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Abstract. A model of freshwater ice behavior under impact compression is suggested. To obtain the parameters (mechanical
properties of ice at high-speed loading) of the model the Kolsky method is used. The necessary parameter data are obtained at a
strain rate of 1.4x10% s*. A new procedural approach and an experimental data filtering algorithm are proposed. In addition, a
phenomenological model of ice is offered, which makes it possible to obtain a relationship between the measured force and the
parameters of the material. The verification of the model is performed according to the results of experiments in which forces
are obtained in the study of the destruction of ice samples for high strain rates. It is shown that the analytical force model
describes the experimental data well.
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1. Introduction

Over the past 60 years, a considerable amount of research has been conducted on the mechanical properties of ice, mainly
freshwater ice. Although ice is a well-known material, its properties are not fully understood. An analysis of known publications
on the dynamic strength of ice shows that there is a large variation in the measured parameters, since the quantitative values are
influenced by the test procedure [1]. In addition, temporal processes play a significant role.

Reviews of previous work on this topic were presented in [1-5]. One of the problems in studying the process of ice destruction
is the determination of its dynamic strength at a high strain rate. In the process of developing a constitutive model for ice
behavior under dynamic loading, the main problems that arise are how to consider micromechanisms of plastic deformation.
Since different mechanisms of dynamic deformation usually operate simultaneously and can vary depending on the strain rate,
it does not seem possible to use only a deterministic approach. The decisive influence of the ice microstructure on ice
destruction, as well as the temporary strength and the stress transfer process, was shown in [6]. For polycrystalline ice, it seems
impossible to obtain the relationship between the dynamic characteristics at the macroscopic scale and the microlevel using the
continuum theory of dislocations. We discuss the latest experimental and theoretical results concerning the mechanical
properties of ice under dynamic loading and their applications. First, we mention the problem of ice crystal icing in aircrafts
occurring in the clouds at cruise altitudes [7-10]. A model describing ice accretion in turbofan engines was developed to predict
ice thickness and shape [11]. To model the velocity components of ice crystals colliding with the surface of a blunt-nosed body, a
model describing two-phase flow was proposed [12]. Ice crystals with diameters between 5 pm and 2 mm and impact velocities
between 50 and 250 m/s adhere to the surfaces on which they impinge [13, 14]. This problem stimulates the study of the impact
of ice particles on a solid surface [15-17]. On Enceladus, the moon of Saturn, ice particle plumes emerge from the south polar
region, and to realize a space mission to Saturn, it is necessary to study the impact of ice particles on the spacecraft, which was
performed in previous works [17, 18]. It was shown that pure water ice grains with a diameter of ~700 nm experience rebound,
adhesion, and fragmentation at impact velocities below 400 m/s, between 400 and 800 m/s, and above 800 m/s, respectively,
when colliding with a metallic target at a velocity of 0.2-2.4 km/s. A constitutive model was developed to study the failure
mechanisms of space structural materials under the hypervelocity impact of ice [19]; it was shown that the damage results from
the competition between fracture, plasticity, and phase transition in the materials.

Possible damage by hail was discussed in [20] by analyzing the peak force and time of occurrence generated by ice balls with
diameters ranging from 31.8 to 50.8 mm colliding with a rigid target. The authors described the empirical relationships between
the peak force and the impact velocity, ice ball radius, ice density, and mechanical properties of ice. Roisman developed a
hydrodynamic model that describes the deformation and subsequent fragmentation of a spherical ice particle as a result of a
collision with a perfectly rigid substrate [21]. Ice particle fragmentation resulting from impact on a solid wall was studied using a
semi-empirical model to predict the size of the largest reemitted fragment [22]. A solid residual ice cone that remains attached to
the substrate after ice particle impact was studied in [23].

During mining in cold regions, frozen, water-saturated soil is subjected to dynamic loads due to drilling and blasting. In these
applications, the multiaxial and cyclic impact loading of frozen soil containing ice crystals has been studied [24-27].
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The split Hopkinson pressure bar (SHPB) system is widely used to study the mechanical response of ice under compressive
dynamic loading [28-33]. Other deformation modes such as tension [34-36] and bending [37] are also analyzed. Energy dissipation
through the ice-cotton composite was studied as a function of freezing temperature and cotton content [38].

SHPBs were used to study the dynamic strength of differently prepared ice under uniaxial compression at temperatures
ranging from 173-263 K and at strain rates up to 10® s* [39]. It was shown that the peak compressive strength of ice is a linear
function of density; the pure high density (porous low density) ice showed a peak compressive strength of 49.5 + 2.0 MPa (36.5 =
1.9 MPa); no effect of the strain rate was observed [39].

To validate the model proposed in the paper, the results of the high strain rate uniaxial compression test are used. The Kolsky
method was used in our research with the help of the SHPB. The compression tests are performed in the traditional way as in
[40-46]. The novelty with respect to the abovementioned works is that we propose a new method of test data analysis. This new
method helps, in our opinion, to obtained a better analysis of the in-formation received in tests about the deformation process.

Finally, a phenomenological model of ice is proposed. In our work we include micromechanics in the description of the
process of dynamic deformation. In this context, one of the experimental problems is the propagation of a steady elastoplastic
wave. The verification of the model is carried out according to the results of experiments, during which the forces acting on ice
samples are measured. This approach allows us to obtain a relationship between the measured force and the parameters of the
material, taking into account the loading modes.

2. Experimental Methods

To test ice samples at high strain rates we used the Kolsky method. The tests are performed under compression in the
traditional way. As a result of the tests, dependences are obtained in the form of graphs necessary to assess the strength of
materials under the action of dynamic loads.

A schematic diagram of the split Hopkinson pressure bar apparatus is shown in Fig. 1, where: 1 — gas gun with a pressure
control system, 2 - striker, 3 - incident bar, 4 — strain gauges, 5 - transmitted bar, 6 - specimen, 7 — trigger, 8 - computer with data
acquisition system, 9 - calibration and information collection circuit, 10 - clock pulse generator.

For uniaxial compression tests, the classical Kolsky scheme is used. The sample is located between the bars. The bars are
used to transmit a stress pulse to the sample, as well as to record the parameters of this pulse. The collision of the striker with
the incident bar leads to the formation and propagation of a compression wave in this bar. Part of the wave passes into the
sample, and the other part is reflected at the boundary of the sample and the bar. Strain pulses in the incident and transmitted
bars were measured using foil strain gauges (or semiconductor strain gauges) glued to the outer surface of the rods. To
compensate for bending vibrations in the rods and increase the amplitude of the useful signal in the working sections, 4 strain
gauges connected in series are glued. A strain gauge in the incident bar rod is used to record the loading and reflected pulses; the
transmitted pulse is recorded on the transmitted bar. Electrical signals from strain gauges are received and processed by a
computer through a calibration and information acquisition circuit, taking into account their reference to a time scale based on
synchronizing pulses from the generator. Receiving and recording equipment introduces errors and distortions that significantly
affect the accuracy of determining characteristics.

Distilled water was used to remove 20 ice samples. The freezing of water was carried out in a freezer of temperature 20°C. The
density of ice samples is determined, and several ice samples of known geometry are made (cylinders with a diameter of 20 mm
and length of 45 mm). The density of the ice samples was 0,90 at 0,92 g/cm?®. The sample fabrication methods used were as
follows. For testing, sets of thin-walled metal clips of the required configuration are made. These clips are fixed on a flat plate
with glue. Distilled water is poured into the clips up to the upper cut of the clips, and the plate is placed in a freezer for 2 days.
During the process of water freezing, the volume of the sample increases and the protruding part of the ice sample is removed.
Next, the samples are removed from the holders and placed in a polyurethane foam container for storage, which remains in the
freezer all the time. To avoid the appearance of cracks in the samples, the rate of water freezing was reduced by using a heat-
insulating polyurethane foam cap, placed on a set of clips with water. For the compression tests, tablets ~20 mm high and ~40
mm in diameter were used. The length of the high-strength aluminum alloy striker bar is 0.3 m, and the lengths of the incident
and transmitter bars are 1.6 m and 1.8 m, respectively.
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Fig. 1. Split Hopkinson pressure bar facility.
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Liquid nitrogen is used to prevent sample heating during test preparation and to cool the edges of the measuring rods. A
special chamber is made, lined inside with a layer of polyurethane foam to reduce the penetration of heat from the environment.
The edges of the measuring rods were placed in the chamber. The chamber was purged with liquid nitrogen vapor which helped
maintain the required negative temperature. The sample temperature is measured using a type E thermocouple, the signal from
which is transmitted to a digital millivoltmeter. The thermocouple is located inside the chamber directly in the zone of contact of
one of the measuring rods with the sample. To record the pulse transmitted through the sample glued semiconductor gages are
used.

3. Method of Analysis of Experimental Data

All tests were performed at strain rate of ~1.4-10°s? under compression. An example of a typical graph obtained using
traditional methods for processing data from experiments carried out according to the Hopkinson scheme is shown in Fig. 2. This
figure shows the dependence of the stresses on time for ice at a temperature of -15°C and a strain rate of 1.4-10° s*. These
dependencies are obtained after processing the signals from the strain gauges.

To determine the value of the stress at the moment of destruction, it is necessary to know the maximum value of the stress
during dynamic compression and the time when this maximum value is reached. As shown in Fig. 1, several maxima are
observed on the graph. This raises the question of the nature of the occurrence of these maxima. The solution to this question
will allow the selection of one of the maxima corresponding to the moment of destruction of the material. The experimental data
filtering algorithm proposed in this article makes it possible to justify the choice of the stress maximum.

3.1. Single pulse filtering and analysis

Various methods for the end-to-end calibration of Hopkinson's experimental setups are known [40-44]. These methods,
however, do not eliminate a number of factors: such as the spread of loading pulse shapes, inaccuracies in the timing of pulses
and the presence of noise components, to which methods for calculating the strength characteristics of materials are sensitive.
Therefore, it is necessary to use digital signal processing methods for filtering and analyzing experimental data as an
interconnected triad of loading, reflected, and transmitted pulses. The analysis of the experimental data y as a function of time t
for the loading and transmitted pulses makes it possible to distinguish three characteristic regions for the filtered pulse (see
Fig. 3):

1) the derivative of the momentum increases monotonically;

2) the derivative of the momentum decreases monotonically;

3) the derivative of the momentum increases monotonically.
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Fig. 2. Stress as a function of time under dynamic compression at the strain rate of 1.4-10° s
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Fig. 3. Analyzed impulses and their derivatives.
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This property of the signal can be used as a criterion for filtering, in particular, to determine the floating average y. In
mathematical form, the criterion for dividing into oscillations and floating average can be written as follows:

t, t, —\2
—min! [(y_yFats [[¥ - D
mem[{(y y) 01t+{[dt dt] dt}, (1)
with restrictions,
a* _ > _
—y>0, te|t,,t —,—V <0
dtzy— ’ € 0r max[%]’dtzy_ )
@
te|t

a2 _
e 20 te [tmin[@],tx )

max[dl] ’ tmin[ﬂ]
dt dt

dt

With numerical implementation expressions (1) and (2) can be reduced to a quadratic programming problem. Let us move
from a continuous representation of the functions (1) and (2) to a discrete representation. For this we represent t, y and y as
lattice functions in the form of a sequence of readings t, y and .

Then, Eq. (1) will take the form:

J=min{(y -)"(y-3)+(8y - A7) (ay - A7)}, @
where Ay and Ay are the finite differences of the corresponding quantities. Using the properties of finite differences (4):

Ay[k] = y[R] - y[k - 1], Ay[k] = y[k] - y[k 1], Ay = H,y,Ay = H,§,

11 0 0 0
0 -1 1 0 0

H-|0 0 -1 oo ()
o 0 0 11

(n—1)xn
and then after simplification of Eq. (3) one can obtain:
J=min{(y-y)'(y )+ (Ay - Ay) (Ay - Ay)} = "
5
- myin {(y -y [I + Hle](y - y)} =min {xT [I + HIHl]x},

where x =y -y is a new variable, n is the sample size, and I is the identity matrix of dimension nxn. Using Egs. (4) and (5), we
rewrite constraint (2) in the following form:

A2y[k} 2 0’ k € [3’ kmax(A?)}’AZy[H < 0’ k € (kmax(A?)’kmin(A?)]’ (6)
A7Y[k] 20, K€ (Ryin(ag ke
Using the properties of the second finite differences (7) one obtains:
Ay[k]= Ay[k]— Ay[k —1] = y[k] - 2y [k - 1] + y [k - 2],
Azy = sz’Azy =Hy,
1 -2 1 0 0 O
0 1 -2 0 00 @)
H,=0 0 1 0 0 O s
0 0 0 1 -2 1,
and after the simplification of expression (6) we have:
YH,y <0,
-1 0 0
(nmaxu§\ *Z)X(“maxr_\y: *2) (8)
7= 0 I("mmr_\y:*"max«_@)x("mm«_\y:*"max«ﬁ\) 0 ’
0 0 —I
(1~ Tein(sg) (M)
Using the substitution x =y -y, we reformulate Egs. (1) and (2) as a quadratic programming problem with respect to x:
J= mxin{xT 1+ Hle]x}, )

with constraints:
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YH,x > yH,y. (10)

The main problem in the proposed algorithm is the determination of the maximum Ay, and minimum, since the function y

is not known in advance. In the course of repeated trial calculations and analysis of experimental data, it was found that the

initial data ¥ and Ay after filtering by standard methods, for example, using wavelets, can be used as the first iterations of the

algorithm. At further iterations of the algorithm, the found sequence can already be used. At further iterations of the algorithm,
the found sequence y can be used.

3.2. Pulse triad filtering and analysis

Filtering the triad of impulses (loading, reflected and transmitted) is complicated by the presence of interrelations between
them, such as the law of conservation of energy and momentum. Therefore, it is necessary to solve the problem of filtering these
signals in a consistent manner and introduce the following additional restrictions into problems (1) and (2):

Yia (t) = () = ¥y (1) 2 0, (11)

where y,,,Vy,yr, are the clearance values of the loading, reflected and transmitted pulses, respectively. For a discrete
description, we represent y,,,Yy,yr, as lattice functions in the form of a sequence of readings y,,,V, and y;,. Then Eq. (11) has
the following form:

YLd [k] - YTr [k] - YRf [k] > 0. (12)
To filter the signals yia and ygy, their descriptions in the form of Egs. (9) and (10) can be used, however, yrr has a more complex

structure, and it is advisable to process the sum of the signals yzs + yr, the form of which is similar to yu.. Then the task of
filtering the triad yuq, yrrand yrris formulated as follows:

dy, d dy, dy
J=_min [f()’m ) dt+f[ Yia gt“]dﬂrf Vi =) dt+f[ Ir _ gg] dt+f Vs — Vi) dt+f

dt

Yid: Y Yrs

2
dyy 4y Rf] dt} (13)

with restrictions,

2 2
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YLd (t> - YTr (t) - YRf (t) > 0.

Using expression (13), one can obtain:

J= min {(yi = i) (Vi = F1a) + (AY1 — AF0) (AY,0 — A1) +

Yia Y1 Vrs
+ (YTr - yrr)T (yTr - yTr) + (AYTr - Ayrr)—r (AyTr - AyTr) + (14)
_ \T _ — \T —
Vs = i) (Ve = g )+ (A — AT ) (Ayy — AYRf)}'
Using the properties of finite differences (4) and introducing new variables:

X4 Ve —Yu
X=X | =V — yTr ) (15)
Kps Vs — Var

We can simplify Eq. (14) as follows:

T T T T
J= ymd y1n {dede +x HHX, +xX.X, +
Le Tr» R

+xnHTH X, + x;fof + x}z.fHIH1XRf} =

= min {xTHx}

Via: Y1 Vs ’ (16)
1+ H'H, 0 0
H=| 0 I+H'H, 0
0 0 I+H'H
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Then the restrictions in expression (13) have the following form:

A%y, >0, ke[3k

’ max(AyLd)

4%, <0, ke(k k J

max(A¥,)? " min(A¥,)

AZyLd >0, ke (k )’kk],Az?ﬂ >0, k E[ko,k

max(Ayr) ] ’

min(Ay;q
Azy’[‘r < 0’ ke (kmax(AfrT,)’kmin(A?-ﬁ)]’Azy'ﬁ > 0’ ke (kmin(Ayw)'kk]'
G 47 - (17)
A (Fo + 55 ) >0, ke [ko,kmax‘%_m) A (T + 1, ) <0,
2= =
ke (kmax(Af/RfAAfrT,)’kmin(A?RfAAy-ﬁ) A (ny + y'ﬁ) 20, ke (kmin(AerﬁA?w)’kk]’
ym _y"n _ny >0.
Using the same approach one can obtain another form of expression (17):
AX > Ay,
7aH, 0 0
X
0 vH, 0 1d Yia (18)
A= 0 H H X Y=V |
Yrrirftta Yrrereta
1 1 I Rgr Vs
where
-1 0 0
(Mmastasia) =24 (Mmasiania =2)
= 0 I 0 )
Ta (P s510) ~Menex(320 <P s510) Mtz
0 0 -1 ,
‘("’“mm\ﬁm?}x‘("’“mm\ﬁmi}
-1 0 0
("max(ﬁwfz)x("maxrﬁwfz)
= 0 I 0 )
Trr ("mmr_\yr, )~ Mmax(ayr, :)X("mmr_\yr, )~ Mmax(a 7y \)
0 0 -1
(“*"minmm:)X("’“mmmiw
-1 0 0
[nmEX\A?w ) ’2]X["maxm§w ) ’2]
Y1rirf = 0 I 0
[”mmuynmﬂ’”maxwﬁ Rf:lx["mmuwr &f)  Mmax(ayry Rf}]
0 0 -1
[”’"mmm?w nfllx[”’"mmmﬁ» Rf:]
Expressions (16) and (18) are used to obtain the quadratic programming problem, which has the following form:
J=_min {x"Hx}, (19)

Yia: Yoo Yrs

with constraints: Ax <Ay.

3.3. Filtering and analysis of the triad of pulses with delays

An important problem in triad filtering is the presence of a phase shift in the time domain of pulses relative to each other.
This aspect is not taken into account in expression (19), therefore the creation of a new algorithm is needed. The loading pulse is
a reference signal, relative to which the phase shifts of the reflected 7, and transmitted 7, signals are calculated. With a
discrete description, the phase shift can be described as follows:

0 0O 00
100 00
Y 010 00
Yol =A yTﬂny[TRf]:A Ve A= 00 1 o o
000 10 (20)
A0 {1 — 2 - ﬁx(T) + 27 T ﬁX(T) Aﬁx(ﬂ'l, ifr>0
Wo Wo
A = _ f f ) )
(AT)ﬁx(*ﬂ P W ix(—7) por T ix(—7) (AT)ﬁx(Tm’ifT <0
Wo Wo

where w, is the sampling frequency, and fix(...) - is the rounding function with discarding of the fractional part. Then the
problem of filtering of the triad of signals, which takes into account phase shifts, can be written as a mathematical programming
problem in the following form:
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J =min {‘b (TTY’TRf )}, (22)

TTrTRf

with constraints: 7., <7r, < Trae Trin < Top < T Where @(7,,7.) is a function calculated as a solution to the quadratic

programming problem, similar to Eq. (19) for fixed 7, and 7,:

CIJ(T“,TO) = mu% {X[T“,TO]T HX[TH,TO]}, (22)

with constraints: Ax[rﬂ,rkf} > Ay[rﬂ,rkf}, where:

X4 Y — yl_d Y —Yu Vi
X[TTT’TRf] =X [TTr] =1V [TTT] Y |[=|ATYy — Vo ’Y[TTT’TR]'} =A™y | (23)
s [TRf] Vs [TRf] — Vi ATR[YRf = Vs A" Vi

Using the algorithm described above, we processed the obtained experimental data.

An analysis of the signals showed that the oscillatory components characterizing the second and subsequent maxima on the
transmitted pulse are also present in the loading pulse. These components can be attributed to the noise of the experimental
setup itself, and, as a result, can be removed and not taken into account in methods for calculating the characteristics of
materials (see Fig. 4).

4. The Ice Model

In this work, we include micromechanics in the model of dynamic deformation. Therefore, we use the problem of
propagating of a steady elasto-plastic wave as a test problem. Such a problem is frequently used for a model verification of the
constitutive equations of a medium (see [47]). In this paper we propose a model for the propagation of steady elastoplastic wave
based on the dynamics of dislocations. In this model we take into account additional relaxation caused by the variation in the so-
called mass-velocity of ice particles.

From the experiments with other ice materials, it was found that the shock front in the structural nonuniform medium
represents the superposition of two modes of motion. The first is the average motion of the flat front and the second mode is the
quickly fluctuating motion of certain parts with respect to the average motion of the front (see [47]). In this case, the real carriers
of plastic deformation (such as dislocations) cannot be exactly determined. As the authors of [47] wrote, “the only fact that can be
estimated using the interferometric methods of detection of wave processes is the spatial scale of the correlation motion of
deformation carriers, which looks like the ice particle velocity pulsation at the mesolevel”. We assume that the same physical
mechanisms are present during impact, such as the like loading of ice.

The model of ice behavior during uniaxial deformation at a high strain rate is as follows. Ice material behavior is represented
in the form of interacting subsystems, the first of which determines the dislocation mechanism of deformation, studied in detail
in [48-53], and the second determines the dissipative properties of the material. It is assumed that, at given loading rates, a
stationary front of plastic deformation is formed, and the dispersion of strain rates is due to the dissipative properties of the
medium in which the plastic front moves. Depending on the parameters of the experiments (temperature and speed of the
impactor), different sequences of plastic deformation processes are assumed, which are expressed in the interaction of the
introduced subsystems, so they can be connected in series in a different order, or in parallel in the case of a superposition of
deformations of these subsystems.

We consider the deformation of ice in the temperature range from -10°C to -20°C only.

To describe the first subsystem, which corresponds to the passage of the plastic front, a model of the dislocation dynamics is
used.

For our ice samples we assume that: &?, + &b, + b =0.

The relation between the normal stress o, total deformation ¢, and plastic deformation & is given by [52, 53]:

o —pCle, = —2ue?, (24)

where ¢, =./(A\+2u)/ p is the longitudinal sound velocity.
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Fig. 4. Signal processing results; The solid line indicates the original signal, and the dashed line shows the signal after filtering.
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The governing relation for one-dimensional wave propagation is introduced as follows:

8
Oy — pclzg[ = _5'\/51 (25)
1
7P = E(Efl - 552): (26)

where +? is the shear plastic strain and t is time.

The shear strain rate can be represented as follows ~” =bN,V,, where ~, is the shear strain rate, Nm is the dislocation
density, Va is the dislocation velocity, and b is the magnitude of the Burgers vector.

The dislocation density can be represented as ([49)):

N, =N, +a"?, (27)

where Nmo is the initial dislocation density and « is the coefficient of dislocation multiplication.
The following formula for the dislocation velocity is valid in this case:

b(r —7,)

V, =
d B

, (28)

where B is the dislocation viscosity, 7 is the shear stress, and 7, is the reverse stress. Then the governing equation (25) obtains
the following form:

o, — pcle, = v, 11— M) (T — 7o), (29)
where,
_ PNy M=-2 =75/ (30)
= , = , T, =T, L.
Y B N o/}

Equation (30) can be represented as follows:
W=l + My —2+7)-7.]. (31)
Considering the mass and momentum balance equations:

pu, +o, =0, (32)

u +¢ =0, (33)

and Eq. (30) one can obtain the system of equations for the dynamic deformation of a one-dimensional isotropic material. In Egs.
(32) and (33) u is the ice particle mass-velocity [54].
Let us consider the propagation of a stationary wave with the constant velocity co. Then we can introduce the variable z = x-cot
and rewrite the set of equations in the following form:
pCU, —0, = O:
Cog, —U, =0, (34)
Co?? = 7.l +MP)|(e —29%) -7

We can rewrite system (34) and obtain the equation with respect to the particle velocity u:

U, +Lu+Lu’ +L, =0, (35)
where,
1 ~, 1M 81 1
L, =— a—2-Mr,), L,="-—(a—-2), L,=ayur,, a=————-.
1 G 7.1 7.), L, ac? ( ) L VT, 3 p(CIZ*Cg) (36)

The solution of Eq. (35) has the following form:

uy7.M(a - 2) ZHl , (37)

u:u0{1+exp 2
0

where u, is the value of the particle velocity at z = —occ. Formula (37) corresponds to the propagation of the stationary wave front
from z =—o00 to z =+o00. The wave slope is determined by the dislocation parameters. Using data from [46-51], one can calculate
the shock wave profile. This profile is presented in Fig. 5.

This profile does not consider that the propagation of a shock front is certainly nonuniform in the velocity space process.
Therefore, we can expect that the real response under shock loading cannot be described exactly as such.

To take into account the dissipative effects we assume that the front generated by the dislocation mechanism acts on the
second subsystem. This mechanism gives us the following equation:

_ o
Patz’

E9Y_q,-Q,u)

e (38)
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Fig. 5. Shock wave profile.

where E is the Young modulus, p is the initial ice density, Q, is the force of internal interaction, Q, (u) is the force as a result of

the action of the first subsystem, and v is the ice particle displacement.
By analogy with the well-known solution of the wave operator, one can obtain the following expressions for deformation and

equation, which relates the mass-velocity of ice particles in the form:

U
=4, Uy + U, = ),

0

(39)

where ¢, is the coefficient of internal viscosity and ¢, is the coefficient. As before we introduce the variable z, and then Eq. (39)

becomes:
CSUZZ =Vu, —CU, =1y,
v, — %o, =Gy, (40)
C0 0
e(z)=—v,,
Then we have:
-he=—Gu- e“12b1+1’
0 0 (41)
a = Mo%M(a - 2) _ﬁ b P,Ug
1= y Y2 — » U1 T 2
ac, C, c;
The solution of Eq. (41) can be obtained as follows:
g, +a,e = “127:-1’
ble*“ﬂ*“z{ e %t
f “1§+1 7:]; et 11 d¢ =be f et 11
s(€)=e*,
1 szfdg 1 szfilsdg b @ ds
e= be™ f ;=0 f TSl f = )
J s+ Jos+1 a, e STH (s+1) (42)
X= *&,
al
s(z) N
_ b, a.[._ s(z)
ayz — 1 502 X _ _ / —
f s+1 ale {S (s, X)‘s(—x)}
= he’“zz [s(z)’X ®(—s(z),1,—x) —s(—o0) Q(—S(—x),l,—x)],

a,

where ®(...) is the Lerch function.

The total force acting on ice during impact loading is as follows: Q =Q, +Q, (u).
Let us relate this force to the ice deformation using Eq. (39):

=, Uy + 41U, = OpUy

0

Uy = =AU, + QU =—Q = —¢1Coe + U,
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Then we rewrite these expressions via the variable z as follows:

v =2u, + Bu=-q=-Lc(z)+ S,
C0 CO C0 CO
A (43)
b 1 by & G
chls(z)fc—%u—c—ls(z)f = YT
0 0 0 1+exp us7.M(a )Z
ac,

This force can be measured in experimentally and has the following form:

a a
Q(t)=at+ 2 - 2 , 44
(t)=a, 1+exp(at—a,a,) 1+exp(-aa,) (44)
where ai, a2, as and as are the approximation parameters. To estimate the coefficients in Eq. (44), we can use the methods of
parametrical identification.
In terms of optimization this problem can be described as follows:

J =min
a;

i

N
{Z[Q' t)-Q) |, (45)
k=0

where ] is the functional, Q'(t) is the magnitude of the force measured at time tr, Q(tx) is the magnitude of the force computed
according to expression (44) at time ts, and N is the sample size.

The algorithm of analysis and filtering of the experimental data described in section 3 has been modified and applied at the
stage of signal preprocessing to exclude the influence of multiplicative and additive noise. This method increases the stability of
solving the problem of estimating parameters in model (45) using the Levenberg-Marquardt algorithm [53].

When the loading rate increase, it is leads to a change in the sequence of subsystems in the material model, now the
dissipative part is switched on first, and only then the dislocation fracture mechanism appears. Then, the model obtains the
following form:

v, =u, —Lu+Lu
(46)

under appropriate initial conditions. By integrating the second equation in (46), one obtains v, =a,e ®* =y. Substituting the
solution of the linear equation into the first equation (46), one obtains the general Riccati equation:

U, — Lu+L,u* = ae . (47)

After some manipulation, we can obtain the modified Bessel equation:

1= 1 L1 —Lae -0,

s=e 2, I, +{1+£ sl fLZZGOSZI =0,
aZ 2
2/L,a 2L (48)
§= a2os’52155+§a2z H - ¢1=0,
2 2

L

b 2
I=¢ Y, §ZY§5 +€Y5 7{52 +;;]y:0'
2
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Fig. 6. Force profile for ice describing the elastic and plastic deformation mechanism for a strain rate of 1.4-10°s™.
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The solution of Eq. (48) is determined by the following expression:

I— eszudz _ 2 L2a0 B e%z 2 L2a0 K e%z ’
a a
2 2 (49)
fudz:llnl, u= L ,
L, L,
where H(...) is the general solution of the modified Bessel equation.
The equation for the force measured during the experiment is defined as follows:
u u
E=—, Qsp, = CSp‘E = CSp‘ - (50)
CO C0

To estimate the coefficients of the models of the first and second modes, based on the experimental data, parametric
identification methods are used. Finally, the profile of the force Q(t) is calculated and drawn in Fig. 5. In the same figure asterisks
represent the experimental results. There are slight differences in the values calculated according to the proposed model and test
results. For a constant strain rate, the following results were obtained:

a1 = 18.3125

az = 2.0435e+003
as = -0.5026

as = 12.13091.

The profile of the force Q(t) is shown in Fig. 6.

5. Conclusions and Discussion

To determine the mechanical properties of ice at high-strain rates the Kolsky method was used at a strain rate of 1.4-10°s™. A
new procedural approach and experimental data filtration algorithm were suggested. An ice phenomenological model was
proposed that makes it possible to obtain a relationship between the measured force and the parameters of the material and
loading modes. The verification of the model was carried out according to the results of experiments, during which the forces
were obtained in the study of the destruction of ice samples for high strain rates. The analytical force model describes the
experimental data well. The process of identifying the parameters of the force model using the least squares method was
proposed. Future studies should identify the model of ice deformation and destruction by determining of the coefficients of ice
characteristics and loading parameters, taking into account the physical justification of the processes occurring in the samples in
more detail.

Processing data obtained in the experiment the authors initially used different methods of analyses and filtering of the signal
including wavelets, various types of filters, and analysis in the frequency domain. Those methods significantly distort the signal
and cause the loss of its physical properties. Oscillations visible in Fig. 2 have the same frequency range as the signal front.
Therefore, the removal of these components by standard methods leads to the signal front flattening and affects significantly the
characteristics (for example the incubation time) describing the material destruction. It signifies the necessity to maintain the
physical validity of signal characteristics resulted from the processing. The second issue is coordinated analysis and filtering of
all three signals obtained in the experiment. The relation of the momentum conservation law in the experiment should be
satisfied. It is impossible to achieve that requirement using standard methods. The frequency domain filtering introduces a
phase shift into the signal, and it is very difficult to control the value of that shift, but it changes the signal maximum peak time.
That is, our goal is to propose a co-filtering algorithm for three impulses without losing the front slope of all three signals and to
satisfy the momentum conservation law. The obtained algorithm is reduced to a quadratic programming problem, which can be
efficiently implemented using computer technology. The complexity of implementation is comparable to that of other filtering
methods when choosing the appropriate parameters of classical filters or decompositions with high accuracy.

The research reveals that the stand recording equipment introduces the uncontrolled shift into the recorded data in the time
domain. Those shifts result in the failure of the momentum conservation law. There is another problem. Analysis of
characteristics determining the destruction moment requires their strict binding to the time axis, and uncontrolled phase shifts
are sources of errors in determining that moment of destruction. The phase shifts have a systematic component and a random
component. The determination of the shifts must be systematic and performed for all three impulses simultaneously, taking into
account the momentum conservation law. Thus, the correlation methods, as a proposed alternative, do not take into account the
momentum conservation law. The correlation methods require a reference signal, but the resulting signal profiles are unique in
each experiment. Therefore, it is not possible to predict the ideal signal for each experiment. The authors of the paper propose
the algorithm that allows including other restrictions related to the physics of the fracture process. Research in this area is
ongoing.

Our goal is to perform filtering without distorting the steepness signal profile and determine the true position of the
maximum, taking into account the physics of the destruction process. Therefore, the given characteristics of the destruction
process have already taken into account the time shift of the curves introduced by the measuring system of the stand. Taken into
account the errors (time shifts) of the measuring systems increases the accuracy of determining the characteristics of the
material.
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