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a b s t r a c t

The significant mass loss of the kinetic energy (KE) projectile has been observed in the high-speed
penetration (usually v0 > 1 km/s) into concrete target, resulting in nose abrasion, bending, and trajec-
tory deviation as well as great drop of the Depth of Penetration (DOP). The thermoplastic failure of
material peeling from the thin exterior interface between the projectile and the concrete is the main
mechanism of the mass loss. Combining the heat generated from the friction work and the plastic
deformation work during the high-speed penetration process, a discrete iterative method is proposed to
investigate the movement and the nose shape variation on the basis of thermoplastic instability of the
material. Utilizing the temperature-based failure criterion and the Johnson-Cook (J-C) constitutive
model, the receding displacements of the discrete points are determined by the gradient distribution of
the temperature change along the depth from the surface of a projectile, which result in blunting of the
projectile nose. The predictions of the nose shape, the percentage of the mass loss and the DOP were
validated against the experimental data. Then further studies are conducted to investigate the critical
velocity of mass loss and the “secondary peak” deceleration. The onset of the mass loss and the occur-
rence of the distinct pulse of the deceleration in the tunnel stage are regarded as the symbol of the lower
and upper velocity limits of the nondeformable penetration regime. In addition, through the comparison
of the percentages of heat generated with different mechanisms at different locations of the projectile,
the dominant mechanism of the mass loss between the friction and plastic deformation is analyzed to get
an insight into the high-speed penetration process.

© 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

Deep penetration of the high-speed kinetic energy (KE) pro-
jectile into concrete target has intrigued the weapon designers due
to the rapid development of constructions of both ground and
underground military fortifications protected by reinforced con-
crete. The theoretical models published previously (Rosenberg and
Dekel, 2009; Tate, 1967; Kennedy, 1976; Li and Chen, 2003) were
mainly based on the hypothesis of “rigid” projectile in the low-
speed penetration range (v0 < 1 km/s), ignoring the influence of
mass abrasion occurred at the projectile. However, with increasing
the impact velocity (1 km/s < v0 < 2 km/s), the earth penetration
).

erved.
weapon (EPW) may face the problem of structural integrity caused
by the serious mass loss. The related phenomena, such as nose
abrasion, bending or breaking of the projectile, were observed in
many penetration experiments (Alekseevskii, 1966; Forrestal et al.,
1996; LundgrenHigh-velocit, 1994; Frew et al., 1998), resulting in
the trajectory deviation as well as dramatic drop of Depth of
Penetration (DOP). Studying mechanisms of the mass loss of a
projectile during high-speed penetration has been a topic of in-
terest in the international research community, especially in the
weapon development and engineering protection field.

The systematic experimental research on penetration experi-
ments into concrete and grout targets was conducted by Forrestal
et al. (1996) and Frew et al. (1998,2000,2006), which produce the
most authoritative experimental data. Mass loss up to 7% of the
original projectile was recorded when the striking velocity exceeds
1200 m/s, resulting in a dramatic decline of the DOP. Similar
experimental investigationwas undertaken by He et al. (2010a) and
Yang et al. (2012a), which mainly focused on the transition from
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Nomenclature

Parameter Units Parameter in Johnson-Cook model
A MPa Instant deceleration of projectile
a m/s2 Parameter in Johnson-Cook model
B MPa Instant length of projectile nose
b m Initial length of projectile nose
b0 m Parameter in Johnson-Cook model
C Heat capacity of projectile
cp J/(kg$K) Heat capacity of concrete
cc J/(kg$K) Diameter of projectile
d m Resistance force on the nose of projectile along

the X axis
Fx N Unconfined compressive strength of concrete
fc MPa Frictional force on projectile
f MPa Shear modulus
G GPa Thermal conductivity of projectile
kp W/(m$K) Thermal conductivity of concrete
kc W/(m$K) Dimensionless factor for the depth of crater stage
k' Constant parameter in Eq. (11)
k1 MPa$s/m Constant parameter in Eq. (11)
k2 Length of projectile
Lp m Width of the each discrete stick
lc m Instant mass of projectile
M kg Initial mass of projectile
M0 kg Parameter in Johnson-Cook model
m Parameter in Johnson-Cook model
n Discrete number of the HAZ

nxHAZ Discrete number of each time step Dt.
ntHAZ Total discrete number of penetration time
ni Total discrete number along the radius
nj Nose factor in Eq. (1)
N Normal pressure on projectile
p MPa Constant parameter in Eq. (13)
p* Heat generation by friction
Q J Heat generation by friction conducted into projectile
Qp J Heat generation by friction conducted into concrete
Qc J Dynamic strength parameter of concrete

(continued )

Rc MPa Radius of projectile
r m Dimensionless constant
S Initial temperature
T0 K Critical temperature
Tcr K Parameter in Eq. (18)
TDRX K Melting temperature
Tm K Temperature distribution generated by friction
Tt K Temperature distribution generated by plastic work

converted to heat
Ta K Total temperature distribution

Ttotal K Instant velocity of projectile
v m/s Critical velocity for mass loss
vs m/s Initial velocity of projectile
v0 m/s Instant tangential velocity of projectile in Fig. 2
vt m/s Instant normal velocity of projectile in Fig. 2
vn m/s The width of the HAZ

wHAZ mm The width of the ASB
wASB mm Depth of the crater stage
Z1 m Instant depth of penetration
z m Constant parameter in Eq. (11)
a Plastic work to heat conversion factor.
b The percentage of mass loss
g The angle in Fig. 2
4 q¼p/2-4
q CRH (caliber-radius-head) for ogival nose
J The effective strain rate at the contact shear plane AB
_εAB s-1 The effective strain at the contact shear plane AB
εAB Parameter in Eq. (18)
_εDRX s-1 Coefficient of friction
m Density of projectile material
rp kg/m3 Density of concrete
rc kg/m3

Superscript Number of time steps
i

Subscript Sequence number in spatial dimension
j Parameter in Johnson-Cook model
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rigid to deformable penetration state with various strengths of the
projectiles. It was shown that the curved trajectory, erosion and
bending of projectiles are the common phenomena in the high-
speed penetration. Furthermore, Silling et al (Silling and
Forreatal, 2007). established a linearly proportional relationship,
through empirical fitting of the experimental data, between the
mass abrasion and the initial kinetic energy of a projectile below
the velocity of 1000m/s. Meanwhile, Chen et al. (2010) summarized
the experimental data (Forrestal et al., 1996; Frew et al., 1998) and
pointed out that the mass loss is closely related to the striking
velocity of the penetrator and the category of the aggregate casted
in the concrete target. Obviously, figuring out the influence of heat
generated by dynamic friction between the projectile and targets is
essential for understanding the thermo-mechanical mass loss
process of a projectile. Klepaczko and Hughes (2005) conducted a
theoretical investigation into the surface layer thermodynamics of
steel projectile and proposed universal parameters, such as the rate
of wear and rate sensitivity of wear. Recently, Guo et al. (2014)
undertook a systematic investigation on the surface evolution of
the recovered projectile subjected to a high-speed penetration at
the microscopic scale. Microstructural features, including the
mixed zone (MZ), the refined zone (RZ) and original zone (OZ),
were analyzed respectively. In addition, the underlying mecha-
nisms of the mass loss during high-speed penetration were
demonstrated.

Due to the complex transient characteristics of the high-speed
penetration process, it is very difficult to record the real-time
physical parameters in experiments. Relevant theoretical research
is necessary to reveal the underlying mechanisms of the mass loss.
Based on the assumption that the heat converted from friction
work melt the material on the nose of the projectile, an
approximate analytical solution was presented by Jones et al.
(2002a, 2003). to estimate a quantitative value of mass loss. The
calculated results showed that the mass loss was directly propor-
tional to the tunnel length, the diameter of projectile and the shear
strength of target. Later, Beissel and Johnson (2000,2002). pre-
sented a surface abrasion criterion that is proportional to the
relative sliding velocity and the normal stress between projectile
and target. This criterion was incorporated in an axisymmetric
finite-element algorithm with a fully rezoning method. It was
found that numerical predictions were in a reasonable agreement
with the available literature experimental data. Considering the
velocity-dependent friction, an analytical incremental model was
applied by Davis et al. (2003) to investigate the mass loss and to
assess the projectile's performance in terms of its wear character-
istics. Chen et al. (2010) also proposed an engineering abrasion
model, based on the graphical discussion on the nose of the re-
sidual projectiles after high-speed penetration into concrete. Be-
sides, utilizing Chen's model (Chen et al., 2010), further analyses
were carried out by He and Chen (2011a), He et al. (2014) to discuss
about the characteristic parameters of the projectile during pene-
tration. It was demonstrated that the pulse shape of deceleration
during high-speed penetration with mass loss was quite different
from the “rigid” case. Moreover, taking into account scratch and
heat melt effects pointed out by Jones et al. (2002a) and Davis et al.
(2003) respectively, He et al. (2010b) suggested an empirical
expression to estimate the mass loss rate with seven main influ-
ential variables, i.e. the initial nose shape, initial impact velocity,
melting heat, shank diameter of a projectile, density and strength of
the target as well as aggregate hardness of the target. The effects of
these variables on the ultimate mass loss of a penetrator were
compared, which provided useful information for engineering
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applications. Moreover, in order to predict the DOP of a projectile
with mass loss, several analytical formula were developed empir-
ically or semi-empirically by fitting the experimental data to
calculate the upper limit DOP of the high-speed projectile (Wen
et al., 2010; Yang et al., 2012b; Mu and Zhang, 2011; Zhao et al.,
2010a, 2012; Wu et al., 2012; He and Chen, 2011b). In general, the
existing abrasion models are mainly based on the assumption that
the mass loss is totally resulted from the peeling of the molten
surface material or derived by fitting the experimental results.
Hence, an appropriate mass loss model involving the mechanisms
of mass loss is necessary to study the high-speed penetration
process into concrete.

In consideration of the thermoplastic material failure of the
projectile, the present study attempts to develop a theoretical mass
loss model to investigate the thermo-mechanical penetration pro-
cess. The temperature rise located in the thin exterior interface of
the projectile is derived from the heat conduction by the high-
speed sliding friction and the plastic work converted to heat. Uti-
lizing the iterative incremental calculations, the receding
displacement of the discrete point is determined for each time step
according to the temperature-based failure criteria of the plasticity
instability. The predictions of the nose shape variation, the per-
centage of the mass loss and the DOP are validated with the
experimental data. Furthermore, compared with rigid penetration,
the detailed parametric studies are conducted to reveal the char-
acteristic features of the penetration process and the dominant
factors that influence the mass loss.
2. Thermoplastic mass abrasion model for projectile

2.1. Penetration process including mass loss

Coupling with the extremely high pressure and temperature,
serious mass abrasion occurs in the thin exterior interface of a
projectile during the high velocity penetration, resulting in struc-
tural failure and ballistic trajectory deflection. Moreover, asym-
metrical stress on the surface of the projectile will be aggravated
due to the inhomogeneous distribution of aggregate in concrete,
determining the complexity of the high-speed penetration process.
The published experimental observations (Forrestal et al., 1996;
Frew et al., 1998; He et al., 2010a) have shown that the mass loss
mostly takes place on the nose of the projectile, while the diameter
of the shank (d ¼ 2r) remains approximately constant during
penetration. Thus the variations of the projectile's nose shape are
the research emphasis for understanding of the high-speed pene-
tration with mass loss.

Assuming that the penetration trajectory keeps straight without
deflection, the high-speed penetration into a semi-infinite concrete
target can be generally divided into two stages from various post-
test observations (Forrestal et al., 2003; Luk and Forrestal, 1987),
i.e. crater stage (z � Z1) and tunnel stage (z � Z1). As shown in Fig. 1,
a global coordinate system R-Z is established to investigate the
high-speed penetration into a semi-infinite concrete target.
Compared with the tunnel stage, the mass loss and deformation
occurred on the crater stage can be negligible due to its relatively
short duration of time and displacement. Theoretical formulas
were proposed by Forrestal et al. (1994). to predict the residual
velocity v1 and the instant depth Z1 at the end of the crater stage,
given by:

v1
2 ¼ M0v0

2 � �pk0d3�4�Rc
M0 þ

�
pk0d3

�
4
�
Nrc

(1)
Z1 ¼ 2k0r (2)

where M0 and v0 are the initial mass and velocity of a projectile,
respectively. The parameter r is the radius of the projectile. rc is the
density of concrete. Rc is the target resistance parameter, Rc ¼ Sfc
(Forrestal et al., 1994,1996) is applicable under certain condition for
the small size penetration event, where fc is the unconfined
compressive strength of the concrete. And S ¼ 82.6fc�0.544 is an
empirical constant (Li and Chen, 2003; Frew et al., 1998) derived by
curve fitting to available data. This expression is applicable for the
specific experimental projectile-target configurations used in this
study. However, this empirical relation does not hold in general for
all either large or small projectile-target configurations (Forrestal
et al., 2003). N is a nose factor and has the expression (Li and
Chen, 2003; Forrestal et al., 1994) as N¼(8J-1)/24J2, where J is
the initial CRH (caliber-radius-head) of the ogive nose. The
parameter k' is a dimensionless factor for high velocity penetration
events with striking velocities greater than 1 km/s. The empirical
k'¼(0.707 þ b0/2r) is derived from the experimental data in refer-
ences (Li and Chen, 2003; He and Chen, 2011a). b0 is the initial
length of the projectile nose.

The penetration theory of the dynamic spherical cavity expan-
sion for concrete was originally developed by Forrestal and Tzou
(1997). It is based on the idealized Mohr-Coulomb with a tension
cutoff and can be used to estimate the pressure imposed on the
nose of a projectile during penetration. The Mohr-Coulomb and
Drucker-Prager yield criteria are the same under certain condition
for the spherical cavity-expansion problem. The curve-fitting
normal pressure p is expressed as:

p ¼ Sfc þ rcvn
2 (3)

where vn¼ vcos4 is the cavity-expansion velocity at the nose-target
interface caused by projectile penetration, and 4 is the angle be-
tween the axis of the penetrator and the normal direction of the
nose surface, as shown in Fig. 2. The value of 4 at the nose tip can be
expressed as 40 ¼ sin�1 [(2j-1)/j] (Forrestal and Luk, 1992). The
friction is proportional to the normal pressure p. Taking the friction
coefficient as m, the friction can be expressed as:

f ¼ mp (4)

Understanding the localized interaction between the surfaces of
a projectile and a concrete target is essential to study the mass loss
of the projectile. Guo et al. (2014) and Lu (2002) have systematically
studied the microstructural transformation mechanisms of a pro-
jectile subjected to high-speed penetration, which include the
thermal softening, material flow and eventual mass loss associated
with high strains and high-strain rates at high temperature. As a
significant influence factor in the mass loss of the penetrator, the
effect of temperature rise on the thermodynamic behavior of pro-
jectile material becomes remarkable with continual enhancement
of striking velocity.

In order to predict thematerial peeled from the surface layer of a
projectile, temperature rising concentrated in the thin exterior
interface of the projectile during penetration process needs to be
calculated quantitatively. According to the mass loss mechanisms
mentioned above, two main modes of heat generation in the pro-
jectile and the concretemust be considered: the projectile/concrete
surface friction heat and the heat converted from the plastic
deformation of the projectile. High-speed surface friction between
the projectile and the concrete can generate a tremendous amount
of heat, transmitting from the exterior surface to the interior of the
projectile. The distance of heat conduction, depended on the
penetration time or the impact velocity as well as the heat



Fig. 1. Normal penetration process with ogival nose projectile.

Fig. 2. Cross-section of an axisymmetric penetrator.
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conductivity of projectile material, is usually at micron scales.
Regarding the heat converted from plastic work, it is a common
phenomenon in the high strain-rate plastic deformation. The
thermal softening will lead to instability of mechanical properties
and hence the failure of the material. Due to the different relative
sliding velocity and stress state in different locations of the pro-
jectile, the temperature rise derived from these two generation
mechanisms varies significantly, resulting in the different
distribution of mass loss and eventually nose blunting of the
projectile.
2.2. Discretization and fundamental assumptions

In order to deal with the penetration process with high
nonlinearity, a discrete 2D model is established to calculate the
distribution of the temperature rise, as shown in Fig. 3. With the
coordinates X-Y fixed on the projectile, the original projectile is
divided into (nj-1) sticks along the Yaxis with each width of stick as
lc. Hereinwe have r¼(nj-1)*lc. The left shape of the stick depends on
the original nose contour of the projectile shown in dotted lines in
Fig. 3. In particular, the wedge angle qj is formed in the discretiza-
tion of the projectile, herein q ¼ p/2-4. The subscript j (1 � j � nj)
denotes the sequence number in the spatial discretization along the
Y direction. Meanwhile, by dividing the total time of the tunnel
stage into ni parts with each time step Dt, the iterative calculation is
established to obtain the final shape of the projectile. The super-
script i (1 � i � ni) denotes the ith time step in the temporal dis-
cretization of the tunnel stage, as shown in Fig. 4. There are some
assumptions that must be followed to carry out the iterative
calculations:

(1) The projectile retains axial-symmetrical during the whole
penetration process. The mass loss occurred on the surface of
the projectile also remains axial-symmetrical during the
tunnel stage. Therefore, the three-dimensional problem can
be simplified into a two-dimensional receding model, shown
in Fig. 3.

(2) The discrete points move in the coordinates of X-Y. As shown
in Fig. 4, the jth discrete point (xji, yji) of the nose surface at the
time ti recedes along the X axis to the point (xjiþ1, y j

iþ1) at the
next time tiþ1.

(3) The surface geometry of the projectile and the surface stress
stay constant during each time step Dt. The movements of
the discrete points take place at the end of the time step after
determining the receding displacement.

(4) The density and the related thermal properties of the pro-
jectile and the concrete target remain unchanged during the



Fig. 3. Discretization of the projectile at initial time.

Fig. 4. The receding model of the projectile at time ti.
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penetration. The mass loss only comes from the projectile
shape variation, without the consideration of the embedded
concrete particles. The material of the projectile is supposed
to be homogeneous.

Based on the discussions and assumptions above, the nose sharp
variation of the projectile can be represented by the movements of
the discrete points during the penetration process. The two modes
of heat generation and the corresponding failure criteria are to be
further analyzed in the following sections.
2.3. Frictional heat generation and conduction

As a classic physics problem, heat generated by friction has been
investigated theoretically in the low velocity impact range from
micro to macro-scale (Rigney et al., 1984; Rigney and Hirth, 1979;
Krafft, 1955). However, surface friction subjected to high velocity
sliding is quite different from that, due to the time-dependence of
the rate of heat transfer. The phenomena, such as phase trans-
formation, large localized deformations as well as melting occurred
in the friction process make the theoretical description complex
(Bowden and Persson, 1961; Montgomery, 1976). Concentrated in
the thin region of the exterior layer of the material within a short
duration of time, the temperature rise, namely “flash temperature”
(Blok, 1963; Archard, 1959), will reach and further exceed the melt
point during the high speed cutting of metallic materials. Jones
et al. (2002b); Jones and Rule, 2000). conducted investigations on
the dynamic friction coefficient or the resistance force of an ideal
rigid projectile based on the linear velocity-dependent friction.
However, the temperature distributions generated by friction and
heat conduction still remain to be investigated.

In analyzing the temperature rise distribution induced by high
velocity friction, a representative interaction model between the
projectile and the concrete is taken from the entire discrete model
in Section 2.2. As shown in Fig. 5, the projectile stick moves to the
concrete in -Xn direction at a velocity of v, leading to the uniform
heat generation in the contact interface AB due to the relative
sliding velocity. The distribution of temperature rise due to sliding
friction is estimated based on the following assumptions:

(1) No deformation is considered in the infinitesimal time inter-
val. Regarding the projectile as a rigid body during the time
interval Dt, so that the heat generated at the projectile/target
interface is conducted into both the projectile and concrete.

(2) The sliding velocity and the coefficient of friction are
considered constant. Ignore the influence of the resistance
force on the velocity of the projectile during the time interval
Dt. A fixed value of coefficient of friction in Eq. (4) is



Fig. 5. One-dimensional coordinate system of the heat generation by the surface
friction between the jth stick of the discrete projectile and the concrete.
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considered without accounting for the dynamic friction in
order to obtain the simplified analytical solutions of the
temperature distribution on the projectile.

(3) One-dimensional heat conduction is considered. There is only
a horizontal thermal conduction along the Xn axis from
interface AB to interface CD, shown in Fig. 5. Heat conduction
from the adjacent sticks of the discrete projectile is neglected.

Based on the assumptions mentioned above, the one-
dimensional heat conduction in each side of the penetration sys-
tem can be expressed by the following equations.

The projectile side

rpcp
vTt
vt

¼ kp
v2Tt
vXn

2 (5)

The concrete side

rccc
vTt
vt

¼ kc
v2Tt
vYn2

(6)

where r, c and k are density, specific heat capacity and heat con-
ductivity respectively, and the subscript p and c refer to the pro-
jectile and the concrete target. As the uniform frictional heat
generated at the projectile/concrete interface AB is conducted at
both sides, the boundary conditions of the projectile and the con-
crete at the interface AB (Xn ¼ 0) can be therefore expressed as:

Qp ¼ �kp
vTt
vXn

(7)
Qc ¼ �kc
vTt
vYn

(8)

Q ¼ Qp þ Qc (9)

where Q is the rate of heat generation by friction per unit area and
has the expression as:

Q ¼ f vt (10)

where vt is the relative sliding velocity between the projectile and
the concrete.

Assuming the micro asperities shearing by the friction, a ther-
modynamic model involved with plastic deformation and melt of
material was developed by (Klepaczko and Hughes( 2005),
Klepaczko (2001). to estimate the coefficient of friction under
high speed sliding. Thus a simplified estimation of the width of the
heat effected zone (HAZ) (Klepaczko and Hughes, 2005; Klepaczko,
2001) is proposed with diminishing the effect on the area far away
from the contact interface. Here, ten times of the width of the HAZ
is taken as the other boundary for the heat transfer calculation:

wHAZ ¼ 10
a

 
kpLp
rpcpv

!1=2

(11)

in which constant a is estimated as a ¼ 1/(2p)0.5, Lp is the length of
the projectile. Since there is no heat flux across the surface at this
point, the boundary condition at Xn ¼ wHAZ is expressed as:

vTt
vXn

¼ 0 TtðXn;0Þ ¼ T0 (12)

where T0 is the initial temperature (T0 ¼ 298 K).
Therefore, depending on the impact condition and the related

thermal parameters, the distribution of the temperature rise on the
exterior of the projectile is derived by combing Eqs. 5e12.

2.4. Temperature distribution in adiabatic shear band

The phenomenon of adiabatic shear is known as one of the most
important failure mechanisms during explosive and high velocity
penetration. The formation of adiabatic shear banding (ASB) is a
result of the highly coupled competition between thermal soft-
ening and the strain or strain rate hardening mechanisms (Zener
and Hollomon, 1944; Clifton et al., 1984; Bai, 1982; Molinari and
Clifton, 1987). Coupled with high temperature, pressure and
strain-rate at the interface between the projectile and the concrete,
highly localized plastic deformations occur due to the material
failure during the high velocity penetration. The stress imposed on
the penetrator will greatly exceed its strength during the contact in
the penetration process. Different from the penetration into armor
by a shaped charge jet or the armour-piercing kinetic energy
weapons, mass loss or the plastic flow only appears on the surface
of the projectile's nose during penetrating concrete. However, the
metallurgical structure of the inner matrix remains unchanged as
the temperature gradient diminishes sharply along the depth of the
surface of projectile. The effect of thermal softening, converted
mostly from plastic work, will quickly result in the thermoplastic
instability when the thermal softening effect exceeds the strain
hardening effect under high strain-rate, which has been verified
experimentally by Magness (1994). The thermodynamics charac-
teristics of the material are the key determinant of the penetration
capabilities of a projectile (Rosakis and Ravichandran, 2000). An
accurate assessment of the temperature rise in the plastic
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deformation zone is of crucial importance in understanding the
thermo-mechanical instability during penetration with mass loss.

Similar to the analysis of the temperature distribution by sliding
friction, a representative local contact separated out from the entire
discrete model in Section 2.2 is investigated using the ASB theory,
as shown in Fig. 6. The temperature induced by plastic deformation
is calculated under the following assumptions:

(1) Plane strain conditions. The axial symmetric projectile and
moss abrasion ensure that plane strain deformation condi-
tions are maintained during the entire penetration process.

(2) In the area of ASB, the shear stress, strain and temperature
fields depend only on the coordinate Xtn.

(3) Heat conduction in the ASB is not considered. The temporal
scale of the shear deformation is much shorter than that of
the heat conduction, so that most of the generated heat
keeps inside the ASB zone.

(4) Constant thickness of the ASB wASB. The thickness of the ASB
is supposed to be constant in order to simplify the analytical
derivation.

With the combined effect of pressure and shear, as shown in
Fig. 7, the similar physical phenomena occurred in metal cutting
has been discussed theoretically by Oxley and Hastings (1977) and
Tounsi et al. (2002). A typical shape of the primary shear zone was
defined to evaluate the plastic deformation during cutting. The
analytical distribution of the effective strain-rate along the depth of
ASB should obey the following equations according to the experi-
mental measurement and numerical validation:

_ε ¼ _εAB

�
1� xtn

wASB

�p*

for xtn4½0 : wASB� (13)

where _εAB represents the effective strain rate at the contact shear
plane AB, xtn is the coordinate value related to the thickness of the
Fig. 6. Formation of the ASB by the contact between the jth stick of the discrete
projectile and the concrete.
ASB, i.e. wASB. The parameter p* is a constant depending on the
projectile material. Here, p* ¼ 4 is taken for the most common
projectile material 4340 steel.

Consequently, the effective strain in the ASB zone is obtained
from the time integration of the effective strain rate:

ε ¼
Zt
0

_εdt (14)

Intensive plastic deformations of the projecitle material occur
on and near the contact surface during the sliding contact, which is
a very complicated process related to the sliding velocity, normal
pressure, etc. The microstructure change of surface topography,
phase transition occurred will affect the friction coefficient and the
properties of the material locally. Metallographic observations and
measurements (Fleck et al., 1994; Heilmann and Rigney, 1981) were
conducted to obtain the qualified strain distribution along the
depth from the contact surface. However, there are rare experi-
mental data existed that address the contact between the steel and
the concrete. The maximum effective strain can be derived
approximately from the similar law for the friction between the
high strength alloy steel and concrete, which will be validated later
by experimental penetration results.

εAB ¼ e

�
k1vt
G

�k2

(15)

where G is the shear modulus of the projectile material, k1, k2 are
material constants, which are closely related to the properties of
the materials in contact, especially the thermo-mechanical
parameters.

As one of the most widely used material constitutive equation
for thermodynamic process, the visco-plastic Johnson-Cook
constitutive model (Johnson and Cook, 1983) is employed to obtain
the analytical temperature distribution in the ASB zone. The flow
stress s can be expressed as a function of the effective plastic strain
ε, the effective strain rate _ε, and the temperature T.

s ¼ ðAþ BεnÞ
�
1þ CIn

_
ε

_ε0

��
1�

�
T � T0
Tm � T0

�m�
(16)

where ε0 is the reference strain rate, which is taken as 1 s�1. T0 is the
room temperature. Tm is the melting temperature of the projectile
material. A, B, C, n and m are material constants.

Converted from plastic deformation process, the temperature
rise in the ASB zone in the exterior surface of the projectile nose can
be expressed as (Wang, 2006):

Ta ¼ b

rpcp

Z
sdε (17)

where b is the work to heat conversion factor. Combining Eqs.
14e17, the distribution of temperature gradient in the ASB zone
with the maximum value located on the contact interface can be
obtained.

2.5. Failure criteria of the plasticity instability

The onset criterion for the ASB growth and propagation is a
major issue to evaluate the dynamic failure mode of the ductile
material. Systematic investigations and discussions (Bai and Dodd,
1992; Wright, 2002; Schoenfeld and Wright, 2003; Zhou et al.,
1996; Li et al., 2001) have been conducted on the dynamic ASB
formation, indicating that the susceptibility of the material to



Fig. 7. Stress condition of the surface of the discrete projectile.
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plasticity instability depends on factors such as heat capacity, heat
conductivity, microstructure, defects and strain-rates etc. The un-
dergoing physical process such as dynamic recrystallization and
microstructure reformation inside an ASB should be modeled by
the failure criterion. Based on the assumption that mass loss caused
by heat virtually all comes from the friction (Section 2.3) and the
plastic work converted (Section 2.4), the failure of a viscoplastic
material will occur when the local temperature beyond the crucial
one specified by the criterion. A temperature-based ductile failure
criterion for the ASB propagation is proposed by Medyanik et al.
(2007) to simulate the initiation and propagation of the dynamic
adiabatic shear bands. The failure criterion is expressed as:

Tcr ¼ TDRX þ ðTm � TDRXÞ
_εDRX

_εDRX þ _ε
(18)

where TDRX is the minimum temperature at which the phase
transformation process, i.e., dynamic recrystallization takes place in
the ductile material under high temperature, high strains and high
strain rates. The parameter _εDRX is the value of strain rate when the
dynamic recrystallization begins to play an important role in the
deformation mechanism. Apparently, the critical temperature Tcr
decreases with the increase of effective strain-rate _ε. As shown in
Fig. 8, there exists a transitory stage between the transformation
temperature TDRX and the melting temperature Tm, in which the
critical temperature Tcr approaches TDRX when the stain-rate grows
to infinity and approaches Tm as the strain-rate approaches zero.

As discussed in Section 2.1, a quantitative assessment of the
temperature rise in the surface layer of a projectile should fully take
into account of the two modes of heat generation. The quantitative
result of the temperature from friction (Tt (Xn,t)) and plastic
deformation (Ta (Xnt, t)) can be obtained from Eq. (7) and Eq. (17).
The distribution of temperature along the depth of surface of pro-
jectile can be obtained by adding the temperature together at any
time during the penetration process, ignoring themutual influence.
Therefore, the total temperature rise is determined by the total
energy obtained from the superposition of individual energy
values. The total temperature (Ttotal (Xn,t)) is a function that de-
pends on the position of depth and time. Meanwhile, the critical
temperature Tcr (Xn,t) for each discrete unit of the projectile can be
determined by its stress condition from Eq. (18). Combing the
temperature calculation derived from surface friction and heat
converted from plastic work, the failure areas can be determined
when compared the sum distribution of the temperature Ttotal
(¼Tt þ Ta) with the critical temperature Tcr. The discrete points of
the projectile surface move to the new position, resulting in
blunting of the ogival nose of the projectile.
3. Iterative calculations of the mass abrasion model

Utilizing the spatial discretization of the projectile and the as-
sumptions made previously, the two modes of heat generation in
the projectile during the tunnel stage can be calculated quantita-
tively. The thermo-mechanics penetration process including mass
loss can be decoupled with the movement of the projectile and the
movement of the discrete points. According to the temperature-
based ASB failure criterion, the receding displacement of each
discrete point can be obtained during each time step Dt, resulting in
the variation of the nose shape of projectile.

Based on the equation of uniformly accelerated motion and the
previous assumptions, the parameters describing movement of the
projectile at the time ti can be expressed as:

vi ¼ vi�1 þ ai�1Dt (19)

ai ¼ Fi�1
x

.
Mi�1 (20)

Dzi ¼ vi�1Dt þ ai�1Dt2
.
2 (21)

where a, v and M are the acceleration, velocity and the mass of the
projectile, respectively. The parameter Fx is the resistant force on
the nose of projectile along the X axis. Dz is the displacement of the
projectile during the time step Dt from the time ti�1 to ti. To guar-
antee the stability and smoothness of the iterative calculations, the
time step Dt has to be set appropriately (on ms scale). Inappropriate
time step will lead to the unconvergence of the results. Herein,

Dt � ntHAZcprp
2kp

�
wHAZ

nxHAZ

�
(22)

where nxHAZ is the discrete number of the HAZ in the finite differ-
ence calculation. ntHAZ is the discrete number of each time step Dt.

As the cavity expansion velocity and the relative velocity depend
on the velocity of the projectile, the following relations exist.



Fig. 8. Failure criterion responding to strain rate and temperature (Medyanik et al., 2007).
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vinj ¼ vi sin
h�

qi�1
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(23)

vitj ¼ vi cos
h�
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j�1

�.
2
i

(24)

qij ¼ arctan
h�

yijþ1 � yij
�.�

xijþ1 � xij
�i

(25)

Based on the analyses above, the total temperature rise is
contributed by the friction heat Tt and the heat converted from
plastic work Ta, as discussed in Section 2.3 and Section 2.4. For the
jth stick (the interval between yj

i and yijþ1) of the discrete projectile
in the spatial discretization, the total temperature distribution
related to axis Xn along the stick at the time ti can be expressed as
DMi ¼
X
j

DMi
j ¼

X
j

rp

�
Vi
j � Vi�1

j

�prp
3

X
j

2
4
�
yi�12
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j þ yi�12
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��
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5 (28)
Ttotalj
iðXnÞ ¼ Ttj

i þ Taj
i (26)

According to the ASB-based temperature failure criterion, the
Fix ¼
Z
S

ðp sin qþ f cos q
� ¼X
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receding displacement Dxj
i can be determined by comparing the

total temperature distribution with the critical temperature for
each stick of the discrete projectile. The discrete points move to the
area where the temperature is below the critical value. The
displacement of the discrete points at the time ti can be expressed
as

xij ¼ xi�1
j þ Dxij (27a)

yij ¼ yi�1
j (27b)

Then the mass loss caused by the receding movement of the
discrete points can be further expressed as the mass change of the
finite circular tables, around the axis of the projectile.
Thus the instant mass of the projectile at time ti is Mi ¼ Mi�1-
DMi. On the other hand, the resistance force at the time ti on the
nose of the projectile is the sum of the force exerted on the side area
of the finite circular tables, expressed as
1Lj
�

þ1Lj
�

3
77777775
¼ p
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X
j

2
64
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3
75 (29)



L. Guo et al. / European Journal of Mechanics A/Solids 65 (2017) 159e177168
where the integration interval S is the area of the nose, which can
be transformed to accumulation of the normal and tangential stress
on each discrete stick along the X axis.

The mass loss penetration model can be further solved by the
finite difference method. The shape variation of the projectile is
analytically representedwith this incremental method, as shown in
Fig. 9. Apparently, the iterative calculations will stop until the
instant velocity v reaches zero.
Fig. 9. Flow chart of the
4. Validation of theoretical predictions with experimental
results

The influence of significant mass loss on the terminal lethality
subjected to high velocity penetration has been investigated
experimentally. The mass loss iterative model proposed above is
validated with the experimental data provided by Forrestal et al.
(1996). This includes the percentage of mass loss, the final depth
iterative calculation.
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of penetration and the residual shape of projectile. The experi-
mental conditions of the projectiles and targets are listed in Table 1.
Focused on the thermodynamic analysis of the projectile, the pa-
rameters of concrete are fixed, ignoring the influence of difference
concrete components. The relevant thermodynamic parameters
used in the calculation are shown in Table 2.

The calculated residual shapes and the length subjected to
different initial impact cases are compared with the recovered
projectiles from the tests, as shown in Figs. 10e13. The corre-
sponding residual length of projectiles Lp from the iterative model
are listed on the right. Clearly, the nose of the projectiles becomes
blunter with the increase of the impact velocity. Approximately, the
predictions from the iterative calculations correlate well with the
experimental data to some degree. It appears that the predicted
nose shapes remain pointed, compared with the experimental
post-test projectiles. The possible reason for the deviation was
caused by the complexity of failure modes for the material of
projectile during the penetration process. The thermodynamic
mass abrasion proposed could not predict the bending or fracture
as well as the other structure responses of the projectile. The mass
loss model included with multiple failure modes for the high ve-
locity penetrator will be studies in the future work.

Furthermore, to help understand the underlying differences of
the high-speed penetration with the effect of mass loss, especially
the physical parameters that cannot be measured experimentally,
the predicted mass loss and the experimental results for Case 1 are
compared in Table 3. Clearly, severe mass loss has occurred when
the impact velocity is increased from 545 m/s to 1201 m/s, which
agrees well with the corresponding experimental data. By setting
the receding distance Dxij in Eq. (27a) as zero, the calculations
without mass loss, i.e. the rigid penetration, are also listed in
Table 3, demonstrating the great influence of the effect mass loss on
the DOP of the projectile in the high-speed penetration.

Fig. 14(a)-(d) show the time histories of the characteristic pa-
rameters derived from the iterative calculations respectively,
including the percentage of mass loss (g ¼ DM/M0), the decelera-
tion (a), the dimensionless depth of penetration (z/d) and the
dimensionless shape-related parameter (b/d). It is clearly shown in
Table 1
Experimental conditions of four penetration events for ogival projectile (Forrestal
et al., 1996).

Case 1 Case 2 Case 3 Case 4

Projectile
Material 4340 steel 4340 steel 4340 steel 4340 steel
M0 (kg) 1.6 0.478 0.064 0.064
d (mm) 30.5 20.3 12.9 12.9
J 3 3 3 4.25
rp (kg/m3) 7850 7850 7850 7850
Lp/d 10 10 6.88 6.88
Targets
Material Concrete Concrete Grout Grout
fc (MPa) 51 62.8 13.5 21.6
rc (kg/m3) 2300 2300 2000 2000
Agreegate material Quartz Quartz Quartz Quartz
Moh's hardness of aggregate 7 7 7 7

Table 2
List of the relevant parameters associated with iterative calculation (Wang, 2006; Forres

A (MPa) B (MPa) C n

792 510 0.014 0.26

kp (W/(m$K)) cp (J/(kg$K)) kc (W/(m$K)) cc (J/(kg$K))

44.5 477 1.65 880
Fig. 14(a) that the mass loss happening in the tunnel stage is
velocity-dependent, that is to say, the maximum mass loss rate
(DM/Dt) occurs at the start of the tunnel stage and gradually de-
creases to zero at the end of the penetration process. On the other
hand, based on the theoretical results in Fig. 14(b), it is reasonable
to conclude that the maximum deceleration appears at the begin-
ning of the tunnel stage and increases with the impact velocity.
However, a special phenomenon, defined as the “secondary peak”
deceleration, appears during the tunnel stage, which is marked out
in Fig. 14(b). With a higher value and lagged occurrence time, the
“secondary peak” deceleration subjected to the velocity of 1201m/s
is distinctly different from that of the low velocity cases. As a result
of the mass loss effect, the structural integrity and the stability of
the charge of the projectile subjected to high velocity penetration
need to be reassessed by weapon designers. However, it is very
difficult to obtain the real-time physical parameters in experiments
due to the lack of high-velocity launch for the projectile with large
diameter. Meanwhile, the signal acquisition of the sensor
embedded in the projectile remains a challenge in this high velocity
penetration experiments. There exists rarely study published to
address this issues. As shown in Fig. 14(c), the dimensionless depth
of penetration (z/d) increases as increasing the impact velocity due
to the assumption of straight penetration trajectory. Regarding
Fig. 14(d), the parameter b/d is employed to quantitatively describe
the variation of the instant nose shape during penetration. Clearly,
the final value of b/d tends to 1.1 with the increasing of impact
velocity.

4.1. Further analysis on the high-speed penetration with mass loss

Theoretical analysis and experimental observations have
confirmed the significant influence of mass loss and nose abrasion
on the performance of the KE projectile subjected to high velocity
penetration. Primarily involved with the thermoplastic instability,
material flow and abrasive wear, the severity of mass loss is closely
related to the several influential factors, including initial impact
conditions, thermodynamic parameters related to the penetrator
and the strength of the target, etc. Therefore, further analyses on
the mass loss during high velocity penetration are conducted on
the basis of the incremental mass loss model.

4.2. The critical velocity vc of the mass loss

Since the mass loss occurs in the tunnel stage, it is reasonable to
infer that the instant velocity is possibly a dominant factor for the
penetration into a semi-infinite concrete target. With further
analyzing the time history of the mass loss and the velocity in the
entire penetration process of Case 1, as shown in the lower half of
Fig. 15, it indicates that there exits a time region inwhich almost no
mass loss occurs with the penetration going on. The beginnings of
the time period are associated with the corresponding velocity-
time curves in Fig. 15. The velocity is found to be almost the same
level (vc¼ 225m/s) that the projectile presents to be rigid when the
instant velocity is below this critical velocity vc at the later stage of
the penetration process.

It can be inferred on the basis of the failure criterion that the
tal et al., 1988; Campbell et al., 1991).

m T0(K) Tm(K) wASB(mm)

1.03 298 1793 300

b m k1 (MPa$s/m) k2

0.9 0.01 1.05 0.5



Fig. 10. Comparison of residual projectile shape for Case 1.

Fig. 11. Comparison of residual projectile shape for Case 2.

Fig. 12. Residual projectile shape from iterative calculations for Case 3.
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critical velocity is closely depended on the interactions between
the projectile nose and the target medium at that moment, the
thermoplastic property of the projectile as well as the compressive
strength of the concrete. A practical linear relationship between the
total percentage of the mass loss and the initial kinetic specific
energy of the projectile was proposed by Silling and Forreatal
(2007) by fitting the experimental data. Based on the critical ve-
locity proposed above, the relationship is further modified as
follows:

g ¼
( 0 v0 � vc

DM
M

¼ 1
2
C

0�
v20 � v2c

�
vc � v0 � vp

(30)

where C
0
is an empirical constant. vp is the transition point from

nondeformable projectile penetration regime to semi-
hydrodynamic penetration regime (Chen and Li, 2004), which
will be analyzed later. No mass loss occurred when the impact
velocity is below the critical velocity vc. The modified linear rela-
tionship is appropriate for the nondeformable penetration regime
in which the projectiles maintain the structural integrity.

Here, the valid range of the modified formula is determined by



Fig. 13. Comparison of residual projectile shape for Case 4.

Table 3
Comparison between the theoretical calculations and experimental results.

Impact
velocity/(m/s)

DOP (m) Mass loss (%)

Experimental results
(Forrestal et al., 1996)

Calculations without
mass loss model

Calculations with
mass loss model

Experimental results
(Forrestal et al., 1996)

Calculations with
mass loss model

545 0.56 0.62 0.61 2.0 1.3
651 0.78 0.85 0.83 3.1 2.23
821 1.23 1.26 1.22 4.4 4.2
900 1.41 1.48 1.40 5.4 5.3
1009 1.75 1.78 1.63 6.4 6.5
1201 2.03 2.34 1.97 6.8 9.2
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the critical velocity vc and the upper limit velocity vp. Further in-
vestigations reveal that the other penetration events in Table 1 have
the similar situation. Different theoretical critical velocity can be
derived for different impact Cases by utilizing the mass loss itera-
tive model above. Meanwhile, as shown in Fig. 16, the linear fitting
between the initial kinetic energy and the mass loss for four
penetration events are conducted without the consideration of the
high-speed results, which is beyond the valid range vp. Table 4 lists
the comparisons between the linearly fitted values of vc and the
predictions from the mass loss iterative calculations. Clearly, the
theoretical predictions of the critical velocity agree with the fitted
experimental data, indicating the existence of the critical velocity
for mass loss during the penetration. Moreover, the linear fitting
values of C’ for different penetration Cases are also listed in Table 4.
4.3. The “secondary peak” deceleration

Involving with high temperature, high pressure and high strain-
rate, physical phenomena such as thermal softening, material
plastic flow, nose abrasion and eventual mass loss will happen
during the high velocity penetration. It is well known that the blunt
projectile nose generates larger drag force, resulting in significant
change on the evaluation of key technologies used in the EPW, such
as the fuze safety.

It is indicated from Fig. 14(b) that the deceleration of the low
velocity penetration has its maximumvalue at the beginning of the
tunnel stage and decreased gradually until it is stopped, which is
similar to the rigid penetration analyzed by Chen and Li (2014).
Comparatively, the deceleration subjected to the velocity of
1201 m/s in Case 1 will increase distinctly at the beginning of the
tunnel stage and then decrease gradually when the mass loss effect
is taken into account. It can be inferred that the occurrence of the
“secondary peak” deceleration is mainly ascribed to the change of
the nose shape caused by mass loss. Based on the iterative calcu-
lation, further analyses are conducted on the deceleration pulse
subjected to higher impact velocities. As shown in Fig. 17, distinct
vibrations of deceleration are shown in the beginning of the tunnel
stage. The duration and amplitude of the vibration increase with
the enhancement of impact velocity, resulting in the extreme
adverse condition for the high-speed projectile.

It can be inferred that the corresponding transition velocity vs,
when the “secondary peak” deceleration appears, should be the key
upper limit for the application of the EPW. In other words, the
enhancement of the initial impact velocity beyond this transition
point will aggravate the extent of mass loss of the projectile,
resulting in the structure failure and dramatic decrease of the DOP
in practice, as verified by experimental observations (Piekutowski
et al., 1999).

Assuming that the final CRH of the nose approaches 0.5, Mu and
Zhang (2011) developed the formulation for the predictions of the
upper limit of the nondeformable penetration regime. Table 5 lists
the comparison of the transition velocity between the iterative
model (denoted as vs) and the Mu's predictions (denoted as vp).
Clearly, the results available have a high consistency with the scope
of the predicted transition velocity from the iterative mass loss
model in Case 1 and Case 2. Therefore, it is inferred that the occur-
rence of the “secondary peak” deceleration can be assumed as a
symbol of the upper limit of the nondeformable region. As a
response of the change of the nose shape, the “secondary peak”
decelerationwill greatlyaffect theperformanceof projectile, leading
to the change of the penetration mechanism. Moreover, the theo-
retical maximum depth of penetration exists with the correspond-
ing transition velocity, which has been confirmed by Zhao et al.
(2010b). As a key parameter for the EPW, increasing the upper
limit velocity of the nondeformable region seems to be the crucial
approach to the improvement of the EPW's terminal lethality.



Fig. 14. Calculated time histories of characteristic parameters (a) Percentage of mass loss (b) Deceleration (c) Depth of penetration (d) Nose shape parameter.
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4.4. Heat generated by friction and plastic deformation ratio

Based on the failure mechanisms mentioned previously, it is
reasonable to consider that the heat generated by friction and
plastic deformation is vital to the mass loss of projectile, which is
involved in the process of penetration. Further investigation is
conducted to reveal the dominant mechanism on mass loss during
penetration.

Taking v0 ¼ 1009 m/s in Case 1 for analysis, Fig. 18 (a)- (c) pre-
sent the temperature gradient generated by friction and plastic
deformation along the depth at different surface locations during
the penetration process. The observation gauges are labeled as PA,
PB, and PC, located at the tip, the middle and the end of the pro-
jectile nose, as shown in the upper part of Fig. 18 (a)- (c), respec-
tively. The corresponding instant velocities for t ¼ 0.15 ms, 1.54 ms
and 3.0 ms are v ¼ 970 m/s, 507 m/s and 101 m/s. As discussed
above, the heat transfer limits in a very thin surface region during
the transient penetration process. As shown in Fig. 18 (a), the depth
of the heat affected area by friction is much less than that from the
plastic work. However, the magnitude of the temperature gener-
ated by friction is greater than that of the plastic work at the initial
stage of penetration, which is mainly attributed to the high velocity
sliding with high pressure between projectile and concrete. Clearly,
the heat generated by the friction reaches the melt point, while the
total temperature rise approaches almost 4500 K
(¼3000 K þ 1500 K) at the exterior surface of nose tip point PA.

In Fig. 18 (b) and (c), it is noted that both the temperature rises
generated by friction and the plastic work conversion decrease
with the decline of velocity as expected. It is also interesting to note
that the temperature rise caused by friction and the plastic work
decreases exponentially along the depth, due to heat conductivity
model and the exponential distribution of the effective plastic
strain. Almost no difference of the temperature rises between
different locations in Fig. 18 (b) and (c) is existed as the instant
velocity decreased. The heat generated by the plastic work de-
creases substantially to a low level due to its pressure character-
istics when compared the maximum temperature generated by the
plastic work in Fig. 18 (b) and (c).

To further reveal the mechanisms of mass loss at different lo-
cations in the projectile, Fig. 18(d) shows the proportion of heat by
friction on the exterior surface at the positions PA, PB, and PC at
different time intervals. Clearly, the proportion of the heat gener-
ated by friction rises to 70% as the penetration progresses from
t¼ 0.15ms to t¼ 3.0 ms, indicating the predominant role of friction



Fig. 15. Critical velocity of mass loss for Case 1.

Fig. 16. Linear fit between the initial energy and the percentage of mass loss.

Table 4
Critical velocity from the iterative calculations and linear fit data for four penetration events.

Case 1 Case 2 Case 3 Case 4

Theoretical value vc from the mass loss iterative model (m/s) 225 204 161 143
Linear fit value vc based on the experimental data (m/s) 191 151 118 142
Linear fit value C0 based on the experimental data (s2/km2) 0.134 0.14 0.156 0.175
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in the mass loss, especially at the low velocity period. Due to the
temperature limit of the application of the J-C constitutive equa-
tions, the heat generated by the plastic work can rise to no more
than the melting point of the material. Actually, it can be inferred
from the exponential trend in Fig. 18(a) that the heat generated by
the plastic work affects the projectile more than that by the friction,
showing the dominant effect of the plastic work on the high ve-
locity period. Moreover, it is noted that the heat by the friction plays



Fig. 17. Deceleration versus time subjected to different impact velocities.

Table 5
The velocity for the occurrence of the “secondary peak” deceleration.

Case 1 Case 2 Case 3 Case 4

vs (m/s) 950e1009 987e1024 1126e1250 1190e1250
vp (m/s) 958 996 e e
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an important role in the mass loss near the shank of the projectile
when comparing the proportion of friction heat in PA, PB, and PC at
t ¼ 1.54 ms and t ¼ 3.0 ms. The mass loss at the tip of projectile is
determined mainly by the converted plastic work, due to the large
plastic strain caused by the high velocity impact. Therefore, the
mechanism of the mass loss is the result of the competition be-
tween the friction and the plastic work, strongly depending on the
contact locations between projectile and concrete.

5. Discussions

Based on the thermoplastic instability failure criteria, an itera-
tive algorithm is proposed to analyze the thermal-mechanical
coupled mass loss during the penetration process. The thermody-
namic mass abrasion model is proposed for analyzing similar
normal penetration process with different impact conditions.
Reasonable agreements are obtained between the theoretical pre-
dictions and experimental data. Representations of the residual
contour of the projectile are demonstrated to present the shape
variation of the nose. Parameters that can not be measured
experimentally are analyzed to further investigate the penetration
process with mass loss. However, due to several underlying as-
sumptions in the model, the dynamic responses related to bending
and structural failure are not included in the predictions. The
fracture of the material cannot be predicted in this model, resulting
in the sharp nose of the final projectile, which seems unpractical.
The model is also unable to calculate the asymmetric mass loss and
the deviation of the terminal trajectory, which is complicated when
taking into account the random distribution characteristics of the
aggregate in the concrete. Thesewill be the valuablework for future
research.
5.1. The valid velocity range for the EPW

The key factors determining the material failure are closely
related to the material properties at high temperature, high pres-
sure and high strain-rate. During the penetration, the stress, strain
and strain-rate decrease from the maximum at the exterior surface
to approximately zero in the matrix, presenting a gradient distri-
bution in a thin area on the surface of a projectile. Moreover,
coupled with the temperature-based ductile failure criterion,
different receding displacements are derived from the iterative
calculations, which result in blunting the nose of the projectile.
Compared with the rigid projectile, the change of the nose shape
has a great influence on the high velocity penetration. The velocity
regime, including the lower and the upper limit for the non-
deformable penetration, is determined according to the feature of
the penetration process. The onset of the mass loss is determined at
the lower limit velocity of the nondeformable penetration regime.
This threshold value is closely related to the interactions between
the projectile nose and the target medium. On the other hand,
structure failure, trajectory deviation and dramatic drop of DOP
appear when exceeding the upper limit velocity of the non-
deformable penetration regime with the occurrence of the “sec-
ondary peak” deceleration. Intensive vibration and increase of the
deceleration will likely appear simultaneously. The valid velocity
range is applicable for the EPW, within which the DOP and the
percentage of mass loss increase stably as the enhancement of
impact velocity. Increasing the upper limit velocity is a useful
approach for the enchantment of the depth of penetration.
5.2. The dominant mechanism of mass loss

The dominant factors between the dynamic friction and the
converted plastic work are investigated to further reveal the
mechanisms of mass loss during the high velocity penetration. It is
demonstrated that the heat generated by the plastic work is the
dominant factor to the mass loss when the instant velocity is
comparatively high. Located in a thin layer area of the exterior
surface, the heat generated by friction plays a dominant role in the



Fig. 18. Temperature rising generated by friction and plastic work (a) t ¼ 0.15 ms (b) t ¼ 1.54 ms (c) t ¼ 3.0 ms (d) proportion of the heat by friction.
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low velocity penetration, which cannot be ignored. The tempera-
ture rise reaches the melt point in the beginning of the penetration
process, resulting in serious mass loss of the projectile. Comparing
the proportion of heat sources in different locations, it can be
inferred that the heat due to the friction plays a dominant role in
the mass loss near the shank of projectile, which is very important
for designing the reduction of mass loss effectively.

6. Conclusions

In this study, based on the mechanisms of thermoplastic failure,
a thermal dynamic mass loss model is proposed and developed to
investigate the high velocity penetration process with mass loss.
Utilizing spatial and temporal discretization, the transient pene-
tration process is discrete to calculate the movement and the var-
iations of the nose. Also, coupled with the temperature-based
failure criterion, the localized temperature rises generated by the
dynamic friction and the plastic work are combined together to find
the receding displacements, resulting in the nose variations of the
projectile. Good agreements have been obtained between the
predictions and the experimental data, including the shape of nose,
the mass loss and the DOP. Basic phenomenon such as the nose
abrasion and the drop of the DOP are analyzed and compared with
the rigid penetration. Further investigations have been conducted
on the modified valid velocity range, mainly focused on the lower
and upper velocity limit of the nondeformable penetration regime.
In addition, the characteristics of its occurrence are analyzed
theoretically, including the critical velocity of mass loss and the
appearance of the “Secondary peak” deceleration. The dominant
factors that result in the heat are compared with the temperature
distributions along the depth at different locations of the projectile
during penetration. The method presented is useful for the un-
derstanding of the high velocity penetration process with mass
loss.
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