the displacement history, especially at
the initial (0.2 ms) and middle (0.35 ms) moment. However, at 0.7 ms
the target centre a larger deformation can be found in simulations than
in experiments, indicating a faster damage of the projectile, because the
ice projectile used in experiments always contained some defects
resulting from the manufacturing process leading to an earlier drop on
the displacement as presented in Fig. 10a. Regarding the differences
between simulations with two different material models of ice, JC pro-
vided a higher deformation at the centre and a lower deformation far
from the centre than JH at the initial contact time of 0.2 ms. This in-
dicates that a larger plasticity is provided by JC. However, such differ-
ences were reduced as the contact time increases as shown in Fig. 10b.
Global displacement fields can also be extracted from DIC, as presented
in Fig. 11. Herein, only the numerical results with JH are presented
considering the similar numerical results from both material models. A
circle displacement field can be found when t = 0.2 ms and t = 0.35 ms,
which is similar to the numerical results. However, a rectangular
displacement field emerges at t = 0.7 ms caused by the reflected stress
wave from the boundary under impact loading, while such behaviour is
postponed in the numerical model according to Fig. 11. Overall, both

7
A t=0.2ms
6 1 center = t=0.35ms
’Pﬁ o t=0.7ms
54 exp
1S sim-JH
£ .
=4 ——sim-JC
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8 34
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Fig. 10. Comparison of the displacement-time curves obtained from experiments and simulations (a); Comparison of global deformation near the centre of the target

between experiments and simulations (b).
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Experimental results

Numerical results (JH-II)

0

t=0.35 ms

[mm]

5.250

4.500

23.750

3.000

2.250

1.500

0.750

t=0

.70 ms

Fig. 11. Comparison of the displacement fields between experiment and simulation at different time steps.

material models of ice are able to replicate the mechanical behaviour of
ice as a projectile well.

4.2. Assessment of the different material models

After the validation of both material models, it can be concluded that
both material models of ice from the current work are capable to model
the ice projectile for a specific velocity and dimension. Therefore, an
exploitation of both material models should also be conducted with
various dimensions and impact velocities of ice projectiles. Here, the
experimental results from Pernas-Sanchez et al. [20] is used, which

reported the force between a rigid target and ice projectiles with various
dimensions (the diameter equals to 30, 40 and 50 mm) and impact ve-
locities (60 — 220 m/s).

4.2.1. Numerical models

The assessment was conducted with ABAQUS, similar as the vali-
dation in section 4.1. Instead of an aluminium target, a rigid target was
used by Pernas-Sanchez et al. [20] as presented in Fig. 12. The diameter
of the target was 150 mm with the thickness of 0.5 mm, which was
meshed with 38270 reduced solid elements (C3D8R). The diameters for
the ice projectiles were set as 30, 40 and 50 mm. The ice projectile was
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Fig. 12. Finite element model for assessment different material models of ice.

meshed with integrate solid elements (C3D8), which have a similar
mesh size as the target in the model, i.e., 0.75 mm, in order to achieve a
smooth contact between them. The target was assigned as a rigid body
with all freedom fixed. Moreover, general contact was applied for the
contact behaviours between the ice projectile and rigid target. An
impact velocity was assigned on the ice projectile to simulate the bal-
listic behaviour.

4.2.2. Numerical and experimental results

The comparison on the force-time curves can be found in Fig. 13.
Considering the ice projectile with low input energy (Fig. 13a), i.e.,
®=30 mm, v=98 m/s, good agreement between experimental and nu-
merical results can be found. At this impact energy, JH provides a better
prediction than JC of both the peak load and contact time with a limited
difference (<15%). The longer contact time from JC was mainly due to
the plasticity introduced in JC, which was amplified with a rigid target.
Under a high impact energy, i.e., ®=50 mm, v=211 m/s, the numerical
results from both material models are similar, as shown in Fig. 13b.
However, they present a higher force than the experimental data as the
time increases, indicating the strong dependence of the material model
on the impact condition.

Furthermore, the relation between the peak force and the impact
energy was investigated for the further assessment of both material
models of ice. The maximum contact force from the ice projectile with a

—=— exp [Pernas-Sanchez et al., 2015]
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30 mm diameter under different impact energy is presented in Fig. 14a.
When the impact energy is less than 150 J, a good match between ex-
periments and simulations can be found for both material models.
However, as the energy increases to values greater than 250 J, JH
continues to increase whereas both experimental data and JC present a
platform (see Fig. 14a). In detail, the experimental contact force has a
platform at around 50 kN, while JH simulations result in a platform near
60 kN; however, there is no such behaviour for numerical results with
JC. For ice projectiles with a larger diameter (40 mm), higher impact
energy and contact force can be achieved as shown in Fig. 14b. The
simulation with JH and JC presents a similar correlation with experi-
mental data. Generally, both material models can provide reliable re-
sults for ice projectiles with larger dimensions (see Fig. 14a and
Fig. 14b). Furthermore, the current numerical results were also
compared with other existing experimental data [17,19,20], as shown in
Fig. 14c. Considering different impact energies, JH is able to replicate
the experimental data for the energy in the range from 0 to 400 J well,
while the energy for a good agreement between the numerical model
with JC and the experiments is less than 350 J. Overall, JH is more
capable than JC with impact energies above 350 J, but considering the
large scatter in the experimental measurement, the accuracy of both
models of ice is acceptable.
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Fig. 13. Comparison of load-time curves between experimental and simulated results under different conditions: (a) ®=30 mm, v=98 m/s; (b) ®=50 mm, v=211
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projectile equal to 40 mm; (c)other experimental data.

4.3. Damage phenomena of ice as a projectile

As the numerical results with JH are more accurate than with JC, the
numerical results with JH were used in this section to analyse the
damage phenomena of ice as a projectile impacting a rigid target. The
experimental recording with a high-speed camera was utilised under
intermediate impact energy of our impact case, i.e., =40 mm, v=109
m/s [20]. In order to analyse the damage phenomena of the ice pro-
jectile, deleted elements in numerical model were also presented in
Fig. 15, which can be regarded as fragments in the experiments. In
Fig. 15a, the ice projectile presents less damage compared with experi-
ments at the initial contact period (t = 0.05 ms). A good agreement
between simulations and experiments, with respects to the damage
volume and the area covered by fragments, can be found later, i.e., near
the peak force (t = 0.10 ms) and the force-decreasing region (t = 0.16
ms). Upon reaching the peak force, less than half of the total volume of
the ice projectile collapses, similar to the observation from [20]. In the
numerical simulation with JH, similar phenomena were noticed as
shown in Fig. 15b: the length of the ice projectile along the impact di-
rection is 24.3 mm for the ice projectile with a 40 mm diameter when the
load is maximum.

5. Conclusion

In the present work, we carried out experimental activities for the

(©

Fig. 14. Comparison on force vs impact energy relationship between experimental and numerical results: (a) diameter of projectile equal to 30 mm,; (b) diameter of

11

material characterization of ice, including both tensile and compressive
tests, considering different strain rates. Based on experimental data, a
modified Johnson-Cook model and a Johnson-Holmquist II model were
established to describe the mechanical performances of ice in impact
cases as a projectile. To validate both material models, impact tests were
conducted in the current study. Further, the assessment of both material
models was investigated, by comparing the contact force between ice
projectiles and impact targets from numerical results and experimental
data in the literature. Finally, the damage phenomena of ice projectiles
for the impact case conducted in the present work were explored
experimentally and numerically. The main conclusions are listed below:

e The strength of ice increases as the strain rate increases, especially
the compressive strength.

Based on the current experimental data, a modified Johnson-Cook
model and a Johnson-Holmquist II model, were established aiming
to simulate the mechanical behaviours of ice as a projectile.
Modified Johnson-Cook and Johnson-Holmquist II models can pro-
vide reliable results in the ballistic simulation under intermediate
impact energy (~350 J).

Johnson-Holmquist II model can present a good performance in
modelling ice impact cases considering the replication of damage
phenomena of ice and its loading during impact with high impact
energy.
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(2)

|t=0.12 ms

(b)

Fig. 15. Damage phenomena of ice impacting to a rigid target: (a) at different time points; (b) at maximum contact force.
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