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Simulation of Impact Penetration and Perforation of Metal
Targets Using the Smoothed Particle Galerkin Method

Youcai Wu, Ph.D."; and C. T. Wu, Ph.D.?

Abstract: This paper applies the smoothed particle Galerkin (SPG) method to the analysis of penetration and perforation of metal targets.
The SPG weak form is integrated using the direct nodal integration (DNI) technique with a nonresidual penalty—type stabilization term
derived from strain smoothing. An adaptive anisotropic Lagrangian kernel is used to model the large deformation in the penetration
and perforation processes. To model material breakup and fragmentation while avoiding potential spurious self-healing of meshfree approx-
imations used in the failure analysis, a strain-based bond failure mechanism is implemented and the sensitivity to the failure criterion
is numerically investigated. Two experiments are analyzed using the SPG formulation. The numerical results are compared with the
experimental data to evaluate the effectiveness of the present method. The convergence behavior of the SPG formulation is also studied.
DOI: 10.1061/(ASCE)EM.1943-7889.0001470. © 2018 American Society of Civil Engineers.
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Introduction

Impact penetration and perforation occur in many situations, from
low velocity to hypervelocity, such as a projectile impacting heavy
armor, warhead-launched fragments from detonation of cased ex-
plosives impacting neighboring structures, micrometeoroids col-
liding with spacecraft, and so on. Therefore, understanding and
predicting the high strain rate nonlinear structural responses and
material failure in such impact processes is crucial to the design
of protective systems. Research on various aspects of impact phe-
nomena has been carried out for decades, such as predicting the
depth of penetration (DOP); perforation exit velocity; failure modes
of targets (e.g., stretching, bending, spalling, petalling, discing, and
plugging); and the effect of the nose shape and aspect ratio of pro-
jectiles, the material responses of projectiles and targets, and so on.
In general, three approaches, namely experimental (Chandel et al.
2012; Pedersen and Bless 2006; Orphal et al. 1997; Xiao et al.
2017; Rajendran 1998; Sorensen et al. 1991; Roy et al. 2016;
Schwer 2009; Bishop et al. 1945; Goodier 1964; Golsdmith and
Finnegan 1971; Dikshit and Sundararajan 1992; Hohler et al.
1995; Orphal and Franzen 1997; Forrestal and Luk 1992), semian-
alytical (including empirical and semiempirical) (Bishop et al.
1945; Goodier 1964; Golsdmith and Finnegan 1971; Dikshit
and Sundararajan 1992; Hohler et al. 1995; Orphal and Franzen
1997; Forrestal and Luk 1992; Ben-Dor et al. 2005; Lu and
Wen 2018; Li and Chen 2003; Forrestal et al. 1995; Sataphathy
2001; Nechitailo 2015), and numerical (Xiao et al. 2017;
Rajendran 1998; Sorensen et al. 1991; Roy et al. 2016; Schwer
2009; Sherburn et al. 2015; Lacerda and Lacome 2001; Asadi
Kalameh et al. 2012; Wu et al. 2014b, 2016c; Wu et al. 2017b;
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Randles et al. 1995; Fahrenthold and Horban 2001; Fountzoulas
et al. 2007) methods, have been reported. For instance, based on
experimental data, Bishop et al. (1945) developed equations to
estimate forces on conical nose punches pushed slowly into metal
targets; Goodier (1964) developed a model to predict the DOP of
rigid spheres penetrating into metal targets; Forrestal et al. (1995)
developed closed-form penetration equations for rigid, spherical-
nose rods impacting ductile metal targets; Li et al. (2003) devel-
oped dimensionless formulas for the DOP of concrete targets
impacted by a nondeformable projectile; and Nechitailo (2015)
developed analytical solutions to compute the maximum DOP of
various impactors penetrating soil targets. Ben-Dor et al. (2005)
presented a comprehensive review of the advances in analytical
modeling of ballistic impact.

Although semianalytical approaches for ballistic impact dynam-
ics have been developed over many years, their application is quite
limited because these approaches do not include the physics during
high strain rate impact processes, and hence the solution is usually
inaccurate and nonobjective. To reduce the experimental cost and to
optimize the design of protective structures, it is very important to
accurately predict responses in impact penetration and perforation
processes. Therefore, effort has also been spent on the development
and application of accurate numerical schemes using high-fidelity
physics-based simulations. The finite-element method (FEM) with
element erosion technique (Johnson and Stryk 1987; Belytschko
and Lin 1987) was an early effort in this regard and it is still used
in some analyses (Xiao et al. 2017; Rajendran 1998). However, the
phenomenological failure criterion of the element erosion tech-
nique is ad hoc and nonunique. Eulerian approaches with fixed
grids are also applied (Sorensen et al. 1991; Roy et al. 2016;
Schwer 2009; Liden et al. 2012) in the analysis of impact phenom-
ena due to their capability of modeling large deformation and flow.
Nonetheless, due to the use of fixed grids and poor performance in
advection of constitutive model state variables, such as those used
in modeling soil and concrete, Eulerian approaches have difficulties
detecting the new surface formation, which limits their application
to problems in which material breakup dominates.

Compared with the FEM, meshfree methods are more appli-
cable in modeling large deformation (Chen et al. 1996; Li and Liu
2004) and material failure with separation (Simkins and Li 2006)
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problems because meshfree approximations do not rely on struc-
tured mesh topology. The smoothed particle hydrodynamics (SPH)
method is considered the earliest meshfree method, and was intro-
duced by Lucy (1977) and Gingold and Monaghan (1977) for mod-
eling astrophysical and cosmological problems. In this method,
the governing partial differential equations are transformed into
integral equations, and kernel estimations are applied to the
approximation of field variables (e.g., displacement or velocity).
This method was demonstrated to work well for solving fluid-
like problems that historically were reserved for Eulerian ap-
proaches (Violeau 2012). However, various numerical deficiencies
(Belytschko et al. 2000; Rabczuk et al. 2004) have been encoun-
tered in extending the SPH method to solid mechanics problems
with finite domains, such as lack of consistency, tension instability,
low-energy modes, dispersive wave propagation, and difficulty in
enforcing essential boundary conditions. In spite of these deficien-
cies, the SPH method is still one of the most popular numerical
methods for simulating the severe deformation and material sepa-
ration in many impact problems involving metallic targets (Roy
et al. 2016; Lacerda and Lacome 2001; Asadi Kalameh et al.
2012; Mohotti et al. 2015; Ibne Islam et al. 2017; Plassard et al.
2011) because no better approach has been available, although
some other meshfree methods, such as the material point method
(MPM) and the discrete-element method (DEM), occasionally have
been applied in the analysis of penetration and perforation of
metallic targets (Zhang et al. 2006; Huang et al. 2011; Watson and
Steinhauser 2017).

To resolve the aforementioned SPH issues, the element-free
Galerkin (EFG) method (Belytschko 1994) and reproducing kernel
particle method (RKPM) (Liu et al. 1995) were developed. Sub-
sequently, to alleviate the low-energy modes in the direct nodal in-
tegration (DNI) scheme, which is used in the SPH method, Chen
et al. (2001) introduced the stabilized conforming nodal integration
(SCNI) method. The SCNI has also been generalized for beam
(Wang and Chen 2006), plate (Wang and Chen 2004; Nguyen-
Xuan et al. 2008; Wang and Peng 2013), and solid finite-element
formulations (Liu et al. 2007) in the last decade. To further enhance
the integration accuracy, Chen et al. (2013) derived arbitrary-order
Galerkin exactness for the SCNI technique under the framework of
variational consistency. However, it is cumbersome to construct the
conforming integration cells in failure analysis due to the formation
of new surfaces. Therefore, the SCNI algorithm was simplified to
the stabilized nonconforming nodal integration (SNNI) scheme
(Puso et al. 2008) so that it can be applied to extremely large de-
formation with material failure including separation analysis. The
SNNI scheme has been successfully applied to modeling concrete
and soil failure and separation problems (Sherburn et al. 2015;
Guan et al. 2009).

Although the SCNI/SNNI integrated meshfree formulations
have been successfully applied in many material failure and sep-
aration analyses (Sherburn et al. 2015; Wu et al. 2014a, b, 2016c;
Guan et al. 2009; Wang and Li 2013), its requirement of a back-
ground mesh or smoothing cells for domain integration has posed
some limitations on their application. Additionally, most meshfree
methods remain challenging in tracking the formation of new sur-
faces and preventing material self-healing. Therefore, a genuine
meshfree method, the smoothed particle Galerkin (SPG) method
(Wu et al. 2015a, b, 2016a, b, 2017a) was recently developed for
modeling material failure and separation. The SPG method is a
residual-based Galerkin meshfree method. Its weak form is inte-
grated using the direct nodal integration (DNI) technique to im-
prove computational efficiency. A strain operator derived from
displacement smoothing theory is used in the SPG formulation
for stabilizing the DNI scheme. In the ensuing development

© ASCE

(Wu et al. 2015b, 2016b), a penalty-based h>-stabilization formu-
lation was developed using a strain operator derived from direct
strain smoothing. This stabilization formulation is parameterized
by a measure of the local length scale without using a stabilization
control parameter. As such, the SPG formulation has been applied
to the analysis of damage-induced strain localization in elastic
materials (Wu et al. 2015b), ductile fracture in two-dimensional
explicit dynamics (Wu et al. 2016b), three-dimensional con-
crete perforation and penetration (Wu et al. 2017b), and three-
dimensional destructive metal grinding applications (Wu et al.
2017a).

This paper extends the SPG formulation to the analysis of
impact penetration and perforation phenomena for metal targets
and projectiles in which the deformation of the projectile is also
included. The remainder of the paper is organized as follows. The
weak form and the corresponding three-dimensional semidiscrete
formulations of the smoothed particle Galerkin (SPG) method
for large deformation analysis are presented in the “Overview of
SPG Method” section; the “Mechanism for Severe Deformation
and Material Failure” section presents the adaptive anisotropic
Lagrangian kernel used in the three-dimensional formulation for
severe deformation and the strain-based bond failure mechanism
for metal material breakup; the “Numerical Example” section ana-
lyzes two experiments and investigates convergence study and fail-
ure criterion sensitivity; and concluding remarks are made in the
“Conclusion.”

Overview of SPG Method

Weak Form Formulations

The SPG weak form is based on the penalty method (Wu et al.
2015a, b, 2016a) to find @ € H}(Q2) = {vv|, € H'(Q),v =,
onT';} such that

/ §it - P hdQO
0o

- / SFT:P(F)d? + / SFT:P(F)dQ° — I*(a),
a Q0

standard term penalty term

V 6t € H) = {vv|, € H'(Q),v = 0onTY} (1)

where Q° = initial domain occupied by the material; p° = initial
material density; and I’y = Dirichlet boundary applied with
Dirichlet boundary conditions.

The variation of deformation gradient F and enhanced deforma-
tion gradient F for stabilization are defined as

Ox oo
o () - 2 o
oF =V(6F) - A*(X) VXeQ (3)
#x) = [ Bx-pE- X0 @)

where x = coordinates in the current configuration; X = coordinates

in the reference configuration; U’ = strain smoothing function (Wu

et al. 2015b, 2016a) with a kernel support size of b for stabilization

in the SPG method; and A? = coefficient matrices for stabilization.
The external force is given as

() = | i~ bdQP + [ S hOdT? (5)
o r
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where b = body force; and h° = surface traction applied on the
Neumann boundary I').

The field variables @ are approximated using the meshfree
method (Belytschko et al. 1994; Liu et al. 1995) as

NP

> Xu(X). 1)

I=1

uh(X.1) = —a(X.r) YXeQ (6)

where ®¢(X) (I=1,...,NP) = meshfree shape functions
(Belytschko et al. 1994; Liu et al. 1995) with a kernel support size
of a; NP = number of nodes used in the domain discretization; and
u(X;, t) = generalized displacement (Chen et al. 1996) of particle 7
in the Galerkin meshfree method.

In Eq. (1), P denotes the nominal stress which can be related to
the Cauchy stress ¢ in metal plasticity by

P=JF!'. ¢ (7)

where JO = determinant of the deformation gradient F.

The penalty functional for the second term in the right-hand
side (RHS) of Eq. (1) contains an enhanced stress field P for sta-
bilization. The enhanced Cauchy stress field for stabilization in
small strain analysis is formulated using a material response tensor
(elastoplastic tangent modulus) C? as (Wu et al. 2015b, 2016b)

&= Co:(Ve(d) - %) (8)

Consequently, the enhanced nominal stress for stabilization can
be expressed by

P=JF'.5 9)

The strain smoothing function U’ can be different from the
meshfree shape function ®¢ (X), in general. However, for simplicity
and efficiency, this paper takes the strain smoothing function as
exactly the same meshfree shape function.

Semidiscrete Formulations

Using the first-order meshfree convex approximation (Wu et al.
2011; Wu and Koishi 2012) for ®“(X) and zeroth-order strain
smoothing function for U’ (X) leads to the following semidiscrete
form of the momentum equation [Eq. (1)] to be solved in explicit
dynamics analysis:

Mlump[;} :fext _fint _i‘”ab (10)
M
p = ZP%[ X))Vl (11)
Where f”’ i, ¢)T = standard external force matrix;
(U Ls - U NP) = matrix containing nodal accelerations;

Vﬁ, = initial nodal volume of node N; and M}""" =

mass matrix of node /.
Using the particle integration (DNI) scheme, the internal force
and stabilization force are computed by

= lumped nodal

NP

S g, Va2
N=1
smeNIZB[ XN (13)
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The nominal stress P defined with respect to the reference con-
figuration in Eq. (12) can be expressed by the Cauchy stress o for
convenience in metal plasticity computations. Using the Voigt rule,
the internal force can be calculated by

m'DN’ZBT (Xy)P(Xy)VY = ZBT Xp)o(Xy)JOVY  (14)
N=1 N=1

Similarly, the stabilization force can be expressed as

NP
stabDNIZBI XN ZE;(XN)(}(XN)JOVON (15)
N=1

where the components of the strain-gradient matrices B;, BB;, B,
and B, were given by Wu et al. (2017a), and thus they are omitted
from this paper.

The Cauchy stress is updated objectively in the standard way
according to Simo and Hughes (1986) because the large deforma-
tion analyses in this paper use constitutive equations based on the
Jaumann stress rate.

Eq. (10) is temporally integrated by the Newmark method. The
critical time step for the central difference time integration in
explicit dynamics analysis is governed by the Courant-Friedrichs-
Lewy (CFL) condition and is determined following the develop-
ments in Wu et al. (2015b, 2016a, b, 2017b) and Park et al.
(2011). The meshfree time step in explicit dynamics analysis is
controlled (Wu et al. 2015b, 2016a, b, 2017b; Park et al. 2011)
by the radius size a of ®¢(X) in the displacement approximation,
instead of the closest nodal distance or element size as in the FEM;
therefore they are not reduced abruptly due to severe material
deformation.

Mechanisms for Severe Deformation and
Material Failure

Adaptive Anisotropic Lagrangian Kernel

To treat the large deformation situations that are beyond the appli-
cability of the standard Lagrangian approach, an adaptive aniso-
tropic Lagrangian kernel was developed (Wu et al. 2016a). Using
the chain rule, the calculation for the deformation gradient in
Eq. (2) can be rewritten (Wu et al. 2016a, 2017b) as

Frtm — ﬁnerFn (16)
where F"*" (%) = decomposed deformation gradient, from 7 = 7, to

t,.m>» computed in the new reference configuration X-= x(X,1,)
and is given by

Fiim(Xy) = ==

4ig (X, ) (17)

where ¥ = X + u(X,t,,,) is a position vector defined in the new

reference configuration X = x(X,1,). A local X'-coordinate sys-
tem whose axes are parallel to the global Cartesian coordinate

system and whose origin is located at X ; 1s defined for each mesh-
free node /. In each new reference configuration, an ellipsoidal
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nodal support is defined for neighbor particle searching. The three-
dimensional ellipsoidal cubic spline kernel function ¢ is defined in

ar
another local X -coordinate system by

1®) = o (%) or (1) (2 19
(X)) = ¢ o h1 o b1 o (18)
1 2 3

L ... Al Al
where 1, by, and h% = semimajor axes of the ellipsoid; X, Y, and

I Lo . .. = =
Z; = projections of relative position vector X; — X; on the local
al

X -coordinate system, respectively; and ¢; = standard one-
dimensional cubic spline kernel function. Wu et al. (2016a,
2017b) gave more details regarding the anisotropic adaptive
Lagrangian kernel, and therefore they are not repeated herein.

Strain-Based Particle Bond Failure

Even with the introduction of an anisotropic adaptive Lagrangian
kernel, excessive straining may inevitably occur under severe de-
formation in impact simulations. Unlike the numerical treatment in
an Eulerian approach, the excessive straining in a Lagrangian ap-
proach eventually causes numerical breakdown due to unavoidable
negative Jacobians of the deformation gradient defined in Eq. (16).

To prevent this numerical artifact, and to model the material fail-
ure in three-dimensional metal impact analysis, an introduction of
a discontinuity in the displacement field is considered. This is
done by incorporating a strain-based bond failure mechanism. This
numerical treatment is similar to the bond failure in peridynamics
(Wu and Ren 2015; Silling and Askari 2005). The application of the
SPG bond failure mechanism in metal impact analysis considers
two neighboring particles that become disconnected during the
neighbor particle searching whenever their averaged effective plas-
tic strain and relative stretching reach their critical values respec-
tively. In other words, the three-dimensional ellipsoidal cubic
spline kernel function in Eq. (18) for a pair of particles / and J can
be redefined as

0 if e, > e, ande > e
a(X ) = 2 3 2
il J> o (XJ> o1 <YJ> o1 (ZJ> otherwise
(19)
where
e’ (X)) + el (X
e = err (K1) . err(X) (20)
llx; — x|
T (21)
1X, — Xl

4

where af = effective plastic strain; €, = critical value of effective

plastic strain; and e,,;, = critical value of nodal pair extension for
the bond failure in metals. The input of e,,;, > 1.0 guarantees that
the SPG bond does not fail under compression in metals.

Fig. 1 illustrates the SPG bond failure mechanism. The large

297K circle marked supp(x;) represents the support of Node K, and the
298] large circle marked supp(x;) represents the support of Node I

299
300
301
302

303

Initially, five bonds are connected to Node K, i.e., Bond KI, Bond
KJ, and three other bonds between Node K and the three small
circles. Seven bonds are connected to Node I. If the failure criteria
for Bond KI are satisfied, i.e., ek, > &’ ., and e > e.,;, Bond KI

is broken. Therefore, ¢%(X;) =0 and ¢%(Xg) = 0. However,
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supp(x) supp(x,)

Fig. 1. Illustration of SPG bond failure mechanism.

¢%(X,;) # 0 and ¢¢(X,) # 0, which means Bonds KJ and IL are
still connected. This indicates that the state variables (i.e., stress and
strain) at Nodes K and I are still able to evolve regularly according
to the deformation and material law. The only change is that their
neighboring particles have one less node. Therefore, unlike the
finite-element failure mechanism, in which the element is deleted
(loss of mass) according to an ad hoc erosion criterion and the
element stress is set to zero (loss of momentum) when failure
occurs, the SPG bond failure mechanism preserves the mass and
momentum.

Because the effective plastic strain at each particle monotoni-
cally increases during the course of deformation, the kinematic
disconnection between two particles in a pair is considered as a
permanent and irreversible process. This is a substantial character-
istic of the present method in metal penetration and perforation
applications because the failure analysis completely excludes the
nonphysical material self-healing issue. Once the bond between
two particles is broken, the interaction between the two particles
is treated by the self-contact algorithm introduced by Wu et al.
(2017b), and thus the debris can be contained in the penetration
and perforation path rather than flying everywhere unphysically.

Numerical Example

This section analyzes two examples and compares them with
experimental data to evaluate the performance of the proposed
SPG formulation, which was implemented in commercial software
LS-DYNA (Hallquist 2006). The convergence of the algorithm
and the sensitivity to the failure criterion were studied through the
numerical analyses as well.

Unless otherwise specified, a normalized nodal support size
of 1.5 was used for the displacement approximation and stabi-
lization for all calculations. The adaptive anisotropic Lagrangian
kernel described in the “Mechanism for Severe Deformation and
Material Failure” section was updated constantly every 30 explicit
time steps.

Perforation of Aluminum Plate

Schwer (2009) reported a series of metal plate impact experiments
using various projectiles. The present study used a 6061-T6 alumi-
num plate 203 x 203 x 12.7 mm as the target (Fig. 2). Two oppo-
site edges of the plate were clamped. The plate was impacted by a
blunt projectile perpendicular to the surface at the center. The pro-
jectile had a diameter of 16.7 mm, a length of 24.7 mm, and a short
length of reduced-diameter shoulder (not shown). To simplify the
model but maintain the mass of the projectile, it was modeled as a
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Plate: 203x203x12.7mm 316.7x23mm

Fig. 2. Plate perforation: geometry.

?16.7 x 23-mm cylinder. The projectile had a mass of 13.6 g and
impacted the target plate at a velocity of 970 m/s. The friction
coefficient between the projectile and the target was 0.30 (www

35008 .engineeringtoolbox.com). In the experiment, the projectile perfo-
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rated the plate with a residual velocity of 344 m/s.

To save computational costs, only the vicinity (30 x 30 mm) of
the impact region in the target was modeled by the proposed SPG
formulation, whereas the remaining majority was modeled by FEM
because much less deformation occurred in those regions. Wu et al.
(2017a) identified the feasibility of this discretization. To study
the convergence behavior, four discretizations were used (Fig. 3).
The nodal distances in these four discretizations were 1.6, 1.0,
0.75, and 0.5 mm. The Johnson—Cook model (Johnson and Cook
1983) was used for the constitutive modeling of the target plate.

The parameters were taken from Schwer (2009). However, the
Johnson—Cook damage law was not used, because the Johnson—
Cook damage law is intended to fail the elements in a continuous
sense by removing elements in the finite-element approach, which
is not physical. On the other hand, a bond failure in SPG does not
remove material from the calculation. The SPG bond failure criteria
was €. = 0.4 in this study. This value was determined by to a
simple tension test using FEM with the Johnson—Cook damage
law. Because continuum damage mechanics is not used in the
Johnson—Cook model for metal impact analysis, the damage-
induced strain localization and thus the mesh sensitivity problem
(Wu et al. 2015b, 2016b) were not an issue in this study. The pro-
jectile was modeled by FEM with kinematic hardening plasticity
with a yielding stress of 324 MPa and a hardening parameter of
150 MPa, but material failure was not considered for the projectile.

Figs. 4 and 5 show the velocity histories of the projectile ob-
tained by the SPG and FEM with erosion analyses, respectively.
The failure criterion for FEM with erosion analysis was an effective
plastic strain of 0.4. The legend indicates the nodal distance in the
discretization. The SPG residual velocity converged to the test data
as the discretization was refined. In fact, the solution had nearly no
discretization dependence as long as it was fine enough to propa-
gate the high frequency impact wave properly (the poor solution for
the 1.6 mm discretization was because that discretization was too
coarse to propagate the impact wave). The results indicate that
the SPG solution is convergent and is more accurate than FEM.
Furthermore, the FEM solution did not converge uniformly with
the discretization.

Fig. 6 illustrates the evolution of the effective plastic strain and
the process of material failure and separation for the discretization
with nodal distance of 1.0 mm on a cross section cut through the

(a)

(b)

z
$x

(d)

Fig. 3. Plate perforation: discretizations.
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Fig. 5. Plate perforation: projectile velocity history, FEM solution.

midplane. Material failure and separation was clearly seen during
the process of impact. Both ejecta and debris chips were observed
as well.

Fig. 7(a) shows the side view of the perforated plate after the
experimental test, and Figs. 7(b—d) show the side view of the per-
forated plates at termination for various target discretizations. Small
shear lips were observed in the numerical results. Fig. 8 shows the
perforated target plate and Fig. 9 shows the deformed projectile for
various target discretizations. In general, the deformed shapes were
qualitatively consistent with the experimental observations.

Sensitivity Study

This section investigates the impact on the perforation response of
the coefficient of friction (COF), the failure criterion (FS), and the
size of SPG zone by using the discretization with nodal distance
0.75 mm. Unless otherwise specified, the bond failure criteria of
e’ = 0.4 was used.

crit

© ASCE

Influence of Coefficient of Friction

Fig. 10 shows the projectile velocity histories obtained using
the SPG formulation for various COFs for the discretization in
Fig. 3(c). Both solutions were close to the test data and showed that
a larger residual velocity is obtained when a smaller COF is used,
which is physical. The difference between the numerical solution
and the experimental data increased from 1 to 6% when the COF
decreased from 0.3 to 0.2. The COFs used herein were static, which
might not be proper for this type of dynamic problem. However,
calibrating a proper COF so that the numerical solution matched
the test data was beyond the scope of this study.

Sensitivity to Failure Criterion

Fig. 11 shows the projectile velocity histories obtained using the
SPG formulation for bond failure criteriae”? ;, = 0.4 and e” , = 0.2
for the discretization in Fig. 3(c). The difference between the

numerical solutions was marginal.
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Fig. 6. Plate perforation: evolution of effective plastic strain.

Test

Fig. 7. Plate perforation: perforated plate, side view.

Fig. 12 shows the projectile velocity histories obtained using dependency and is substantially different from the SPG

the FEM formulation with element erosion at effective plastic formulation.
strains of 0.4 and 0.2 for the discretization shown in Fig. 3(c).
The difference between the numerical solution and the experi-
mental data increased from 20 to 40% when the effective plastic

Effect of SPG Zone Size

strain for element erosion decreased from 0.4 to 0.2, which in- The previous SPG solutions were obtained using the discretiza-
dicates that the FEM formulation has a serious failure criterion tion in Fig. 3(c) or 13(a), in which only a central area of
© ASCE 7 J. Eng. Mech.
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Fig. 10. Plate perforation: sensitivity to coefficient of friction.

30 x 30 mm was modeled by SPG. To study whether or not this
SPG domain was large enough to properly capture the impact
phenomena, another discretization [Fig. 13(b)] discretized a central
area of 60 x 60 mm.

Fig. 14 shows the projectile velocity histories obtained using
the SPG formulation with the discretizations in Fig. 13 for a bond
failure criterion of €” ;, = 0.4. Nearly identical responses were ob-
tained for the two discretizations, which indicates that the smaller
SPG domain is good enough to capture the impact perforation
responses in this case. Generally, an SPG domain that is just
slightly larger than the region in which failure occurs is sufficient

© ASCE

for modeling the impact penetration and perforation responses of
ductile metallic targets.

Penetration Response of Steel Structure

This section uses a tungsten rod impacting a flat rolled homo-
geneous armor (RHA) steel target (Rajendran 1998) to investigate
the capability of the proposed formulations in modeling penetration
response. The tested RHA steel cylindrical target had a diameter of
100 mm and a thickness of 127 mm (Fig. 15). The penetrator rod
had a diameter of 7.87 mm and a length of 78.74 mm and was made

J. Eng. Mech.

447
448

449

450
451
452
453
454
455



1100 T T 1100 T

Plate thick Test Test
ate thickness —0.40 —0.40
L \ o ——020]] 000 ——0.20]]
. 900 /A A/ — 900
2 VoAl Q
E = £
> 800| ’ 4 > 800f - : ——
g 3
2 700 \ 2 700
()] ()
E \ 3 \
8 600 \ 8§ 00
. $
& 500 : _— 500 .
Test residual Test residu
400 5 400
™ AL AW Do
300 v 300 p L .
0 5 10 15 20 25 30 35 0 0.02 0.04 0.06 0.08 0.1
(a) Penetration Depth(mm) (b) Time(msec)
Fl11:1 Fig. 11. Plate perforation: various failure criteria, SPG solution.
1100 T T 1100 T
Plate thick = Test : — Test
. ate thickness —0.40 ‘ —0.40
100 {\ e —0.20] 1000 —0.20]]
& 900 N\ ”\ / - 900}
£ E
> 800 { = 800
k3] ‘o
o o
< 700 < 700
Q Q
£~ =]
8 600 3 600
o o
& 500 a4 500 \
Test residual \’\,WV“‘/"\M\V Test res dualw.w}wwww
400 \/\mw\m 400 VAWM MMV
N A
300 300
0 5 10 15 20 25 30 35 0 0.02 0.04 0.06 0.08 0.1
(a) Penetration Depth(mm) (b) Time(msec)
F12:1 Fig. 12. Plate perforation: various failure criteria, FEM solution.

z zone size: zone size:
Yy X 30mm x 30mm $x 60mm x 60mm
(a) (b)
F13:1 Fig. 13. Plate perforation: SPG zone size effect (discretizations).

© ASCE 9 J. Eng. Mech.



F14:1

456
457
458
459
460
461
462
463
464

F15:1

1100 T T

Plate thick o~
€ thickness — 30x30
n I
1000 /\ / e 60X60
. 900 /M
Q VN
£ \
= 800
£ kL
o)
9 700
o
§ 600 \
5 \
& 500
Test residual \
400
Y M
300 i
0 5 10 15 20 25 30 35

(@)

Penetration Depth(mm)

1100 T T
1000 + n
900 h

800 .

= Test
—30x30
| =——60x60 ||

700

600

Projectile Velocity(m/s)

500 -

400

0.06
Time(msec)

300

(b)

0 0.02 0.04 0.08 0.1

Fig. 14. Plate perforation: solutions from various discretizations.

from tungsten alloy. The penetrator impacted the target at a velocity
of 1,500 m/s normal to the center of the cylinder.

To reduce the computational cost, only the central area (diam-
eter of 12 mm) of the target was modeled by the proposed SPG
formulation, whereas the majority of the target was modeled using
FEM because no failure occurred in that region and the interface
between FEM and SPG did not interfere with the dynamic wave
propagation (Wu et al. 2017a). The target was discretized by
282,240 finite elements and 56,953 SPG nodes with a nodal

Projectile:
Tungsten alloy
97.87x78.74mm

m=65.4g
1500m/s

Target:
RHA steel
@100x127mm

‘\{&X

Fig. 15. Penetration response: problem statement.
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distance of around 0.68 mm (Fig. 16). The perimeter of the target
was fixed. The penetrator was discretized by 42,752 finite ele-
ments. Because the aspect ratio of the penetrator was 10:1 (length
to diameter), to facilitate the numerical simulation, the penetrator
was treated as elastic with a Young’s modulus of 327 GPa. The
friction coefficient between the penetrator and the target was 0.50
(www.engineeringtoolbox.com). The average DOP from the ex-
periments was 69.6 mm. The target material was constitutively
modeled by the Johnson—Cook model with the exact parameters
used by Rajendran (1998). Effective plastic strain was used as the
indicator for SPG bond failure. To study the sensitivity of the pen-
etration response to the bond failure criterion, four criteria were
used, i.e., e/ . =0.30 (FS =0.30), ¢’ .. = 0.45 (FS = 0.45), £’ . =

crit crit crit

0.90 (FS = 0.90), and £°., = 1.50 (FS = 1.50). Failure criteria
FS = 0.30 and 0.45 are usually considered for high-strength and
regular-strength steel, and Rajendran (1998) used FS = 1.50 for
the Elastic-Plastic Impact Computations (EPIC) code (Johnson and
Stryk 1986) which used FEM with erosion.

Fig. 17 presents the velocity history and the DOP of the pen-
etrator. The legend shows the critical effective plastic strain (FS)
for SPG bond failure. Fig. 17(a) indicates that the penetrator veloc-
ity reversed (to negative) and then quickly approached zero, which
means that the penetrator stayed in the target and the response was
penetration. Fig. 17(b) reveals that the DOP matched the experi-
mental data well. The difference between the numerical solutions
and the experimental data was less than 2% for all cases. The results
were not sensitive to the bond failure criteria. This insensitivity to
the bond failure criteria was not surprising because the SPG bond
failure only occurred in the excessively high-strain area limited by
the contact zone between the impactor and metal target.

Figs. 18 and 19 demonstrate the effective plastic strain and von
Mises stress, respectively, at termination for various bond failure
criteria on the section cut view. Negligible difference was observed
between the different cases, which explains the similarity between
the DOPs and indicates the insensitivity to the bond failure criteria
in the SPG simulation of impact penetration on metal targets.
As mentioned in the ‘“Mechanism for Severe Deformation and
Material Failure” section, the state variables (i.e., stress and strain)
continue to evolve according to the constitutive model after a bond
failure because the particle might be covered by other particles.
This explains how the effective plastic strain at termination for the
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FS = 0.30, 0.45, and 0.90 cases can still reach 1.5 or more under Conclusions
the compression state. Because of this similarity of effective plastic
strain distribution, very close stress distribution was observed as Impact penetration and perforation are characterized by large strain
well for all the cases. and high strain rates, large amounts of material failure and sepa-
Figs. 20 and 21 illustrate the evolution of effective plastic strain ration, high-frequency stress waves, and complex contact condi-
and von Mises stress, respectively, for the case of FS = 0.45 on the tions. These features impose challenges for numerical prediction of
section cut view. The material damage (i.e., high effective plastic the impact responses. This paper introduced the smoothed particle
strain area) was very localized, which is typical in penetration Galerkin (SPG) formulation to analyze the impact response of
response. A very intense stress wave was generated by the impact metal targets. A nonresidual-type penalty term derived from strain
contact and it propagated as the tungsten alloy rod penetrated into smoothing was used for stabilization under the direct nodal integra-
the RHA steel target. A rarefaction wave was also observed as the tion framework so that the algorithm is efficient and stable. Mean-
penetrator reached the peak DOP and rebounded (at t = 0.125 ms). while, to deal with large deformation in the impact region, the
Generally speaking, the impact wave propagation was reasonably meshfree approximation used an adaptive anisotropic Lagrangian
captured by the SPG formulation. kernel. To allow material failure (crack initiation) and separation
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F19:1 Fig. 19. Penetration response: von Mises stress distribution at termination for various bond failure criteria: (a) FS = 0.30; (b) FS = 0.45;
F19:2  (¢) FS = 0.90; and (d) FS = 1.50.
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Fig. 20. Penetration response: evolution of effective plastic strain for
bond failure criterion FS = 0.45.

(crack propagation) while avoiding spurious self-healing issues in
numerical failure analysis of metals, a strain-based bond fail-
ure mechanism was introduced to initiate and propagate cracks in
metal materials with self-contact being defined between the failed
particles.

The numerical results showed the potential of the present for-
mulations in application to analysis of high velocity impact in metal
targets. In general, stable and accurate results were obtained for the
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Fig. 21. Penetration response: propagation of von Mises stress wave
for bond failure criterion FS = 0.45.

perforation and penetration responses analyzed. First, no discreti-
zation sensitivity was observed provided that the discretization was
fine enough to propagate the high-frequency stress waves generated
by impact contact. Second, no failure criterion sensitivity was ob-
served, which makes it much easier to set up a simulation. This is in
sharp contrast to the ad hoc erosion criterion for the traditional
FEM with element erosion technique for this type of analysis.
Although the current formulation treated the failure and frag-
mentation of the target, more research still needs to be done in the
analysis of impact phenomena. For example, the contact conditions
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in hypervelocity impact are complicated because both the impactor
and target can be deformed severely and even fragmented, which is
a challenge for traditional contact algorithms with contact surfaces
defined a priori. The material constitutive modeling, especially for
the impactor, is another issue in high-velocity and hypervelocity
impact, not only because of the high strain rates but also because
of the size effect. Further developments of such analyses will be
discussed and presented in the future.
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