Material model for modeling clay at high strain rates
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ABSTRACT

Modeling clay is a soft malleable material made from oils and waxes. This material is fundamental for
ballistic evaluation of body armors because it is used as backing material in ballistic tests. After a bal-
listic impact, a back-face indentation is measured to assess performance of the armor. Due to the important
role of modeling clay in this particular application, its mechanical characterization and comprehension
of penetration mechanics are essential for development of new personal protection systems. This paper
presents a two-step computational methodology to calibrate parameters of a Cowper-Symonds mate-
rial model for modeling clay at characteristic strain rates up to 1.8x 10 s7'. In the first stage, a high-
speed camera is used to record the penetration of a gas-gun launched cylindrical mass with a hemispherical
cap into a black of clay. Image-processing software is used to capture the tail of the projectile as it pen-
etrates into the clay. These data are then used to sample the penetration depth as function of time. In
the second stage, an in-house developed medel of penetration, based on both the spherical cavity ex-
pansion theory and the Tate penetration equation, is used to determine, by inverse analysis, the parameters
of the Cowper-Symonds clay model. The proposed constitutive relationship for clay and the deter-

mined material parameters can be applied accurately to problems involving high strain rates.

1. Introduction

Modeling clay is a thixotropic material {a material which has the
property of being time-dependent shear thinning) made from inert
mineral oils, fillers and waxes [ 1], which is commonly used as a re-
cording medium of back-face deformation of soft and hard body
armors in back-face signature (BFS) tests [2]. Simple modeling clay,
such as Roma Plastilina No.1, is used in blunt trauma research, and
in many countries, it is a standard backing material for body-
armor testing since it provides some benefits in relatively low-
velocity impacts compared to other backing materials [3]. Hence,
comprehension of the mechanical response and penetration me-
chanics of modeling clay are fundamental for analysis of ballistic
body-armor tests.

Despite the fact that modeling clay has been used for this purpose
for nearly 25 years [4], there are no available material models that
describe its behavior at the strain rates characteristic to such tests.
Some approximations to its behavior are only limited to low strain
rates, Chijiiwa et al. [5] performed a quasi-static and dynamic
characterization of plasticine at strain-rates up to 10 s', using
conventional compression tests and drop weight tests. The behavior
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of plasticine was adjusted to the Ludwik constitutive relation.
Sofuoglu and Rasty [6,7] performed quasi-static { 10% 5 ') compres-
sion tests to determine the flow behavior of various types of
plasticine. The effect of strain was only considered, modeling plas-
ticine using the strain dependent power-law equation. Huang et al.
[8] employed an analytical model of a spherical and conical inden-
tation test to determine the behavior of plasticine, which was
described by the Herschel-Bulkley relationship. In this research, ef
fective strain-rates during the test were not calculated. However,
the indentation was performed at low penetration velocities
(0.1-4 mmys). Eckerson et al. [9] conducted a thermomechanical char-
acterization of plasticine using compression tests at different
compression velocities (107 s™" to 10s™). In this case, the Norton-
Hoff viscoplastic model was used to approximate the response of
plasticine. More recently, Hernandez et al. [10] performed dynamic
characterization of modeling clay by drop tests at medium strain
rates ( 10% s7'), adjusting plasticine behavior to the Ludwik consti-
tutive relation.

At higher strain rates, the behavior of the modeling clay has been
slightly described. Crandall et al. [11,12] measured the Poisson's ratio
and the elastic modulus of plasticine clay using resonance tests at
frequencies up to 1000 Hz, Some researchers have approximated
the plasticine behavior at high-strain rates using experimental data
and empirical relations (e.g., Munusamy and Barton [13] and Park
et al. [3]). However, those relations cannot be extrapolated. Con-
sequently, there is no sufficient clarity about the mechanical behavior
of modeling clay at high strain rates. This is a significant limitation



for body-armor designers as they cannot evaluate the BFS of a given
concept using finite-element explicit computational codes.

One of the difficulties for modeling clay is its thixotropic be-
havior [14], where its viscosity depends on time, strain rate and
temperature [1,3]. An additional difficulty is the lack of a standard
test method to characterize this kind of soft materials due to its low
elastic modulus, which impedes the use of contact devices for mea
suring its dynamic mechanical properties [15].

In this paper, a two-step methodology is presented to calibrate
parameters of a Cowper-Symonds material model [ 16] for model-
ing clay at high strain rates (according to the classification given
by Nemat-Nasser [17]). First, a technigue to characterize soft ma-
terials at high strain rates was designed based on the Dynamic
Indentation test and high-speed images. The test was performed
at constant temperature to avoid the temperature sensitivity of the
modeling clay. Second, an engineering model of penetration, based
on both the spherical cavity expansion theory [18,19] and the Tate
penetration equation [20,21], was formulated. The material param
eters were calibrated by an inverse technique employing the
experimental data and the engineering model. Finally, these pa-
rameters, and the ones found by traditional quasi-static uni-axial
compression tests, were used in numerical finite-element (FE) models
in order to compare their solutions with experimental data.

2, Theoretical background
2.1, Penetration regimes

According to Backman and Goldsmith [22], the phenomenol
ogy of the target in a penetration event can be divided in four
regimes depending on the penetration velocity (Vy): (1) elastic de
formations in the target at extremely low V,, where the target is
deformed but recovers its shape; (2) plastic deformation, when V;
is high enough to achieve pressures on the impact surface above
the compression yield stress of the material (%), and the target ex
periences a variety of phenomena including propagation of elastic,
plastic, andfor hydrodynamic waves as well as frictional heating that
produces local and global deformations; (3) a hydrodynamic regime,
when ,fa),,!p <V, <Jm (where p is the material density and K is
the bulk modulus), and the material can be maodeled as a fluid; and
(4) hyper-velocity impacts, at sufficiently high impact velocities, dem-
onstrating decrease of compressibility of the solid, shock waves,
comminution, phase changes, vaporization, or even impact explo
sions of the target material.

Most of the penetration models are focused on the second and
third regimes since they involve medium and high penetration ve
locities [20,21]. However, special care should be taken with soft
materials due to their low bulk modulus, as they can easily pro-
gress into the fourth penetration regime.

2.2, Cowper-Symonds plasticity material model

The plastic flow behavior of the material should be reflected in
a constitutive model. The Cowper-Symonds (CS) plasticity consti-
tutive model [16] is typically used for super-plastic forming analysis
due to its dependency on plastic strain { ex) and a plastic strain
rate ( &)
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In this model, . is the effective flow stress, Y; is the yield stress
at zero plastic strain, B is the strain-hardening coefficient, n is the
strain-hardening exponent, and D and g are strain-rate-hardening
parameters.

According to Boutelier et al. [23], viscous materials, as model-
ing clay, are considered as strain independent, like a Reiner-Rivlin
fluid [24]. It means that the state of stress depends only on the ve-
locity gradient. Therefore, a simplified version of the Cowper
Symonds model (equation 2) can be used to describe the behavior
of modeling clay at high strain-rates.
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2.3, Spherical cavity-expansion theory

Spherical cavity-expansion theory has been commonly used to
calculate the pressure on the cavity wall during a penetration process.
It is based on the spherical deformation of the field, where spher
ical symmetry is used to reduce the formulation.

In a previous paper [25], the problem of the spherical cavity ex-
pansion in a compressible, elastic-viscoplastic Cowper-Symonds field
was solved. The system was numerically solved; and after solu-
tion, the cavity pressure was found, and it was used to model
penetration problems. In the current formulation, the spherical cavity
expansion problem was reduced, assuming modeling clay as an in
compressible material, both in the elastic and the plastic branch.
In the elastic branch, plasticine is incompressible due to its high
Poissons ratio {v=0.43) [11,12]. In the plastic branch, Green [2&]
posed that plastic compressibility in plasticine is negligible if all air
bubbles are removed by working the material. This was corrobo
rated by Feng et al. [27] using SEM images of deformed plasticine
specimens. As incompressibility is assumed, the system can be ana-
ytically solved.

Using this considerations (spherical symmetry and incompress
ibility), mass- and momentum-conservation equations in spherical
coordinates were reduced to the following one-dimensional
problem [28]:

& +2¢ =0, (3)

dr

where r is a Eulerian radial coordinate, £, =dufdr is the radial strain
rate; & =ufr is the hoop strain rate; v=r is the radial material ve-
locity (it was taken positive outward); g is the material density; and
o, O, 0y are the radial, hoop and meridional components of Cauchy
stress tensor taken positive in compression, respectively, and ¢s= o}
from symmetry [29].

The material response is modeled as a |2 Mises solid [30], where
effective stress o, is given by:
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Assuming the Mises flow theory in the absence of material spin
[30-32], the strain-rates and material velocity are related by:
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It is assumed that the only independent variable is the
nondimensional radial coordinate &= rfa, where a is the cavity radius
[see Fig. 1) Thus, the time derivative is transformed with the sim
ilarity relation [32]:
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Fig. 1. Schematic representation of material field in spherical cavity expansion,

where V =r/a is the nondimensional radial velocity and a is the
cavity-expansion velocity. Using equation (8), equations (3), (4), (5),
(6) and (7) transform to:
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where (£, %, L.} =(0., 0., 0. )/E arc the non-dimensional stresses,
and A is the non-dimensional cavity expansion velocity, defined
by:

a

"V

The mass conservation (equation (9)) has the known solution
(using the wall condition V(£=1)=1):

(14)

V= (15)
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Using this solution (equation (15)), momentum-conservation
(equation (10)) is reduced to:

and the strain-rates - material velocity relations (equations (12} and
(13)) are reduced to {using v=1/2):
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Equations (16) and (17) are the governing equations for the
stress components (X and Z,) and represent the behavior of the
elasto-plastic material. To complete the solution, the cavity model
is divided into two parts: an clastic region, and an clasto-plastic
region (Fig. 1). After solution for the last region, pressure for the
cavity wall is obtained. Next, the formulation for each region is
explained.

2.3.1. Elastic region

In the elastic field & = & < =, where plastic strain is zero (¢, =0),
solutions of equanons (16) and (17), using a stress-free condition
as £ — =, are:
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One approximation for equations (18) and (19) is assumed that
as Eincreases, &> 1 (see reference [28] for more details). Then, the
previous equations are reduced to:
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2.3.2. Elasto-plastic region

For the elasto-plastic region 1< &< &, plastic flow can be ex
pressed using the Cowper-Symonds (CS) model (equation (2)). First,
it is necessary to find an expression for £, in terms of the warking
variables. Then, using equation (11) and v=1/2 in equation (G):

. dv .
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The behavior of the adjacent plastic layer is dominated by the
plastic part of the constitutive relation; then, £ =0. Additionally,
Luk et al. [33] showed that & = & for an incompressible material.
Then, using solution (15), equation (22) is reduced to:
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Replacing this solution in equation (2) in terms of £ and X, it is
found:
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where Z= Y,/E is the nondimensional yield stress at zero plastic
strain. After that, replacing equation (24) in equation (16), a dif
ferential equation for Z, is obtained:

ds, 2 206 1Y) (81 .
a3 (B2) () )

Equation (25) can be solved analytically using the boundary con-
dition E,(E=1)=-p./E:
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where p. is the pressure at the cavity wall.

The exact solution of equation (26) can be obtained numerical-
ly using equation (19) when &= & as a boundary condition. However,
an approximate solution was found using equations (20) and (21),
and the elastic-plastic limit: £(£=&)=E,. Therefore, it was found
that & =2/3%, and:
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This solution for cavity-expansion pressure (equation [27)) con-
sists of a quasi-static term, an inertial term and a strain-rate term.
Warren and Forrestal [34] obtained a similar analytical solution for
a strain-rate-sensitive material. As was discussed in their paper, the
strain-rate term includes the cavity radius a, which affects the as-
sumption of the similarity transformation. However, a constant radius
a can be considered for penetration events that involve a spherical-
nosed rigid penetrator (as the case of the current analysis). This is
due to the fact that the nose of the projectile does not change its
shape during the penetration process.

Finally, this solution can be simplified as:

pe = A +C,§d’+ﬁd"’“. (28)

where A; is related with the quasi-static solution, because it does
not depend on the velocity; C; is the inertial term, and F is the strain-
rate-hardening contribution.

2.3.3. Corrections at higher velocities

Due to the fact that modeling clay has a low compression yield
stress and a low modulus, it can be supposed that at a critical limit
velocity (v), the material can reach the fourth penetration regime
(hyper-velocities), as was discussed in subsection 2.1. In this paper,
this limit velocity was calculated using the upper limit of the hy-
drodynamic regime, as follows:

V= - (29)
P

Then, it is necessary to correct the model (equation (28)) for ve-
locities greater than vy in order to take into account hyper-velocities
effects. One way to do this is to consider that clay begins to behave
as a fluid; then, hydrodynamic conditions are achieved, and the Tate
model can be applied [20,21]. Therefore, equation (28) reduces to:

=A+Pa
pL >+2

asv. (30)

Thus, at low velocities ( d < v;), equation (28) is applied to cal-
culate p.; otherwise, equation (30) is used. Notice that in equation
(30), the strain-rate hardening term (F;) is no longer used because,
at this point, the material no longer hardens with strain-rate changes
(like a fluid).

2.4. Engineering penetration model

Fig. 2 shows a scheme of a spherical-nosed projectile penetrat-
ing a modeling clay target. In the figure, a is the radius of the
projectile with mass m;; and ¢ and x, are the meridional angle and
penetration depth on the clay, respectively. According to the second
Newton's law, the movement of the projectile is governed by

av,  dx,

m,—,?=mp ar =-F, (31)

where V, is the velocity of the projectile, and Fy is the force acting
on its nose. The balance of forces on the cavity wall is given by
[35,36]:

Fo=2x)" (yy'po + ¥f)dx, (32)

where p, is the pressure of the cavity acting on the nose, f is the
frictional forces (per unit of arca) between the target and the

Clay Projectile

Fig. 2. Planar cross-section of a spherical-nesed projectile impacting a clay target.,

projectile, and y = ¥(x) is the shape function of an axis-symmetric
penetrator with 0 < x <a [30]. Frictional force was assumed pro-
portional to the radial stresses on the nose of the projectile (it means
equal to the pressure on the cavity wall p.) [37]; it is:

f=up., (33)

where u is the dynamic sliding-friction coefficient, Therefore, re-
placing equation (33) and employing a hemispherical nose shape

function (_v—Ja’—{a—x}"’) in equation (32), it is obtained:
F,= 2;:]:’ e ({a —X)+ pya’ —(a- x)“)dxA (34)

In this equation, p. can be calculated using equation (28) at low
velocities { a < v ), and using equation (30) at high velocities ( a > v;).

The cavity-expansion velocity ( a) and the projectile velocity (V)
are related by (see Fig. 2) [38]:

a=V,cosp, (35)

where ¢ and x; are geometrically coupled by (see Fig. 2):
cusﬁ:]—%. (36)

The penetration model is completed when F, (equation (34)) and
all the previous involved relations are replaced in equation {31). Then,
the position and velocity of the projectile can be found during the
penetration event,

3. Experimental procedure and results
3.1. Material

The oil-based modeling clay used in this work is a commercial-
ly available soft Roma Plastilina No. 1 (RP) color gray-green provided
by Sculpture House {USA). Prior to experimentation, the material
was heated to 50 °C over 2 hours and manually homogenized to
remaove air gaps. After that, the material was held in a standard lab-
oratory atmosphere (temperature 22 £ 2 °C; relative humidity
50+ 10%) for over 88 hours.

The density of the material was determined with a displace-
ment method in oil, and a value of p=1529+5kg/m” was obtained.

3.2, Uniaxial compression tests
Compression tests were carried out to characterize the RP at

quasi-static {(QS) conditions. They were performed following the rec-
ommendations made by Sofuoglu and Rasty [7] and Bermudez [39].
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Fig. 3. Quasi-static true stress — true strain flow curves for Roma Plastilina No. 1
at three different compression speeds.

The specimens were in the form of a right circular cylinder of di
ameter 25.4 mim and 25.4 mm in height. An Instron Universal Testing
Machine was used at three different cross-head speeds ( Viy): 10,
100, and 500 mmjmin, maintaining a constant temperature during
the compression test at 22:7) °C,

Fig. 3 shows the flow curves for RP clay obtained using the stan
dard compression test. The strain rate during the test can be
calculated using the following relation [7]:

é:L, (37
H;exp(e)
where V:h is the velocity of cross-head in the testing machine, Hy
is the initial length of the specimen and ¢ is the true strain during
the event. Notice in equation (37) that even though the V is con
stant during the compression test, the strain rate is changing.
Therefore, a characteristic strain-rate is reported for the event. Thus,
the strain-rates during the compression tests were 4.35x107,
4352107 and 2.17x10"' 5! for the three V., speeds, respectively.
The material parameters under QS conditions for the CS consti
tutive model were obtained from these quasi-static flow curves by
curve fitting. They are summarized in Table 1. It is important to state
that given the quasi-static stare of the experiments and the small
range of strain rates ( 4.35% 107 to 2.17%10"'s7"), the material pa-
rameters are not suitable for higher strain-rate ranges. Additionally,
since the material parameters were determined independently, pos-
sible interactions among them are neglected.

3.3, Coefficient of friction

The coefficient of friction between the clay and the penetrator
is an important parameter of the engineering model; for this reason,
a methodology is proposed to measure this coefficient using the en-
gineering penetration model at (5 conditions. It is based on the
quasi-static punch test, where a target of the RP clay is penetrated
by a hemi-spherical punch, as can be seen in Fig. 4.

The test was performed with the Instron Universal Testing
Machine, with the punch fixed to the machine’s cross-head, and

Table 1
Cowper-Symonds materials parameters of RP clay from quasi-static tests.

Elastic modulus Cowper-Symonds parameters

(E) (%) (D) (@)
173 MPa 0.08 MPa 0919257 9.034

Tnstron

wriiversal machine

Spherical punch

Clay

Fig.4. Scheme of quasi-static punch test to determine coefficient of friction.

using a constant speed Vi of 10 mm{min. During the test, the force
measured by the machine (F,) was recorded.

The force F,, recorded by the Instron machine is presented in Fig. 5
(continuous light lines). Two different penetration tests (T1 and T2)
were performed using the same punch conditions, as can be seen in
the figure. Fn was compared with the force calculated using the quasi-
static part of the engineering model (A: in the equation (23)) with
the QS material properties of RP clay (Table 1), since the punch test
was performed at constant and quasi-static penetration conditions.

The value of the coefficient of friction u is fitted to obtain a good
agreement between the measured and calculated force magnitude.
Thus, the engineering model was numerically solved using differ-
ent values ol g, as shown in Fig. 5. Notice that when the extreme
values of p=0or = 0.5 are used (segmented lines), the force is not
well predicted. A better prediction is achieved using a value of
1 =0149 {continuous bold line). Therefore, for this study a value of
the coefficient of friction between the materials was taken as 0.149.

3.4. Dynamic indentation test

Based on the Tirupataiah and Sundararajan technique [40], a
Dynamic Indentation (DI) test was performed as characterization
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Fig. 5. Comparison between measured and calculated forces using different values
of
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Fig. 6. Schematic view of dynamic indentation test setup,

of the modeling clay at high strain rates. In this test, a flat and semi-
infinite test sample is impacted by a projectile at a range of impact
velocities. For this purpose, an air gun with compressed air stored
at the required pressure in a gas reservoir was used (see Fig, 6), A
fast-acting solencid valve was used to release the air inte the gun.
This gun is capable of propelling a 8.41 mm diameter, 6.62 g,
spherical-nosed, 5061-T4 aluminum projectile to velocities as high
as 150 m/s. The velocity of the projectile could be altered by chang-
ing the air pressure. At the end of the gun, two photo-diode sensors
were placed to measure the penetrator’s initial velocity. The sensors
were separated by a distance of 40 mm and connected to a digital
timer. The timer measured the travel time of the projectile between
the sensors; thus, the initial velocity of the projectile was calcu-
lated. Additionally, penetration was recorded with a high-speed
digital camera, which is capable to capture up to 16 pictures during
an event at high speed. Thus, penetration phenomena at different
initial velocities were recorded with a speed in the range of 4000
to 7000 frames per second (fps).

Before each DI test, the RP clay was conditioned on a rigid cy-
lindrical container with diameter of 152 mm and length of 400 mm.
After that, the clay was prepared to obtain a smooth and even impact
surface with respect to the container edges. This surface, flush with
the edges of the container, was the reference level to measure the
indentation depth.

The DI test was performed at four different initial penetration
velocities: 20,84 mfs, 32.03 m/s, 40.84 m(s and 43.44 m/s, which
covered a characteristic strain-rate range from 23005 to 1790057,
Higher velocities could not be used because the projectile pen-
etrates completely; in this case, it is impossible to acquire its position
from the images. Thereby, only the final total penetration of the pro-
jectile into the clay was measured.

The characteristic strain-rates &g, in the test were calculated using
the following equation [41]:

(38)

where V; is the initial penetration velecity, and a is the proje-
ctile’s radius.

The penetration sequence of the projectile at Vi, =40.84 m/s pen-
etrating the RP clay is shown Fig. 7; similar sequences were recorded
for other initial velocities.

The images were scaled using the reference length scale in the
photo. This scale was placed at the same focus and depth as the pro-
jectile to avoid scaling errors. With these images, the position of
the projectile with time was extracted, following the rear of the pro-
jectile on each image. Time intervals between images were calculated
using the camera's speed, and thus, the projectile’s profile during
its penetration on clay was obtained.

3.5. Characterization method using genetic algorithms

First, the complete engineering penetration model was pro-
grammed in Simulink-Matlab, using all the differential equations
described in subsections 2.3 and 2.4. Therefore, it can be numeri-
cally solved, and the penetration depth can be found.

According to the proposed formulation, the calculated penetra-
tion depth { x;) can be expressed as function of geometrical (my, a),
material (p, E, Yy, D, q) and experimental parameters (g, Vp):

xp=f(ma,p,EY,D,q,uV,), (39)

where the geometrical and experimental parameters are known.

To identify the material constitutive parameters of the RP clay,
an inverse analysis was implemented, where the difference between
the experimental data from the DI test { x;'), and mathematically
calculated penetration results ( x;) was minimized using the Eu-
clidean metric e(x;) [42]:

[

e(x)=\ |27 -x5),

(40)

where d is the length of the array containing experimental data from
a particular penetration test. Minimization of equation (40) was also
implemented in the Matlab using the Genetic Algorithm Toolbox
[43], and the configuration parameters are shown in Table 2.

After the minimization analysis, a new set of material param-
eters was determined. They were called dynamic parameters (D.P.)
since they were extracted using the DI tests. Table 3 shows 10 runs
of the Genetic Algorithm minimization analysis, showing repeat-
ability of the optimization process. The DI parameters were taken
as the average of the 10 runs.

3.6. Finite-element model

Explicit simulations were used to compare and verify the ob-
tained results. Thus, the dynamical indentation test was implemented

Table 2

Parameters of GA toolbox for the minimization analysis [43],
Parameter Value
Initial population size 50
Creation function Uniform
Scaling function Proportional
Selection Roulette
Reproduction 1 elite count
Crossover fraction 05
Mutation Uniform
Mutation rate 0.2
Crossover Heuristic
Migration Forward




Fig. 7. High-speed sequence of penetration event at 40,84 m/s. Images taken at 5468 fps.

on ANSYS (AUTODYN) explicit software, using axial symmetry. The
projectile was modeled as linear-elastic aluminum material (Table 4)
and meshed reasonably fine to maintain a node spacing on the surface
finer than on the surface of the modeling clay to promote a proper
distribution of contact forces. Moreover, the RP clay was modeled
as a mesh-free body using a Smoothed-Particle-Hydrodynamic (SPH)
solver with a particle size of 0.2 mm, and with the Cowper-
Symonds Strength model and both set of material parameters: found
by QS tests and found by the inverse problem. The initial velocity of
the projectile (V) was set equal to the velocity measured in the

Table 3
Dynamical parameters (DR of Roma Plastilina Mo, 1 determined with DI test and
inverse method,

Run E[MPa)] Yo [MPa] D 5] q91-]
1 11.83 0.153 0.172 599
2 11.89 0153 0197 To0n
| 1132 0153 0,180 100
4 1142 153 0184 (Y99
5 1188 0,153 0,197 599
& 1147 0,153 0174 00
7 11.95 0,153 0.163 599
8 104973 0152 01s1 B4/
9 1198 0153 0.168 700

10 11.70 0153 0,199 700

Metn 1164 053 0.181 599

St Dev. 0.34 < (001 0013 < (01

Upper 955 CL 11.882 01531 01904 6.998

Lower 9585 CL 11.392 Q1527 01714 0985

CL, confidence interval,

experimental test, Friction between the modeled bodies was con-
figured using the value of 1 =0.149, as discussed in Section 3.3, Fig. 8
shows a sequence of the simulated process for the DI test, for the
projectile velocity Vi = 40.84 m/s.

3.7. Comparison berween quasi-staric and dynamic parameters

Figs. 9 and 10 show the comparison of the penetration depth pre
dictions of the engineering model at different initial velacities for
both sct of parameters: using the quasi-static parameters (Q-5.R)
(dash-dot line), and using the dynamic parameters (D.P.) (solid line).
Additionally, these figures also show the penetration depth results
of the FE model using Q-S.F. (dotted line) and the D.P. (dashed line).

When the Q-5.F. are used, the model deviates sharply from the
experimental data in the initial phase of the impact event, and the
final penetration is over-predicted by both engineering and FE
models, Thus, it is clear that these parameters are not suitable to
represent the behavior of clay at high strain rates. On the other hand,
the penetration is well predicted when the D.P, are used in the en-
gineering and FE models and, hence, they can adequately predict
the high-strain performance of the clay.

Table 4
Parameters of aluminum for simulation maodel [44],

Density Flastic modulus Poisson ratin
() (E) (v
2710 kg/m? 69 GPa 033
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Fig. 8. Results of simulation sequence for DI test. Projectile velocity 40.84 m/s. Clay was modeled using the D.P. found with the optimization process {Table 3). The color

scale represents Von-Mises stress (in MPa) in the clay.

3.8. Results for higher velocities

For higher velocities, only the final penetration depth was mea
sured as was explained in Section 3.4. Fig. 11 compares predictions
of the total penetration obtained by models with the experimen-
tal data. First, the penetration was calculated using the engineering
model with the Q-S.P. (dash-dot line); the same over-prediction was
found. After that, the engineering model with the D.P, and without
the hyper-velocity correction was employed (solid red line); it means,
equation (28) was only used to calculate the pressure on the cavity
wall, Similar to the results shown in Figs. 9 and 10, there is a good
agreement between the experimental data and the simulation results
using DP. at low velocities, However, velocities above 50 mys, without
the hyper-velocity correction, under-predicted the total penetra-
tion, This can be explained by the effect of hydrodynamic regime
in the clay, which starts to behave as a fluid at high velocities. As a
result, the material does not harden anymore, and only the iner-
tial effects define the target's response. For this reason, the

penetration model with rate-strain hardening is only valid up to this
velocity level.

In contrast, the engineering model with the D.F. and with the
hyper-velocity correction (solid black line) demonstrates a good
agreement with the experimental results, as can be seen in the figure,
It is remarked that the hyper-velocity correction was made using
equations (28) and (30) to calculate the pressure on the cavity wall
(as explained in subsection 2.3.3).

Results of some FE simulations using the D.P. are also shown in
Fig. 11 (diamond markers). They are also in good agreement with
the experimental points, validating suitability of the found D.P. for
analysis of such high-rate behavior of the clay.

4. Discussion

In the formulation of the developed engineering model, there
were some important points that must be further evaluated.
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Fig. 9. Comparison with experimental data of the results obtained with engineer

ing model and numerical simulations: (a) 20,85 m/s; (b] 32.03 m/s,

First, about the measured level of the coefficient of friction .
The technique proposed is valid for constant and quasi-static con-
ditions; therefore, i should be valid for this regime. However, the
same value is used for high strain rates, Some researchers tried to
calculate the dynamic coefficient of friction. Sofuoglu et al, [45]
performed a ring-compression test for black plasticine, and using
generic friction calibration curves, it was possible to find a value
of 0.15<u <04, However, Mandic and Stefanovic [46] argued those
results since, according to them, generic frictional calibration curves
cannot be used for all types of materials. Therefore, they con-
structed new frictional calibration curves for green plasticine. With
those curves, the values of friction could be greater than previous
ones. Obviously, they depend on the type of clay used by research-
ers. Another value -u=0.15- was found by Andrade et al. [47] for
three different types of clay, using a compression test and a cylin-
drical expansion model. Additionally, Aydin et al. [48] used a constant
value of u=0.2 in an extrusion process with plasticine, and
Ogasawara et al. [49] 4 =0.15 in an indentation process. With these
references, and taking into account the difficulties of measure-
ment, it is possible to assume the constant value found with the
method described in this paper, since it does not differs much from
the literature data.

Another important point is the use of the spherical cavity-
expansion theory in the formulation. Some researchers showed that
the use of this approach is more suitable to model long penetra-
tion events. However, a cylindrical penetration problem is adequate
for sharp penetrators such as conical or ogival-nosed projectiles,
because they force the radial displacement of material normal to
the penetration direction. In our case, the use of spherical cavity
expansion is more suitable due to the geometry of the nose, which
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Fig. 10. Comparison with experimental data of the results obtained with engineer
ing model and numerical simulations: {a) 40,84 mjs; (b) 43.44 m/s.

produces movements of spherical waves into the material. It is clearly
shown in the results of simulations (see Fig. 8).

Based on the engineering model proposed, Teland and Moxnes
[50] showed that it was impossible to find an analytical theory for
a penetration process that covers a broad range of velocities. Still,
he suggested that by using spherical dynamic models for the first
part of the cratering phase, and a hydrodynamic theory with a de-
creased drag coefficient for the tunneling phase, it was possible to
obtain a reliable modeling scheme. In this paper, the same meth-
odology was proposed, and the model was divided into two; it was

Average strain rate [ s7'] x10*
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350 T T . T T . T
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Fig. 11. Comparison of measured and predicted final penetration depth at differ
ent initial velocities.



justified by the description by Backman and Goldsmith [22], as
explained in Section 2.1. Additionally, it is possible to calculate a
value of v, using equation (29). Assuming the isotropic clay with
E=173MPs (Table 1) and v=0.43 [12], it was found that
vi=51.45 mjs. This value correspond quite well with the transi-
tional velocity found in experimental data and penetration models,
as can be seen in Fig. 11.

Comparing the quasi-static parameters and the dynamic param-
eters (Tables 1 and 3), it can be noticed that they change drastically.
First, elastic modulus E increased from 1.73 MPa to 11.64 MPa. Ob-
serving the tress-strain flow curves (Fig. 4), it was noticed that higher
average strain-rate (velocity) led to higher E values; even at this low
range of strain rates. Additionally, Hernandez (hernandez2015) cal-
culared a value of E=4.94 M ar medium strain rates ( 10° s} as
4.94 MPa. Taking into account this tendency, higher £ values at higher
strain rates { < 10° s7') was expected. About the yield stress (o), it
also increased from 0.08 MPa to 0.153 MPa. Other researchers have
found similar values; for example, Aydin et al. [48] caleulated a value
of Y; =0.11MPa using simulation of the extrusion process in plas-
ticine; and Huang et al. [8] calculated a value of ¥; = 0.18 MPa using
indentation measurements on plasticine. Finally, related with the
strain-rate parameters D and g, it can be seen that they decreased,
showing a reduction of the strain-rate effects at higher strain-
rates. This was also expected as strain-rate effects tend to disappear
at hyper-velocities, as was mentioned in section 2.3.3.

Finally, due to the thixotropic behavior of this kind of soft ma-
terials, it is impossible to propose a general constitutive relation that
can be applied to a wide range of loading conditions. Therefore, our
formulation is only valid for the range of strain-rates studied and
at constant temperature of 22 °C, as was demonstrated by the good
agreement between the model and experimental results.

5. Conclusions

A methodology is proposed to characterize parameters of the
Cowper-Symonds constitutive model for clay at high strain rates.
This method employs a combination of a dynamic indentation
testing, high-speed images and an engineering penetration maodel.

Using this methodology, the parameters of the Cowper-Symonds
material model for Roma Plastilina at high strain rates were found,
which agree reasonably well with simulations and experiments for
a strain-range from 230057 to 179005
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