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Abstract: In the present study,analytical solutions were presented for the prediction of the penetration and perfo-
ration of composite glass fiber-reinforced plastic (GFRP) sandwich panels struck normally by flat-nosed cylindrical
projectiles over a wide range of impacting velocities, projectile mass and core thickness. The analysis model involved a
three-stage perforation process including perforation of the front steel skin,the GFRP core,and the back steel skin.
The formulation were based on assumptions that the deformations of steel skins are localized and the projectile is
considered as a rigid body in the perforation of GFRP composite laminate. The energy absorption of the front and back
steel skins and the GFRP core were estimated with the upsetting effect of the projectile and the adiabatic shear effect
of the steel skins taken into consideration. In addition,based on the energy balance, the ballistic limit of the sandwich
panel were obtained and compared with the available experimental results. The results show that the analytical
predictions are in good agreement with the available experimental data.
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Sandwich composite structures are increasingly used in marine, military and aerospace fields due

L5 A sandwich structure usually

to their lightweight,high strength and energy absorption capability
consists of two thin and stiff skins (the front skin and the back skin) and a thick and light core. The
main function of the skins in a sandwich composite is to carry the bending moment while the core
undertakes the duty of fixing the separated skins, carrying the transverse shear load,and performing
otherstructural or functional duties such as impact tolerance, radiation shielding, etc"*’. Because of military
demand, the sandwich structures are frequently subjected to impact loadings such as fragments from
blast debris,shrapnel and bullets. In these cases, the sandwich panel with steel skins and a fabric-reinforced
plastic (FRP) composite core is an obvious choice.

A variety of FRP sandwich composites have been used for armor construction due to their highly
complex processes,but the prediction of the residual velocity after penetration remains to be a tough
problem because of its complicate process. A number of studies on the ballistic limit of sandwich struc-
tures are based on experimental tests'”*). The experimental method requires a broad test program,

which is time-consuming and costly. Numerical simulations may be useful in solving this problem but,
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unfortunately, they still require considerable resources in terms of computing time (CPU) and man-
power. To reduce the cost and time,it is essential to use the analytical method.

Researchers have done many experimental and analytical studies on the ballistic impact behavior
of composites™'™. Wen"" ' presented simple relationships for predicting the penetration and perfora-
tion of monolithic FRP laminates struck normally by projectiles with different nose shapes over a wide

f11]

range of impact velocities. Gu"'"” presented an analytical model to calculate the decrease of the kinetic

energy and residual velocity of a projectile penetrating the targets composed of multi-layered planar

£. 125 studied the energy absorbed by different mechanisms, ballistic limit

woven fabrics. Naik et a
velocity and contact duration of typical woven fabric E-glass/epoxy thick composites using an analyti-
cal method. Gama and Gillespie!'! found that the ballistic damage mechanisms can be mimicked by
conducting a series of quasi-static punch shear experiments at different support spans. In their study,a
quasi-static punch shear test (QS-PST) methodology was developed to quantify and partition the pen-
etration energy into elastic and absorbed energies as a function of penetration displacement and sup-
port span. Besides,some researchers used the numerical simulation method to determine the ballistic

limit of composite materials' """

,and the simulation results usually show good agreement with the
test data.

Lots of work has been done on the problem of the ballistic limit of composite sandwich panels by
many researchers”'®?") Goldsmith er al."*) investigated the ballistic limit of cellular sandwich plates
with honeycomb or flexible sheets of aluminum cores using the experiment. They found that the bal-
listic limit of the sandwich plates was not significantly affected by the type,cell size or wall diameter
of the composite,as the principal mechanism resisting the perforation of the composite was piercing
the facing plates.

[20] studied the effect of the impact angle and nose shape on the ballistic limit by

Zhou and Stronge
experimental and numerical methods. The results suggested that during the perforation by a flat-nosed
projectile,layered plates caused more energy loss than monolithic plates of the same material and total
thickness. There was no significant difference in the measured ballistic limit speed between the mono-
lithic plates and the layered plates at the oblique impact by a hemispherical-nosed projectile.

Skvortsov et al. " developed an analytic model to deal with the partition of the energy of absorp-
tion,allowing for quantitative estimation of the energy fraction consumed via elastic response of the
panel and the one consumed via irreversible damage. Numerical results are corroborated with experi-
mental data obtained from intermediate-velocity impact tests performed for sandwich panels with FRP
composite laminate faces and foam cores.

[22Janalyzed the perforation of composite sandwich structures subjected to high-velocity

Buitrago et al.
impact using the finite element model (FEM). The FEM was validated with experimental tests by
comparing the numerical and experimental residual velocity,ballistic limit and contact time.

I also have

Researchers such as Jover et al. ' ,Ryan et al. ", Garcia-Castillo et al. " and Feli et al."
done some meaningful work. However,all these previous research works focused mainly on the ballistic limit
of composite sandwich panels with honeycomb,foam or balsa cores,while studies on composite sand-
wich panels with glass fiber-reinforced plastic (GFRP) cores and steel skins were relatively few.

The objective of this work is to develop an analytical model for the ballistic limit of the composite
sandwich panels with a GFRP core subjected to high-velocity impact of a flat-nosed cylindrical projec-
tile. The front and back skins of the sandwich panel are made from steel. The perforation process is divided

into three stages based on which the energy absorption and ballistic limit of the composite GFRP sand-
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wich panels are estimated with the upsetting effect of the projectile taken into consideration. The ana-

lytical model is validated by comparing the analytical solutions with the experimental results.

1 Analytic Model

1.1 Problem and Assumptions

The impact problem under consideration is described in Fig. 1. The composite sandwich panel con-
sists of FRP composite laminate cores sandwiched between two thin steel plates. The projectile consid-
ered is a steel cylindrical projectile with a flat nose. According to the law of conservation of energy,the

conservation of energy reads

1 1
?mv? =FE.. Jr?m('vf D

where m is the mass of the projectile,m. is the mass of combination projectile, E, is the total energy
absorption during the penetration,v; and v, are the initial and residual velocity of the projectile,respec-

tively.

D
1]

Cylindrical projectile

Jl v Front steel skin
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\

Back-up steel skin

Fig.1 Schematic diagram of composite sandwich panels under impact of flat-nose cylindrical projectile

The analytical model is based on the following assumptions: (1) The interfaces between front and
back skins and GFRP composite laminate core are negligible and the energy absorptions of sheets and
core are considered to be relatively independent; (2) The projectile is considered as a rigid body when
penetrating the GFRP composite laminate; (3) The thickness of GFRP composite sandwich panel is
uniform; (4) Only local deformation of steel skin is taken into consideration.

With different impact velocities and thicknesses,simply using the same calculation method on the
front and back steel skins is unreasonable. With the above assumptions, the perforation process is divided

into three stages (as shown in Fig. 2):

<

(a) Perforation of the front skin (b) Perforation of the GFRP core (c) Perforation of back skin

Fig.2 Three stages of perforation
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Stage 1:perforation of the front steel skin.

Stage 2:perforation of the GFRP composite laminate core.

Stage 3:perforation of the back steel skin.

The overall absorption energy consists of three parts

Es=FEu + Eo + Epe (2)
where Eq, s E.. s E\. stand for the energy absorption of stage 1,stage 2 and stage 3,respectively.
1.2 Perforation of Front Steel Skin

In the process of the projectile penetration, the overall deformation of the front steel skin is so
small because of the support of the GFRP composite laminate that it can be neglected. Under the high-
speed projectile impact,the projectile and the sheared part of the front skin form a closed region where
most of the plastic work is converted into heat instead of getting lost instantly into the surrounding area.
The temperature of the shear area increases rapidly,along with the effects of strain hardening, strain
rate enhanced and thermal softening. The failure mode of the front steel skin is considered as localized
adiabatic shear plugging.

When the cylindrical projectile starts to penetrate, the front skin is gradually extruded by the pro-
jectile. With the deepening of the penetration, the projectile velocity gradually decreases with the
increase of the velocity of the plug block. Due to the compression,the axial compression deformation is
produced by the projectile (as shown in Fig. 2). Assuming that the projectile and the plug block move
together at a common speed,the diameter of the projectile after having the upsetting is d,and the com-
mon speed is v.,then,according to the law of conservation of momentum,we have

muv,., = (m+ mp) v, 3)
Here vy, is the initial velocity of the ptojectile in the first stage,m; is the mass of the plug block which
can be expressed as
mi =nd*hipi/4 4)
where h; and pr are the thickness and density of the front skin,respectively.

Based on the stress wave theory,the relation of the diameters of the projectile before and after the
upsetting can be expressed as"*"

c, =d*/D?

oy =k + 14 /b 4 2k, (5)
ky =3pvi./(8c,)
where D is the initial diameter of the projectile,p is the density of the projectile,and o, is the dynamic
yield strength of projectile.
Regardless of the energy loss of collision,according to the law of conservation of energy,the ener-
gy loss in the penetration process is equal to

0

—’7’”2"”* cdP 6

Efro -

"p
('U;Z_] - 'U%_l ) :Ttdh[J

0
where v, is the residual velocity of the projectile after the penetration of the front steel skin,and P,, is
the maximum penetration depth when the adiabatic shear occurs. Based on the Bai-Johnson thermal-

251 |z can be written as

__(r n (r ”“}
T—TM(%jexp{n+l{l ()/i) } 7

The Bai-Johnson thermal-plastic constitutive relation is shown in Fig. 3,where 7y is the critical stress

plastic constitutive relation

of the adiabatic instability of the front skin,7; is the corresponding shear strain of the critical stress,
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and n is the strain hardening index.
The ultimate shear stress of the front steel skin can be written as"*"
7, =0,(0.41H/D + 0. 42) 8
where 7, is the ultimate shear stress,o, is the ultimate tensile stress, H is the thickness of the front
steel skin,and H = h;. Using 7, =ty as a first order approximation, after considering the upsetting

effect, substituting Eq. (8) into Eq. (7) gives

_ H Fak n [, (v "“]
fu_au(o.zuD +o.42) (%j exp{n+1|:l (%) } (9

The penetration depth can be expressed as™?”

__ndy,
P=5s0+n

where 7, is the shear strain of the contact area of

(10) Ty

the projectile and the front steel skin. Using 7, =
Y:» the maximum penetration depth (P, ) at the
time when the adiabatic shear plugging failure occurs

can be written as

0

ndy;
21 +n)

where 7 is the maximum shear strain of the adia-

Y % 4

Pt[l: (11)

Fig. 3 Bai-Johnson thermal-plastic constitutive model

batic shear band. The crack propagation speed of the front steel skin is faster than the penetrating
speed as the flat-nosed projectile penetrates the front steel skin. The experimental results show that
the maximum penetration depth (P,,) is less than the thickness of the front steel skin'?”. Using P, ==
0.8h;,Eq. (11) can be transformed as

y _n+1 2P, _ 1.6(1 +n)h;

T on d nd (12)
Substituting Eq. (9),Eq. (11) and Eq. (12) into Eq. (6) gives
LG/)((I\II)
_ T 5 /Lif J wd N ” n (r nuji
Eq, = 5 d*heo, [0.41 y + 0. 42} O (yj eXp{n 1[1 (yi) }dy (13

Eq. (13) represents the penetration energy of the projectile in the first stage. The above derivation
does not take the energy dissipation of the overall deformation of the front steel skin into account, be-
cause the overall deformation of the front skin is very small when the adiabatic shear failure occurs.
According to the law of conservation of energy,the residual velocity of the projectile after the penetra-
tion of the front steel skin (v,,,) can be obtained

mvi = 2B, (14)

m + my
1.3 Perforation of GFRP Composite Laminate

Ur1 —

It is assumed that the mean pressure (6,,) applied normally to the surface of the projectile provid-
ed by an GFRP laminate material to resist penetration and perforation by a projectile can be divided
into two parts, one being the cohesive quasi-static resistive pressure (o,) due to the elastic-plastic
deformation of the laminate and the other is the dynamic resistive pressure (¢,) arising from the veloc-
ity effect””’. Thus we get the following equation

Om =0, + 04 (15)

Assuming that the cohesive quasi-static resistive pressure is equal to the quasi-static linear elastic

limit (6.) in the through-thickness compression of the FRP laminate,i. e. 6,=0.,and that the dynamic
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resistive pressure is taken to be 6s=p(p./0.)"*vi»0.,then Eq. (14) can be rewritten as

sz[lJrﬁv;_g ‘0“}63 (16)

where p. is the density of the GFRP composite laminate,v;, is the initial impact velocity of the projec-
tile in the second stage,here v, =wv,,; sand 8 is a constant determined empirically.

From the energy conservation, the energy loss of the GFRP cores can be written as
W
E.. :J onAdh an
0

where A is the instant cross-sectional area of the projectile and is equal to nd”/4. Substituting Eq. (16)

Ewr:%ndz (ge+2ﬁvr,lacj/7c (18)
Oe

Then the residual velocity of the projectile after the penetration of the GFRP laminate (v,.,) can

into Eq. (17) gives

be obtained

Dy :/\/m'z);_.l - 2(E[m +E(-or) (19)
m —+ m;

1.4 Perforation of Back Steel Skin

The penetration process is shown in Fig. 4. A three-stage model consisting of the simple compres-
sion stage,the compression-shear stage and the adiabatic shear stage is used to describe the penetration
process of the back steel skin. Assuming that the projectile upsetting deformation only occurs in the
simple compression stage and the upsetting length is equal to the penetration depth (h,),then,based

on Eq. (5),the relation of diameters of the projectile before and after upsetting can be expressed as

d;
Co :dZ
Co :k2+1+ k§+2/€2 (20)
_ 3pvis
ke = 8oy

where d, is the diameter of the projectile after the upsetting deformation. Then the energy loss of the
simple compression stage can be expressed as

W, :%(m+mf)(v?,3*Uf):%ndgayhl 1)

where v, is the residual velocity of the projectile after the simple compression stage and can be written

as follows

_ 2 ndioyh, 22)
v \/v"g 2(m 4+ myp)

After the simple compression stage,the projectile continues to compress the back steel skin. The
relative movement of the plug block and the back steel skin leads to the existence of shear stress. Under
the action of the compression force, the projectile and the shear block will reach the same speed.
Assuming that the diameter of the plug block is equal to d; ,the projectile and plug block will reach the
same speed under the effect of the compressive stress. According to the law of conservation of momen-
tum,one obtains

(m +mg) v,
Uy —

Y m s +my

Here m, is the mass of the plug block and can be expressed as

(23
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(a) Simple compression stage (b) Compression-shear stage (c) Adiabatic shear stage
Fig. 4 Penetration of the back skin
1 2
mb:I‘Obedz(hb*hl) (24)

where p, and h, are the density and thickness of the back skin,respectively. Then,according to the law

of conservation of energy,the energy loss of the compression-shear stage can be written as
1 ; 1 ,
WgZ?(m#—m[)vf*?(m#—m[—ﬁ—mb)‘vﬁ (25)

With the deepening of the penetration, the temperature as well as the shear strain of the shear
zone rises gradually. The material adiabatic instability occurs when the shear strain reaches its critical
value (7). Assuming that the penetration depth of the projectile in adiabatic shear stage is h;,accord-

ing to Eq. (13),the energy loss of the adiabatic shear stage can be written as

Wi = Zdiho, 04175 10,42 J (l) Cexp—" [1 — (l) j dy (26)
2 ! d, o \7i n—+1 Vi
Then the total energy loss of the perforation of the back steel skin is
E,..=W,+W,+W, 27

When the initial velocity (v;) equals to the ballistic limit (wvy ), the residual velocity (v,) of the
projectile after the adiabatic shear stage is considered to be zero. Combining Eq. (1) and Eq. (2),0ne
obtains

muiy — 2(E.q + Epo + Ep) =0 (28)
Solving Eq. (28) ,0ne can get the ballistic limit of the composite sandwich panel with GFRP core.

2 Experimental Verification of the Analytical Model

To study the ballistic limit of the composite sandwich plate, the experimental study on the ballis-
tic impact and penetration of the composite GFRP sandwich panel is carried out. The sandwich panels
are quadratic with the size of 500 mm X500 mm. Panels have steel skins separated by GFRP composite
laminate core. The thicknesses of the front skin and back skin are 6. 2 mm and 10. 6 mm,respectively.
The mechanical and geometrical properties of the steel skins are shown in Table 1. The density and
quasi-static linear elastic limit of GFRP composite laminate core are 1650 kg/m® and 225 MPa,respec-

tively. The thickness of the GFRP composite laminate varies from 40 mm to 75 mm.

Table 1 Mechanical and geometrical properties of steel skins

hi/mm h,/mm or/(kg+m *) 0./ MPa n 7
6.2 10.6 7850 779 0. 586 1.4
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The projectile is cylindrical with the mass ranging from 30 g to 50 g and the diameter D=12. 8 mm.
The density and the dynamic yield strength of the projectile are 7750 kg/m’ and 1280 MPa, respectively.
The incident angle is 90°.

The experimental setup is shown schematically in Fig. 5. In order to provide the clamped bounda-
ry conditions, the steel skins and the GFRP core are bolt fastened together through 4 @10 mm bolts

which are located in the 4 corners of the plate.

Chronograph

Ballistic gun

Recycle setting

0]

Projectile Sandwich panel

Fig. 5 Experimental setup of the ballistic impact on sandwich panels

The projectile is fired through the ballistic gun, and the initial velocity (wv;) is measured by the
time difference of the projectile passing through the two light-emitter/sensor pairs. A recycle setting is
provided to stop the projectile from hitting the back wall when the sandwich panel is perforated. Inci-
dent and residual velocities of the projectile are measured with high precision and the ballistic limit of
the sandwich panel is estimated using statistical method. Considering the high-speed projectile impact,
the initial striking velocity varies from 900 m/s to 1700 m/s.

2.1 Experimental Study on Damage Mechanisms

Consider the perforation of the sandwich composite plate with a 60 mm thick GFRP core as a typi-
cal case. The plastic deformation of the front skin is shown in Fig. 6. A visual examination reveals that
the front skin only shows up localized plastic deformation and the diameter of the hole is a bit larger
than the diameter of the projectile. It is illustrated that the upsetting phenomenon occurs on the pro-
jectile during perforation of the front skin. Fig. 6 (a) shows the plug block is produced and Fig. 6 (b)
presents an obvious adiabatic shear band which proves the failure mode of the front skin to be local

adiabatic shear-plugging failure.

(a) In the front skin (b) Out of the front skin
Fig. 6 Plastic deformation of the front skin

The 60 mm thick GFRP core consists of 3 layers of 20 mm thick composite laminates. The plastic

deformation of each layer is shown in Fig. 7. It is illustrated that the overall deformation of the first

015101-8
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layer is very small, which gives a good support to the front skin. The failure mode of the front side
fiber under high-speed projectile impact is compression shear failure while the failure mode of the back
side fiber is tensile failure. With the deepening of the penetration,the overall deformation of the GFRP
composite laminate gradually increases due to the compression and shearing between the projectile and
the composite laminate. However, the existence of the back skin imposes a restriction on this trend.
Besides,a large amount of heat produced by the hypervelocity penetration leads to the firing of the

fibers.

(d) Out of the second layer (e) In the third layer (f) Out of the third layer
Fig. 7 Plastic deformation of GERP core

The plastic deformation of the back skin is shown in Fig. 8. As is shown,except for the localized
plastic shear deformation,a small overall deformation occurred to the back steel skin as a result of the
compression between the projectile and the back skin. After the penetration of the face skin and the
GFRP core,the speed of the projectile is relatively low when the projectile penetrates the back skin.
The shape of the projectile after the perforation of the back skin is shown in Fig. 9. The shapes of the
projectile and bullet hole show that the main failure mode of the back skin is the simple shear plugging
failure, which is similar to the penetration characteristics of the mid-thick steel plate. However,a small

adiabatic shear band exists in the edge of the bullet hole (shown in Fig. 8(b)).

8 "“"F:

(a) In the back skin (b) Out of the back skin

Fig. 8 Plastic deformation of the back skin Fig. 9 Shape of projectile after perforation of back skin

The experiment results show that the failure mode of the composite sandwich plate is consistent

with the theoretical model established in this paper. The front and back steel skins will produce a large

015101-9
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deformation when subjected to the projectile impact due to their good ductility. The tensile strength of
the fiber reinforced composite material is higher than that of the steel whereas,however,little plastic
deformation occurs before reaching its tensile strength. This kind of characteristic effectively restrains
the deformation of the steel skins. The existence of the back skin can provide a last barrier to resist
against the projectile as much as possible. Therefore,the steel skins are typically responsible for bear-
ing the in-plane load,whereas the GFRP core serves to transfer the shear between the front and back
skins and restrain the overall deformation of the composite sandwich plate.
2.2 Comparison of Results and Discussion

One may find a summary of the experimental data for the sandwich composite panels with a 60 mm
thick GFRP core in Fig. 10 where the ballistic limit is marked up using a red line. The conditions
between exact perforation and near perforation are considered as the critical state of which the corre-
sponding incidence velocity is considered as the critical velocity. Obviously,there are 15 cases conducted,
the ballistic limit is obtained using the statistical method from the critical values. The standard devia-
tion of the ballistic limit is 18. 91 m/s.

As it is shown in Table 2, five ballistic

1800
tests with 3 different core thicknesses and 3 L 600 0 Incident velocity
different projectile masses are conducted. Due L 400 Ballistic limit
to the constraints, we failed to gain the data

1200

for two conditions of the five. The test values
. L . . 1 000
of the two failed conditions given in Table 2
. . . 300
are the maximum speed of the projectile, one

. . . . 600
projectile of which is almost through the panel

Incident velocity/(m-s™)

. . . 400
while the other is not. The theoretical values

of the ballistic limits are calculated following 200

. , . 0
Eq. (28). Comparison of the test and theoreti- 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
cal results is listed in Table 2. Case

Notice that the errors of the ballistic limit Fig. 10 Experimental data of sandwich composite panels

between the test results and the theoretical with a 60 mm thick GFRP core under impact
results is less than 11%, which is within the of flat-nosed cylindrical projectile

limit of engineering requirements. It should be

mentioned that the experimental evaluation of the ballistic limit is uncertain to some degree for the
limited amount of data and measurement error. The calculated value of the ballistic limit of the sand-
wich plate with a 40 mm thick core is relatively large. This is because the support effective of GFRP
cores is relatively weaker than the other conditions so that the bearing capacity of the front skin has
been overestimated.

In order to further explore the ballistic impact characteristics of the composite GFRP sandwich
panels,some numerical results are obtained based on the theoretical formula in this paper. The energy
absorption ratio of each stage under the condition of the ballistic limit velocity is shown in Table 3. It
is shown that more than 90% energy is absorbed by the GFRP composite laminate and less than 10%
by the steel skins. Only very little plastic deformation occurred to the steel skins of both sides because
of its low energy absorption. It is also proved that the energy absorption of the fiber compression and

fracture is much larger than the shear energy dissipation of the steel skins.

015101-10
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Table 2 Comparison of ballistic limit computed by theoretical model with experimental results

Mass/g Core thickness/mm Exp. value/(m s ') Cale. value/(m =+ s ") Error/ %
40 40 753.8 831.9 10.7
30 60 1422.9 1402.9 —

40 60 1162.7 1132.4 2.6
50 60 974.1 958.1 1.6
50 75 879.0 1144.7 —

Fig. 11 shows that the ballistic limit of the composite GFRP sandwich panel presents a linear in-
crease trend with the increase of the core thickness. On the other hand,a nonlinear decline of the bal-
listic limit of the composite GFRP sandwich panel with the increase of the mass of projectile is shown
in Fig. 12. It is evident from these two figures that the theoretically predicted ballistic limits are in
good agreement with the experimental data. As a matter of fact,the mass of both the projectile and the
core thickness exerts a significant influence on the ballistic limit, which provides a reference for the

penetration resistance design standards.

Table 3 Energy absorption ratio of composite GFRP sandwich panels under impact of

flat-nosed cylindrical projectile with ballistic limit velocity

Mass/g Core thickness/mm (Eto/Ea)/ % (Ew/Ead)/%  (Ewd/Ex)/%
40 40 2.9 90.7 6.4
30 60 1.6 95.0 3.4
40 60 1.4 95.7 2.9
50 60 1.8 94.4 3.8
50 75 1.2 96.1 2.7
. 15001
1600 — Theoretical value v — Theoretical value
~ 1500f 4 Experimental value o 1400p v Experimental value
2 1400p 1300t
E 1300} E
= s I
£ 1200} é 1 200
; 1100} ; 1 100F
.g 1000 g 1 000
& ooof &
B0} 7 900}
700 L L L L 1 1 3800 n L L L L L . N
40 50 60 70 30 90 25 30 35 40 45 50 55 60 65
Core thickness/mm Mass of porjectile/g
Fig. 11 Ballistic limit changing with the GFRP core Fig. 12 Ballistic limit of composite GFRP sandwich
thickness under impact of a 40 g flat-nosed panels with a 60 mm thick core changing
cylindrical projectile with the mass of projectile

3 Conclusions

In this study,a theoretical approach is developed for the penetration and perforation of the com-
posite GFRP sandwich panels struck transversely by the cylindrical projectiles with a flat nose over a
wide range of impact velocity, mass of the projectile and thickness of the core. The approach is based
upon a three-stage model with the assumption that the deformations of the steel skins are localized and
the projectile is considered as a rigid body in the perforation of the GFRP composite laminate. The en-
ergy absorption of the sandwich panels is divided into three parts,i. e. the energy absorption of the

front skin,that of the GFRP core,and that of the back skin. The adiabatic shear model and simple

015101-11



1M = JiS ) il 2% i o532 %

shear model are used to predict the energy absorption of the front skin and the back skin,respectively,
with the upsetting effect of the projectile taken into consideration. Analytical solutions have been
derived for the penetration depth and the ballistic limit in the case of perforation.

It is demonstrated that the theoretical predictions are in good agreement with the experimental
observations for the composite GFRP sandwich panels struck normally by the cylindrical projectiles
with a flat nose in terms of the penetration depth and the ballistic limit. Numerical calculation is car-
ried out based on the theoretical formula proposed in this paper,which indicates the significant influ-

ences of the projectile mass and the core thickness on the ballistic limit.
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