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Abstract

Investigation of projectiles penetration phenomenon has been carried out in non-cohesive soil (Sand) targets under dry,
saturated and compacted conditions. Analytical studies have been performed on the linear and non-linear soil models to
obtain penetration depth formulae for ogival nose projectile and the results are verified by experimental studies. In present
work, three ogival nose projectiles each having weight of 1.0 kg and nose angle of 15°, 30° and 45° are dropped from a height
of 10.0 m in rectangular tank filled up by non-cohesive soil target. The rigid projectiles made an impact on a uniform target
material at normal incidence with striking velocity of 14 m/s and proceeded to penetrate at rigid-body velocity. The models
require geometrical parameters of the projectile types, velocity and target shear strength for the overall penetration depth of
projectile. In addition, some parametric studies have been also carried out for academic and field interest.

Keywords: Projectile penetration, Projectile, Non-cohesive soil target, Caliber radius head.

1. Introduction

After the end of Second World War most of the
countries began to make shelter against nuclear attack. The
recent nuclear tests conducted in the subcontinent have
further awakened the investigators for undertaking
extensive study on the subject of projectile/missile impact
upon different type of targets, particularly the geo-
materials under which the strategic structures such as army
bunkers and Nuclear Power Plants (NPP) may be buried.
Burying of these strategic structures is considered to be the
most effective and efficient way to save them from any
possible damage. The safety or destruction of these
structures requires the correct estimation of penetration
depth in overlying geo-material and forces exerted by
missiles (with no explosive) on these structures.

Soil penetration by projectiles has motivated many
generations of researchers. Historically, studies in missile
penetrations were initiated according to military needs
more than two centuries ago [1,2]. Some early studies by
Allen [3], Thompson [4] and Zukas et al. [5] have focused
on the impact and subsequent penetration of instrumented
projectiles. Experimental studies on the dynamics of soil
penetration by low-velocity projectiles stimulated the
development of theoretical modeling of the dynamic
phenomena of impact and penetration in solids [5] and in
soils [6].

These theories were mostly based on dynamic plasticity
and dynamic wave propagation and did not adequately
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characterize the extremely complex process of vertical
penetration in granular soils.

Current experimental studies have concentrated on
assessment of the influence of projectile shape on depth of
penetration [7,8,9] and fitting of results to existing
theoretical models [10,11]. Such an approach avoids
analysis of the physical properties/processes of penetration
phenomena. Comparison of theoretical and experimental
results allowed us to solve the inverse problem of dynamic
penetration and to determine the properties of penetrated
soil media. Seguin et al. [12] developed a model for the
penetration of the projectile in the granular bed including a
friction law between the projectile and the grains, a
viscous dissipation in the bed and a force from the
collisions between the projectile and the granular material.
The model suggests that the penetration depth is a power
law of the total drop distance.

A detailed review of past investigators shows that
considerable work has been done in the area of impact of
missiles on plates, shells etc. [13,14]. However, studies
available on impact of missiles on geo-material targets are
scanty. The past investigators have carried out penetration
study of missiles into geological targets using three types
of models: (a) Empirical Model (b) Cavity Expansion
Model and (c) Model of Orthogonal Layers. Empirical
models are specific to the experimental data for which they
have been developed. The Cavity Expansion model has
been developed with the assumptions that when a missile
impacts penetrates the geo-material target, it creates a
cavity. This cavity expands under the action of stress
waves generated into the target medium. To study the
shape of cavity thus formed and its expansion
phenomenon, Spherical and Cylindrical Cavity Expansion
Model theories have been proposed by Norwood and Sears
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[15]. Model of orthogonal layers has been developed by
Yankelevisky [16] as an attempt to advance the cavity
expansion approach towards a better physical
representation of soil-penetrator interaction and obtained
more useful results, which are an improvement over the
previous models. In these models, soil medium is
considered as a set of independent layers and the element
line is assumed orthogonal to the nose surface.

Using above models, past investigators have proposed
various formulae for the prediction of deceleration-time
history, penetration depth, forces at missile nose etc. These
expressions have been mostly derived for linear material
model of the target and normal impact of missiles having
or assuming equivalent conical nose shape. The friction on
nose and missile aft body has been neglected by most of
the past investigators. In addition to these, almost all the
investigators have carried out their analyses on
deterministic basis [15,16]. However, most of the
parameters such as material characteristics, angle of
impact, velocity of missile and occurrence of various
events are highly probabilistic. Mechanics of missile
penetration requires proper modeling of target material,
which is still considered the weakest link in the chain of
analyses. However, many models have been recently
developed by Yu and Mictchell [17] and Danziger et al.
[18] for modeling of geological targets, but none of the
models are capable enough to simulate the response of

missile penetration properly. It is proposed, therefore to
improve the material models.

2. Experimental Studies of Projectile Penetration
in Non-Cohesive Soil Targets

An experimental study of projectile penetration into
non-cohesive soil (sand) target was performed on the three
projectiles of ogival nose shapes (O;, O, and O3) having
nose angles of 15° 30° and 45°. The projectiles were made
of mild steel and having weight, diameter and length of
shank (I) equal to 1 kg, 40 mm and 210 mm respectively
(Fig. 1). The geometrical data of three ogival nose
projectiles are shown in Table 1. The weight of projectiles
was made same by keeping some hollow portion inside the
projectile where as the nose length of projectiles was
dependent on their nose angle or Caliber Radius Head
(CRH). The caliber radius head of ogival nose,  is given
by ,, _ ' where, R is the radius of aft body and r is

v 2R
the radius of curvature of ogival nose given by:
R{“(sz}where, L is nose length of projectile

r=—
2

(Fig. 5).

R

Fig. 1 Ogival nose projectiles with nose angles of 15°, 30° and 45°

Table 1 Geometrical data of projectiles*

I . Noseangle ~ NoselengthL  Total length L'=  L° Caliber radius

Projectile  Mark  Weight (kg) 0 (deg.) (mm) L+*1 (mm) R head (CRH) i/
Oqival (O] 1.000 15** 151.9 361.9 9.05 14.65
ngose 0, 1.000 30** 74.6 284.6 7.12 3.72
03 1.000 45** 48.3 258.3 6.46 1.70

* | = shank length, R = radius of shank (= 20 mm), ** Equivalent nose angle

All the projectiles were dropped from a constant height
of 10.0 m with a striking velocity of 14.0 m/s into
rectangular wooden tank filled with non-cohesive target
materials under different conditions of moisture and
degree of compaction. The experimental tank was
rectangular in plan with the inside dimensions of 1.50 m x
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0.75 m x 0.75 m (high). The three vertical sides and base
of the tank were made of % inch plywood and aluminum
sheet of 3 mm thickness was affixed to the wood on the
inside face of the tank. For observations of projectile
penetration, a transparent glass sheet was fixed in the
fourth vertical face of the tank (Fig. 2).
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Fig. 2 Rectangular tank filled up by non-cohesive target
material

The physical properties of non-cohesive target material
were determined in geotechnical engineering laboratory by
conducting experimental tests according to IS specification
(Table 2). A quantitative determination of the particle size
distribution was made by sieve analysis with a set of IS
sieves in micron (600 p, 425 p, 300 p, 212 p, 150 p and 75

p). The particle size distribution curve of sand is shown in
Fig. 3. The Standard Proctor Compaction Test (AASHO
Test)-1S: 2720-VII, determined the optimum moisture
content (OMC) and maximum dry density, yamax (Fig. 4).
The shear strength parameters of sand were determined by
performing consolidated drained triaxial tests with
confining pressures of 50 kN/m? 100 kN/m? and 150
kN/m?. The oven-dried sand was sieved through IS: 600 p
sieve and filled in the rectangular tank in loose state by
free fall from a fixed height of 150 mm, for the saturated
sand deposit, the tank was pounded with water so as to fill
the voids for complete saturation and the compacted sand
target was deposited at OMC in three equal layers, each
layer tamped by giving 100 number of blows with a 4.6 kg
hammer having loaded area of 150 mm x 150 mm and free
fall of 300 mm. The required 100 number of blows
corresponding to maximum dry density was obtained by
trial method.

Table 2 Physical properties of non-cohesive soil targets

Optimum maoisture content (OMC) 12.30 %
Maximum dry density (Ygmax) 15.00 kN/m®
Proctor density of sand compacted at OMC (y) 16.85 kN/m®
Void ratio of sand compacted at OMC, e = e, 77.21 %
Porosity (n) 44.16 %
Shear strength at OMC from triaxial test (t,) 128.20 kN/m?

Maximum shear strength at OMC (ty,)

256.30 kN/m?

Specific gravity by Pychometer (G) 2.66
Coarse fraction (> 2 mm) 0.00 %
Medium fraction (75 | to 425 ) 94.11 %
Fine fraction (<75 p) 4.13 %
Uniformity coefficient, C, = Dgo/D1g 01.82
Coefficient of curvature, C, = (D3g)? / Dgo D1o 1.12
Effective size (Dyg) 0.14 mm
Soil classification as per IS: 1498-1970 Uniformly graded
Fineness modulus (FM) 1.62
Unit weight in dry state (yq) 13.50 kN/m®
Unit cohesion (c) 0.00 kN/m?
Angle of internal friction (¢) 32.50°
Unit weight in saturated state (Ysq) 17.80 kN/m?
Unit apparent cohesion in saturated sate (cy,) 0.52 kN/m?
Angle of internal friction in saturated state (¢p,) 20.60°
100 =
90

o 80 I
S 70 |
g 40 f
E
[«5)

0 e

0.001 0.01 1 10

01
Particle size (mm)

Fig. 3 Grain size analysis of non-cohesive soil target
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Fig. 4 Compaction curve of non-cohesive soil target

3. Methodology of Projectile Penetration in Non-
Cohesive Soil Targets

The target points of projectile in experimental tank are
first aligned by hanging a plumb bob from 10.0m high
building and then the projectiles are dropped freely under
the action of gravity. Thus, the striking velocity of each
projectile was 14.0 m/s. The distance between the target
striking points of the projectiles were selected in such a
way that the effect of experimental tank walls and
overlapping of stress zones due to the penetration of
projectiles could be avoided. The number of projectiles
penetrated into a target was not more than three. Those
tests in which the strike of the projectile was not normal
were discarded and were repeated in the next round for
experimental tank.

The depth of penetration of projectiles was measured
accurately with a precision of 1 mm with the help of scale.
Each test was repeated thrice with altered sequence of
strike and the average value of the depth of penetration
was recorded. The recorded values of the depth of
penetration of three ogival nose shape projectiles into non-
cohesive soil targets in tank is given in Table 4. The cored
samples from non-cohesive soil targets were tested in the
laboratory for determining the basic properties of soil viz.
bulk density, dry density, moisture content and shear
strength parameters (unit cohesion, ¢ and angle of internal
friction, ). The shear strength parameters were
determined by triaxial test.

4. Problem Formulation

The problem has been formulated under the following
assumptions

e  The missile is rigid i.e. deformation of missile is
negligible and only soil deformation has been considered.

e  Impact of missile is normal and axi-symmetric.

e  Wave propagation is one dimensional and in the
radial direction.
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e  The missile does not carry any warhead and no
explosion has been considered.

e  The loss of energy in the form of heat and sound
has been neglected.

4.1. Material model

The target medium is described by a linear hydrostat,
assuming a linear shear failure stress and pressure relation
as given below. Many soil materials with low water
content can be modeled with these idealizations [8].

7= ) @

In the present study following Mohr-Coulomb yield
criterion has been considered which may be expressed as

O, —Og=Ty+AP )

where, A=4, for
A= +4,p for non-linear material model. Here, t,, A4

and ), are the parameters which have to be obtained from
best fit of experimental data plotted between shear strength
and hydrostatic pressure.

linear material model and

p=(0y +20,)/3 @)

The eq. (3) has been obtained assuming the vertical
stress o to be equal to the circumferential stress o, during
the penetration event.

where,

n" = locked volumetric strain; pp = initial mass density;

p = locked mass density; o, ,0, = radial and tangential

components of Cauchy stress (positive in compression); 7
, A = define the yield condition; and p = hydrostatic
pressure.
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4.2. Stresses in the soil medium

When a rigid missile nose penetrates a uniform target
medium with normal incidence, a spherically symmetric
cavity is formed. This spherically symmetric cavity
expands with constant velocity V under the action of stress
waves. This expansion produces plastic and elastic
response regions bounded by the radii Vt and ct, where t is
the time and c is elastic-plastic interface velocity. The
element of such an expanded layer at a radial distance r
from the axis of symmetry is subjected to shear stress

(o —0p) and hydrostatic pressure p given by eq. (2)

and eq. (3). Now using above material model, following
equations of momentum and mass conservation in
Langrangian coordinates have been derived [8].

oo, ou
(r +u)? 8_rr+ 2[1+ gj(r +u)o, —oy) “
gazu
+p,r e, =0
10 3 Po .2
——|r+u)’|=*2r 5
Sl ®)

Where, r is the Lagrangian coordinate p is the current
density and u is the radial displacement (positive outward)
which satisfies the following boundary condition at the
cavity interface:

u(r=0,t)=Vt (6)
To reduce eq. (4) and eq. (5) into ordinary differential

equations following similarity transformations may be
used:

=L ()
u(g) =16 ®)
ct
O-r
S=— ©)

Substituting above transformations into eq. (4) and eq.
(5), we get

(§+G)j—2+2af—§(§+a)3:‘27“(;1—5(&6)—

pc? £ d2u (10)
7o (&+u) dé?

%;—5[@&)3]:(1—77*)52 (1)

where, a =31/(3+21) (12)

The solution of above differential equations for £ =0
may be expressed as

S(£=0)=A+BpV?/z, (13)
where,
1(1+7,/2EYV" 1

A:_(_”o ] = (14)
a y A

3
B= +
A-7)1-2a)(2-a)

i(l+rol2EJ2a
¥

}/2
(3z,/E)+n*(1-3¢ /2E)?

P RA-2-a)+ 37
A-7%)A-2a)2-a)1+7,/2E)"

(15)

The above equation is indeterminate for 1=0 and
A=3/4. These cases therefore separately analyzed and
following equations for A and B has been obtained

For 2=0

_ 2], 1 A+7,/2E)° —(A—7%)
A_s{l 'n[ QA+7,/2E)® ﬂ) (16)

3 (3r,/E)+n*(1-3r,/2E)?
= * + /3
20-1) " |a+z, 1260 - @-nf

17
@z, 120 - @- )} L, 3, 12E)?
201+1,/2E)* d-7*)
For A1=3/4
A=2(1+7,/2E)/ y—4/3 (19)
B —2Iny N
A-7%)
(A+7,/2E)3z,/E+n*(1-3z,/2E)]
7/3
2 1 _3Inl+7,/2E)
3| @+17,/2E)® A-7%)

The cavity expansion velocity V may be obtained in
terms of missile rigid body velocity V,, nose length L,
penetration depth z, radius of aft body R and CRH y as
[19]

(L-2)

(20)

Having known the S at £ = 0 from eg. (13), we can
estimate the radial stress component o; at the missile nose
using eq. (9).
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4.3. Forces on missile nose and deceleration

The penetration of missile into the target results in the
radial movement of the target material at the cavity
interface which produces radial stress in the target
material. The incremental radial force on the missile nose
for a thin target thickness dz is given by

dF, =270, (O)R(2)dz 1)

Where, o; (0) is the radial stress in the target material
at the cavity expansion and R (z) is the radius of the
missile nose at a distance z from its tip (Fig. 5). The
expression of R (z) for an ogive nose is given by (Siddiqui
and Abbas 2002):

R(z) =—a+va?-z%+2Lz (22)

where, a = (R™-R); R’ = radius of the ogive nose; R =
radius of the aft body of missile; and L = nose length of
missile.

The vertical force at the nose of the missile due to the
vertical stiffness of the target material of thickness dz is
given by

dF, =dF, tan @ (23)
Where,

dF, = incremental vertical force; dF, = incremental
force in radial direction and €= equivalent cone angle.
Force acting at the nose is the drag force which is

dFs
‘<an
dFv

tangential to the surface of the missile nose arising due to
the friction between the target material and missile. The
drag force has not been considered by Forrestal et al. [20]
in their penetration analysis. The magnitude of incremental
drag force dFy for the elemental target thickness dz is
equal to the product of coefficient of dynamic friction
between the missile surface and the target material ()
and force normal to the missile nose (dF, ) i.e.

dFy = qdF, (24)
where, dF, =dF, secO, therefore,
dF, = uydF, secd (25)

Hence, the total incremental vertical upward
component (dF,) of the target reaction will be

dF, =dF, +dF; c0s & =dF, tan 6+ y, dF, cos @

= dF, (14 +tan 6) (26)

where, the radial force dF, and vertical force dF, are in
fact the radial and vertical components of the normal force
dF,. The total upward vertical target reaction on the
missile nose has been obtained by integrating eq. (22)
from O to penetration depth z (where, z < L)

z
F, :J’(,ud + tan @)dF,
o

= I(yd +tan 8)2zo,R(z)dz @7)
0

\X\ CRH =T1/2R'

~—a—-rR

N2
N/t

a=(r-R)

Fig. 5 Drag force acting tangentially to the surface of the missile nose

If the depth of penetration of missile is greater than the
nose length then the upper limit of integration will be up to
L because we are getting reaction only on the nose. The
equation eq. (27) has been applied for the estimation of
total vertical target reaction F,

for ogive nose shaped missiles. The force F, will be
given as

M. Anwer Khan

F, = | (1g +tan 0)27c,R(z)dz (28)

O e N

The substitution of R (z) for ogive nose from eq. (22)
and the value of tan© at a distance z from the tip of the
nose in eq. (28), lead to
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V4
L-z
FZ = Zﬂ.([O'rR(Z)[m'Fﬂd sz

z
:27r.[o—r(—a+\/a2—zz+2sz (29)
0

L-z
Ltz e
[\/az—zz+2Lz ]

It is to be noted here that o; for ogive nose is a function
of z. The force F, given by eq. (29) for the ogive nose can
be integrated using any standard numerical integration
scheme.

4.40 Response estimation

To obtain the response time histories of velocity,
penetration depth, and the deceleration of missile, the
dynamic equilibrium of missile has been considered that
results in the following well known equation:

dv,
m——-=
dt

F (30)

N

The integration of above equation, using any standard
numerical integration scheme, will yield time histories of
velocity, penetration depth and the deceleration of missile.
In the present study, the forward finite difference approach
has been employed for its integration. Using this
approach, the velocity V,, deceleration a, and the
penetration depth z of missile at (i+1) ™ time step can be
obtained by the following relations:

ZARE VAR % (F; " 4t) (31)
i+1 _Vzi+1 _Vzi 32
8 = (32)
AN LERVAVY; (33)

5. Numerical Studies

The methodology for the penetration analysis of soil
targets under projectile impact has been validated. The test
results of experimental study of projectile penetration in
non-cohesive soil (sand) under different conditions of
moisture and compaction have been presented. The tests
conducted for the study being of low velocity, some
published results involving high velocity of strike have
been used for the purpose of validation of the models. The
parameters considered for the purpose of validation are
depth of penetration, deceleration-time history, forces at
the projectile nose, stresses in the target material and its
variation with depth and radial distance. The results of
analysis of published work available in literature have
been compared with the results of present study. Some

useful parametric studies have also been performed in the
present study to obtain the results of practical interest.

5.1. Validation of model with present experiment

The spherical cavity expansion (SCE) model developed
for the penetration analysis of soil target have been
validated with the help of the experiments carried out in
the laboratory for low velocity of strike. Whereas, the
experiments available in literature have been used for the
purpose of validation of model for higher velocity of
strike. The experimental data available for validation of
the model is depth of penetration. Three projectile models
of ogival nose shape with nose angle of 15° 30° and 45°,
each having weight of 1.0 kg, used for penetration studies
in non-cohesive soil targets for numerical modeling and
experimental studies. The results obtained from
experiments of penetration depths of the projectiles falling
freely from a height of 10.0 m with striking velocity of 14
m/s into targets have been compared with the Forrestal and
Luk Model [8] and model proposed in this study.

The target types employed in this study include, dry,
saturated and compacted sandy soil target. The physical
properties of sandy soil targets are given Table 1. To
describe the soil material model completely, we need three
important parameters T, A; and A, (eq. (2)). These two
parameters have been obtained by plotting the data on
shear strength and hydrostatic pressure graph and then
fitting linear and nonlinear curves to these data points (Fig.
6). We get following values of A; and A, for linear and
nonlinear materials (Forrestal and Luk model [8]):

T, = 10.0 MPa ; A, = 0.0 for linear model.

T, = 8.083 MPa ; M= 0.091 and A,= -0.001 for
nonlinear material model.

20

+ Experimental data (Forrestal and Luk
1992)

=
ol
L

£ =-0.001p? +0.0911p +8.0833

°

(6]
I

Shear strength (MPa)
H
o

o

0 20 40 60
Pressure (MPa)

Fig. 6 Shear strength vs hydrostatic pressure for non-cohesive
soil target

6. Results and Discussion
6.1. Non—Cohesive Targets

The three different categories of non-cohesive soil
(sand) targets are considered in the present study,

a) Dry sand b) Saturated sand ¢) Compacted sand at
OMC.
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6.1a. Dry sand

It is observed from Table 3 that the penetration depths of
ogival nose projectiles (01, O2 and O3) predicted by
Forrestal and Luk model are 35 % to 40.8 % less than the

experimental values. Whereas, the penetration depth of
projectiles predicted by the proposed model for same nose
types are only 6.5 % to 11.6 % less. Thus, it can be seen that
the error in the prediction depth got much reduced in the
proposed model as compared to the Forrestal and Luk model.

Table 3 Comparison of penetration depth of projectiles in loose and dry sand
Experimental Predicted penetration depth (mm)

Nose

S. No. shape penetr?;:ﬁ]r; depth LFutl)(rrne1s(,)t(:;1(IaI Error (%) P:gggz(led Error (%)
1. O, 554 330 -40.4 490 -11.6
2. 0; 515 325 -36.9 465 -9.7
3. O3 460 295 -35.8 430 -6.5

6.1b. Saturated sand depths of projectiles are 0.3 % to 1.3% less to the proposed
model. Thus it is seen that the error in the prediction depth
got reduced in the proposed model as compared to the

Forrestal and Luk model (Table 4).

For the saturated sand target, the predicted penetration
depth by Forrestal and Luk model is 21.1 % to 24.8 % less
than the experimental value. Whereas, the penetration

Table 4 Comparison of penetration depth of projectiles in saturated sand
Experimental Predicted penetration depth (mm)

S. No. sl\r:g;?e penetration Forrestal Luk Error  Proposed  Error
depth (mm) model (%) model (%)

1. 0, 254 191 -24.8 255 -0.3
2. 0, 243 188 -22.7 242 -0.4
3. O3 224 179 -20.1 221 -1.3

and Luk model is 13.2 % to 24.4 % less. Thus it is seen
that the error in the prediction depth by proposed model is
almost negligible and there is an improvement in the
Forrestal and Luk model (Table 5).

6.1c Compacted Sand

The penetration depth predicted by proposed model is
0.5 % to 2.9 % less than the experimental value. Whereas,
the penetration depth of projectiles predicted by Forrestal

Table 5 Comparison of penetration depth of projectiles in compacted sand
Experimental Predicted penetration depth (mm)

Nose

S. No. Shape penetration Forrestaland  Error ~ Proposed  Error
depth (mm) Luk model (%) model (%)
1. 0, 213 161 -24.4 212 -0.5
2. 0, 158 125 -20.8 149 -5.7
3. 0O, 136 118 -13.2 132 -2.9

6.2. Comparison of Present Study Model with Forrestal
and Luk Prediction

Table 6 shows that if friction force on missile nose is
neglected, the prediction of Forrestal and Luk [8] is close
to the experimental depth of penetration, however, if
friction is considered; their prediction underestimates the
depth of penetration. But the sliding friction on the nose of

the projectile cannot be ignored in the present problem.
Moreover, in the present study, though the depth of
penetration neglecting friction is quite high but the
consideration of friction gives the magnitude which is
reasonably close to the actual depth of penetration
particularly when nonlinear material model has been
considered (difference is about 5%).

Table 6 Comparison of penetration depths

Penetration depth (m)

Model

Friction neglected

Friction considered

Forrestal and Luk (1992)
Present study (Linear)
Present study (Non-linear)
Average experimental value

4.98 3.16
6.23 4.34
7.24 5.08

- 5.04

M. Anwer Khan
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It has been also observed that the nonlinear material
model predictions are much better than corresponding
linear material model prediction. This shows that the
present study is a good improvement of Forrestal and Luk
model [8].

6.3. Impact Velocity and Penetration Depth with Time

Fig. 7 shows that for striking velocity of 14 m/s of
ogival nose projectile model, the penetration depth
increasing and striking velocity reducing with time for
present study and Forrestal and Luk models. This is an
expected trend. Impact velocity is the measure of impact

20

energy as the projectile penetrates into the soil the, impact
velocity decreases and penetration depth increases with
time. It has been also observed that the variation of
velocity with time up to penetration of nose length is linear
for Forestall and Luk model but it is non-linear for present
study model. The penetration depth by present study
model was obtained 30 % more than the Forrestal and Luk
model. The reason for this pattern is that the analysis of
Forrestal and Luk [8] considered the effect of projectile
after full penetration of nose length but in the present
study, the effect of projectile nose and shaft both are
considered.

18 -
16 -
14 -
212
10 -

)

\Elocity (

g Forrestal and Luk

Present study

ONI~OO®
1

0 10 20

0.40
L 0.35
- 030 g
- 0.25 5
o
Striking velocity =14m/s | 020 &
triking veloci = m/s <
9 v L 015 .8
g
L 0.10
S
L 0.05 &
. . 0.00
30 40 50

Time (ms)
Fig. 7 Variation of velocity and penetration depth of projectile with time

6.4. Parametric Studies

To obtain the results of academic and field interest
some parametric studies have been carried out, which are
presented in subsequent subsections. The effect of a
parameter on the penetration has been studied by varying
the selected parameter and keeping all other parameters is
fixed.

6.4.1. Effect of CRH
The variation of depth of penetration for different CRH

values by keeping all other parameters fixed is shown in
(Fig. 8). These figures show that the depth of penetration

increases whereas deceleration decreases with the increase
in the value of CRH of missile nose. It is due to the fact as
CRH increases, the nose length increases (nose length =
252 mm, 294 mm and 331 mm for CRH = 3, 4, and 5
respectively) and shape of the nose becomes more pointed
that makes the penetration easier and, therefore,
penetration depth increases whereas deceleration
decreases. This pattern is same for the linear as well as the
nonlinear material models. However, since nonlinear
material offers lesser resistance as compared to linear
material, the missile of same CRH in the non-linear
material stops at greater depth than the linear soil material.

[ DOI: 10.22068/1JCE.13.1.28 ]

,\14 1 ——Linear Model
E12 - Nonlinear...
510 - CRH=5
S 8 -
© CRH =
g,
G RH=
E 2 ¢ Present study model
g_ O T T T T T
0 20 40 60 80 100 120
Time (ms)

Fig. 8 Effect of CRH on penetration depth
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6.4.2. Effect of coefficient of friction

The coefficient of friction is an uncertain parameter
that directly governs the force of resistance offered by the
material to the penetration of missile. It is expected that as
the coefficient of friction increases, the depth of
penetration should decrease. Fig. 9 shows the same trend
and the variation is almost linear for practical purposes.
For same value of coefficient of friction (0.13), the

predicted value of penetration depth by present study
nonlinear model was 17 % more than the linear model.
The decrease of 10 % in value of coefficient of friction
results an increase in penetration depth of 6.5 % for linear
and non- linear models. For the same coefficient of
friction, nonlinear model offers lesser resistance, results a
greater penetration depth.

7.5 1

4.5 -

Depth of penetration (m)

6.0 -
—_—

3.0 1 ——Linear Model
- Non-Linear Model

—

0.06 0.08 0.10

0.12 0.14 0.16 0.18

Cofficient of friction
Fig. 9 Effect of coefficient of friction on penetration depth

6.4.3. Effect of mass

For given velocity, mass is directly proportional to the
kinetic energy of missile. Fig. 10 shows that as we are
increasing the mass, keeping velocity and all other
parameters constant, penetration depth increases. This is
an expected trend. However, this should be kept in mind

that practically it is not always feasible to increase the
mass dramatically without affecting its velocity. Keeping
this in view, this parametric study has been conducted for
a small variation in mass (22 to 24 kg). An increase of 10
% in the mass results in 5 % increase in the penetration
depth.

7
Eq
[
.g 5
©
® 4 -
[
g8 3
S 2 ] — Linear Model
N .
= ——Non-Linear Model
o 1 4
Q
0 T T
22.0 22.5 235 24.0

Mass (Kg)

Fig. 10 Effect of mass on penetration depth

6.4.4. Effect of modulus of elasticity

The modulus of elasticity is not a simple parameter to
obtain for any soil; its value varies with the soil type, state
of compaction/consolidation, quantity of moisture,
confinement and depth. Therefore, there may be a large

M. Anwer Khan

variation in its estimation. It was observed that as the
modulus of elasticity of soil increases, it makes the soil
stiffer which consequently makes the missile penetration
difficult into the soil. It is due to this reason, increase in
maximum deceleration, decrease in depth of penetration
and decrease in stopping time (Table 7). It is observed for
present study model that an increase of 30 % in the value
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linear and non-linear models are 19 % and 6 %
respectively less than the experiment value (Fig. 11).

of Young’s modulus (E), the reduction in the penetration
depth of 3.2 % and 2.4 % for linear and non-linear model.
The predicted values of penetration depth by present study

Table 7 Influence of variation in value of Young’s modulus (E)

= Maximum Minimum Final time t;  Penetration Penetration
CEL deceleration (g)  deceleration (g) (ms) depth (m) depth (m)
o 5 5 5 5 =
5 5 2 g £ 5 s 8 k5 £
® c - c - c - c - S
= O S 4 S 4 S O S S
S Z pd pd pd il
120 3746 2841 799 713 34.0 39.0 457 526 -
160 3763 2979 842 741 325 375 434 508 5.04
210 3775 2761 878 763 31.0 36.5 4.17 4.95 -
—o—Present Study (Linear Model
5 —&-Present Study (Non-Linear Model)

- Experiment

S
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S 5 ’ —a

Q.

[}

o ’\g

5 I —

= 4

s

5]

c

[

a3

120 140 160 180 200 220

Young's modulus (E) , kN/m?
Fig. 11 Effect of modulus of elasticity on penetration depth

7. Concluding Remarks iii) There is significant influence of CRH on

[ Downloaded from www.iust.ac.ir on 2025-07-16 ]
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Forrestal and Luk model gave the predicted penetration
depth less than the experimental values obtained in this
study because he considered the drag force maximum at
tip of nose which remains constant along nose length. But
in present model study, the forces are taken minimum at
tip, increasing along length of nose and become maximum
at end of nose and then remain constant throughout the
length of shaft of projectile. The present experimental and
values predicted in proposed model has provided a
significant improvement in the Forrestal and Luk model.
The predicted penetration depths by the proposed model
are less than the experimental results in dry, saturated and
compacted sand.

The observations made from the experiments are as
follows:

i)  As expected, the depth of penetration reduces
with the increase in nose angle or reduction in the nose
length of ogival nose projectiles in all types of soil targets.

ii) The penetration depth of projectiles was more in
saturated sand than compacted sand. The reason for this
trend is that the angle of shearing resistance of saturated
sand reduces about 50%, thus reducing the friction
between sand particles and projectile nose.

penetration depth. The penetration depth increases with the
increase in the value of CRH as shape of the missile nose
becomes more pointed that makes the penetration easier.
The missile of same CRH in the non-linear material stops
at greater depth than the linear soil material.

iv) A decrease of 10 % in value of coefficient of
friction results in an increase in penetration depth by 6.5 %
for both linear and non-linear models. For the same
coefficient of friction, nonlinear model offers lesser
resistance, thus results in greater penetration depth.

V) An increase of 10 % in the mass of projectile
results in 5 % increase in penetration depth.

vi) Increase in the modulus of elasticity of soil cause
increase in maximum deceleration, decrease in depth of
penetration and decrease in stopping time.

The results obtained from present experimental
study can be used in making the strategic underground
structures safe against enemy projectile attack by either
constructing the structure at a safe depth or if such
placement is not economically feasible then the
structure may be designed to resist the forces exerted by
the projectile.
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