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Abstract

Experimentally measured perforation data are given for woven, z-stitched and through-thickness z-
stitched glass polyester laminates for a number of laminate thicknesses (6, 12, 24 ply), a number of geometries
of impactor (cone, #at and hemisphere), and two missile masses (6, 12 g). Impact perforation velocities ranged
up to 571 m s~1 on 200 by 200 mm laminates with fully clamped boundary conditions. Results are expressed
in terms of static and impact perforation energies. The discussion includes a study of energy absorption
mechanisms during perforation, with a view to identifying improved combinations of materials. It is
concluded that all types of construction behave in a similar manner and that the #at ended missile has the
largest dynamic enhancement factor, i.e. ratio of impact perforation energy to static perforation en-
ergy. ( 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

High velocity impact and perforation of composite laminates are of interest for a wide range
of engineering applications, e.g. hail and debris impact on aircraft structures, secondary blast
e!ects for o!shore and industrial installations and armour for military vehicles. However, the
perforation behaviour of composite laminates is complex and is dependent on the material and the
structural con"guration of the speci"c application. Design issues include energy absorption during
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Nomenclature

A
$

total delamination area due to dynamic loading
A

4
total delamination area due to static loading

D diameter of indenter
E Young's modulus
E
!#5

actual overall energy absorbed
E
$-

delamination energy
E
&

energy absorbed during perforation due to friction
E
-

energy to penetrate upper skin or peak load for laminate
E
14

static perforation energy
E
1$

impact perforation energy
E
13%$

predicted overall energy absorbed
E
4)

energy absorbed locally due to shear
E
T

energy absorbed locally due to tension
e&
5

energy absorbed per unit volume under tension
G

IIC
mode II fracture toughness

¸ panel span
m missile mass
n number of layers
P
14

static load to perforation
P
&

force during perforation due to friction
t skin thickness
t
1

time to perforate laminate
¹ period of natural vibration frequency for a simply supported panel
¹

1@4
period of panel to "rst maximum amplitude (time"n/2)

<
*

missile incident velocity
<

3
residual (exit) velocity

<
"

ballistic or perforation velocity
x
4

length of missile shank
c
&

lateral fracture energy per unit area for laminate
e
&

static in-plane failure strain in laminate
e5
*

impact strain rate
e5
4

quasi-static strain rate
d
14

penetrator displacement at perforation
U

1
dynamic enhancement factor to penetrate lower skin ("E

1$
/E

14
)

p
&

static failure strength of skin in tension from tensile tests
t Poisson's ratio
u

11
natural vibration frequency of simply supported panel
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perforation, maintaining the integrity of the structure and residual structural strength after
perforation.

There have been a number of experimental studies on the perforation behaviour of a wide variety
of polymer composite laminate constructions, viz. thermoset resins with glass [1,2], aramid [3],
carbon [4], polyethylene [5] and thermoplastic composites [6]. Parameters that in#uence perfor-
ation mechanics include the type and volume fraction of the "bre, the matrix, the lay-up, and the
geometry, size and initial kinetic energy of the impactor. Several perforation models have been
developed in order to quantify perforation performance. Zhu et al. [3] calculate the force acting on
the conical projectile during perforation. Vinson and Walker [7] develop a conical shell model and
solve the perforation problem using the "nite-di!erence technique. Sun and Potti [8] developed
a simple ring model for a cylindrical impactor which is then solved numerically to predict residual
velocities. These models tend to be speci"c to the composite con"gurations tested. Abrate [9]
reviewed a large number of papers on ballistic impact and he focussed his discussion on predictive
models for the ballistic limit.

An alternative method to the above approaches is to study the energy partition during
perforation. Zee and Hsieh [10] have examined three composite materials namely polyethylene,
aramid and carbon "bres in epoxy resin. They identify the energy absorption mechanisms as "bre
damage, matrix damage, delamination and friction. Goldsmith et al. [11] calculate the energy
absorbed during global panel de#ection, local deformation and friction. The advantage of this
energy approach is in identifying the modes of energy absorption and, hence, giving a basis for
improved perforation performance at the materials level with, for example, using through-stitching
to resist delamination [12], using a toughened resin system [13], or using ductile "bres [5].

This paper addresses energy absorption during perforation for polymer composite constructions
typical of o!shore applications [14,15]. The speci"c application is secondary blast loading, in
which a blast wave from an explosion picks up a foreign object and hurls it at a compartment wall
[16]. An extensive set of experimental data is given for woven glass, z-stitch glass and through-
thickness z-stitch glass polyester panels which are perforated by hemispherical, conical and #at
impactors at speeds up to 571 m s~1. Z-stitch has the advantages, as compared with woven roving,
of higher compression strength due to non-crimp and of greater ease in "bre impregnation with
resin. Experimental data are discussed from the viewpoint of energy absorption, and hence the
performance of other possible combinations of materials are highlighted.

2. Materials and experimental details

The reinforcement used in the test specimens was 800 gsm E glass woven roving, supplied by
Fothergills, and 800 gsm $453 z-stitch E glass fabrics supplied by Tech Textiles, product code
BX-802. The stitching thread was PET. The laminates were prepared using the wet lay-up
technique. Specimens were prepared by wetting out the fabric with Crystic 272 polyester resin,
layer by layer until the required number of plies was reached, i.e. 6, 12 or 24. In addition, specimens
were prepared using the z-stitch material where 6 plies were "rst stitched together through the
thickness to give a &pre-form' before being wetted with resin. In this paper, this construction is
termed &through-thickness z-stitch'. The orientation of the "bres were in the 0/903 directions giving
orthotropic properties in the plane of the laminate. The laminates were cold cured whilst being
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Table 1
Average laminate thicknesses

Reinforcement 6 ply 12 ply 24 ply
t (mm) t (mm) t (mm)

z-Stitch 4.46 9.06 18.29
Woven roving 4.07 8.17 16.49
Through-thickness z-stitch 4.03 * *

Table 2
Static tensile test results

Reinforcement type and orientation E (GPa) p
&
(MPa) t e&

5
(MJ m~3)

z-Stitch 0/903 19.8 358 0.09 3.24
z-Stitch 90/03 17.9 335 0.13 3.13
Woven roving 0/903 23.1 442 0.15 4.23
Through-thickness z-stitch
0/903 20.2 369 0.14 3.37

pressed between weighted glass plates. The volume fraction of reinforcement was determined using
the burn o! method. For z-stitch, through-thickness z-stitch and woven roving laminates, the
volume fraction for reinforcement was 43, 49 and 45$2%, respectively. Table 1 gives the average
laminate thicknesses. Variation in thickness occurred over the laminates and between batches, due
to the fact that in wet laminating it is di$cult to control accurately the resin content. The thickness
of each panel was measured at four points across the span and the average taken. The scatter in
thickness was similar for the z-stitch and woven panels and the scatter in the thicknesses were 5%
for the 6 and 12 ply panels, and 2% for the 24 ply panels.

Table 2 gives mechanical property data from static tensile tests and this includes the laminate
modulus (E), the tensile strength (p

&
), Poisson's ratio (t) and energy absorbed per unit volume (e&

5
).

The tensile specimens were 6 ply thick and the tensile tests were carried out in accordance with BS
2782 part 10 method 1003: 1977 type III. The specimens were strain gauged with two 903 rosette
strain gauges, one placed on either side of the specimen along the centreline. The gauges were
supplied by Welwyn Strain Measurement and were CEA 06-06-2UT-120. The woven roving was
a balanced weave and so properties in the 0/903 and 90/03 directions were the same. In the case of
the z-stitched laminates there was some di!erence between the 0/903 and the 90/03 directions. In the
work described here, static and impact panel perforation tests were conducted on laminates with
"bres orientated parallel to the edges of the panel. The values given in Table 2 were averaged from
"ve tests. The scatter in strength was 10% for both the woven roving and the z-stitch, and the
scatter for the modulus was 5% for both cases. The stress}strain curves were linear up to failure.

Fig. 1 shows the square panel supports which was used for both the static and impact tests. The
initial size of the laminate was 280 mm]280 mm and the laminates were clamped using eight bolts
giving an unsupported span of 200 mm]200 mm. The small size of the laminate was justi"ed
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Fig. 1. Panel clamp } (a) plan section, (b) cross section.

because of the high impact velocities (up to 571 m s~1) which cause local e!ects to dominate. It is
deduced from previous work [17,18] that a 200 mm]200 mm panel is the smallest possible to
avoid the local damage interacting with the boundaries. Fig. 2 shows the range of static and impact
perforators. The angle of the cone was 903 and the tip radius was 0.1 mm. These geometries were
selected because they are used extensively in the literature [19] and because they represent di!erent
aspects of real impacts, viz. smooth perforation (hemisphere), sharp edges (cone) and intense shear
(#at). The size of the perforators were de"ned from the gun barrel diameter for the impact tests (see
below) and the missile masses were de"ned also from the ri#e barrel requirements.

Static tests were conducted on a Schenck screw driven testing machine at a rate of 5 mm/min.
Two sizes of gun barrel were used to "re the projectiles from powder guns. The "rst set of tests
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Fig. 2. Dimensions of static penetrators and missiles.

was conducted using a 5.835 g hemispherical projectile, which was a 10 mm diameter steel ball
bearing. The projectile was "red at the laminates using a 0.410 smooth bore, unri#ed gun barrel,
and the velocity of the projectile was altered by using di!erent amounts of gun powder. The same
barrel was used initially when carrying out impact tests using other projectile types. However, due
to their shape, the projectiles tended to tumble on exiting the barrel, necessitating the use of a 0.303
ri#ed barrel. This resulted in the 6 g hemispherical indenter having a 10 mm diameter compared
with 7.6 mm for the other indenters, as shown in Fig. 2.

Impact tests were carried out at energies below and above the perforation limit. The "rst test
conducted for each laminate type was at an energy beyond the perforation, or ballistic limit. This
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enabled an estimate of the ballistic limit in terms of both velocity and energy to be made. Further
tests were then conducted to determine the ballistic limit accurately. In general, "ve tests were
carried out for each test con"guration, three at energies below the ballistic limit and two at energies
above the ballistic limit. In some cases, where the "rst test was close to the ballistic energy, only four
tests were conducted, whilst more than "ve tests were conducted on some occasions, where
di$culties with the test were encountered.

The incident velocity, <
*
, was measured using a Skan I.A.R.C.O. MK7 chronoscope. This

method was not acceptable for measuring the exit velocity, <
3
, as the projectiles exited the

laminates at di!erent angles and did not always pass through the narrow aperture of the
chronoscope. A method of measuring the velocity of projectiles having a wide "eld of travel was
employed. Rectangles of aluminium foil having dimensions of 40]30 mm were attached to a frame.
Two pieces were placed close together with a gap of approximately 5 mm. A piece of paper was
placed between them to prevent triggering. Another pair of aluminium sheets separated by the
same distance and with a piece of paper, were "xed at 125 mm from the "rst set. An electric circuit
was set up between each pair of aluminium sheets which was then connected to a Gould
oscilloscope. When the projectile passed through the "rst set of foils, the circuit was made and the
Gould was triggered. A second signal was received as the projectile passed through the second set
of foils. The time di!erence between the two signals was measured and the velocity of the projectile
calculated. If the projectile did not travel in a straight path through the foil, the distance between
the entry and exit points was measured and used to estimate the projectile exit velocity. A high
speed camera was also used to measure the dynamic delamination areas and to investigate the path
of the missile through the laminate.

3. Results and discussion of experiments

3.1. Static tests

Fig. 3 gives the static force versus perforator displacement for the three laminate thicknesses and
for the three perforator shapes. The perforator displacement was derived from the crosshead
displacement on the testing machine. Three points on the graphs have been identi"ed, namely (a)
penetration, (b) perforation and (c) residual friction. Penetration is taken to be the "rst important
departure from linearity and is associated with failure on the loaded side of the laminate. This
de"nition is consistent with related work [1]. The indenter is then driven further into the panel, the
distal surface su!ers tensile damage and eventually the damage areas meet through the thickness
and the panel fully perforates. After this, the load is due to friction as the shank of the indenter is
forced through the panel. In general, the conical and hemispherical indenters give similar charac-
teristics for all laminate thicknesses. In the cases of the 6 and 12 ply laminates, penetration and
perforation occur in quick succession, whereas perforation is more gradual for the 24 ply panel. The
#at indenter gives a more pronounced loss in load after penetration (see Fig. 3(iii)). The detailed
perforation mechanisms for the di!erent geometries and laminates are discussed later. The energy
was calculated as the area under the load de#ection curve up to the relevant point, i.e. peak load
(E

-
) or perforation (E

1
). Elastic unloading e!ects were not taken into account as, under impact

loading, global elastic panel deformation energy is included in the perforation energy.
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Fig. 3. Typical static load}de#ection curves for (i) conical indenter, (ii) hemispherical indenter and (iii) #at indenter: (a)
penetration, (b) perforation and (c) post perforation friction.

Some static results are presented in Tables 3}5. Table 3 gives the load at perforation (P
14
), the

crosshead displacement at perforation (d
14
) and the energy to peak load (E

-4
). The delamination

areas (A
4
) and the perforation energy (E

14
) are given in Tables 4 and 5, respectively. Photographs of

the damage on both sides of a 24 ply z-stitch panel, which has been statically perforated using an
hemispherical indenter, are shown in Fig. 4. It is assumed in the delamination area calculation that
the delamination shape is circular and that the variation of delamination through the thickness is
in the form of a frustrum of a cone. Hence, to calculate the total area of delamination, A

4
, the

diameters of damage on the near and distal surfaces were measured and then the amount of
damage for the sub-surfaces were interpolated. In general, from Tables 4 and 5, the areas of
delamination for static loading are less for the woven case as compared with the z-stitch case,
whereas perforation energy values are similar. The variation of static perforation energy (E

14
) with

panel thickness is plotted in Fig. 5 for both woven and z-stitch cases. There is an increase in
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Table 3
Static perforation test results

Test No. Con"guration! n P
14

d
14

E
-4

d
14
!t

(kN) (mm) (J) (mm)

1 ZC 6 5.0 13.3 24.9 8.8
2 ZC 12 15.6 20.8 90.5 11.7
3 ZC 24 23.2 29.5 67.9 11.2
4 ZF 6 9.0 10.0 37.5 5.5
5 ZF 12 21.4 10.0 100.3 1.0
6 ZF 24 26.8 24.5 44.2 6.2
7 ZHB 6 5.4 12.0 25.3 7.5
8 ZHB 12 14.0 18.8 86.0 9.7
9 ZHB 24 22.2 25.8 66.1 7.5

10 ZHA 6 6.0 13.9 22.5 9.4
11 ZHA 12 17.8 21.3 98.6 12.2
12 ZHA 24 27.6 28.8 147.8 10.5
13 WC 6 5.2 12.0 34.0 7.9
14 WC 12 14.5 17.5 73.1 9.3
15 WC 24 23.2 24.5 145.9 8.0
16 WF 6 7.8 10.0 36.3 5.9
17 WF 12 17.5 8.5 75.7 0.3
18 WF 24 27.7 19.5 94.2 3.0
19 WHB 6 4.9 11.5 22.3 7.4
20 WHB 12 14.8 16.5 77.7 8.3
21 WHB 24 20.4 21.8 74.9 5.3
22 WHA 6 6.3 14.5 32.8 10.4
23 WHA 12 15.5 17.5 67.7 9.3
24 WHA 24 29.8 27.3 195.8 10.8
25 TTZF 6 8.8 11.5 40.7 7.5
26 TTZHB 6 5.3 12.3 20.2 8.3

!Z } z-stitch, W } woven, TTZ } through-thickness z-stitch, C } cone, F } #at, HB } hemisphere 7.6 mm,
HA } hemisphere 10 mm.

perforation energy with panel thickness and this variation is discussed in more detail below. In
general, the cone and hemisphere indenters give the lowest values for forces, and the #at indenter
gives the lowest values of displacement and energies. Displacement (d

14
) values given in Table 3

relate to the displacement of the cross-head of the testing machine. The displacement of the actual
panel is the cross-head displacement minus the perforation distance, i.e. the thickness of the panel
assuming perforation occurs when the last distal "bre fails, and Table 3 shows that there is no
systematic variation in this for the three panel thicknesses.

3.2. Impact tests

A photograph for an impact case, viz. 24 ply z-stitch with <
*
"420.7 m s~1 for a 6 g #at ended

missile, which is slightly below full perforation velocity, is shown in Fig. 6. It is evident that the
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Table 4
Delamination areas and area ratio (A

$
/A

4
)

Geometry! Missile mass 6 ply 12 ply 24 ply
(g)

A
4
]10~3 A

$
]10~3 A

$
/A

4
A

s
]10~3 A

$
]10~3 A

$
/A

4
A

4
]10~3 A

$
]10~3 A

$
/A

4
(m2) (m2) (m2) (m2) (m2) (m2)

z` HA 6 3.4 33.4 9.82 27.5 91.8 3.34 115.1 278.5 2.42
F 6 4.6 24.5 5.33 26.3 95.7 3.64 177.4 * *

C 6 3.0 52.0 17.33 29.9 63.7 2.13 112.4 214.7 1.91
HB 12 3.0 20.7 6.89 23.2 68.7 2.96 108.9 176.6 1.70
F 12 4.6 26.9 5.85 26.3 92.3 3.51 177.4 260.8 1.47
C 12 3.0 19.1 6.37 29.9 61.0 2.04 112.4 154.0 1.37

w` HA 6 1.9 19.9 10.47 16.3 59.7 3.66 88.1 208.8 2.37
F 6 3.4 15.5 4.56 16.3 67.8 4.16 61.2 192.8 3.15
C 6 2.6 11.8 4.54 13.5 42.7 3.16 65.1 172.5 2.65
HB 12 2.4 12.8 5.33 16.6 51.5 3.10 63.2 121.3 1.92
F 12 3.4 16.8 4.94 16.3 156.5 9.60 61.2 186.7 3.05
C 12 2.6 9.7 3.73 13.5 46.4 3.44 65.1 117.2 1.80

Notes: A
4
values independent of missile mass for the #at and cone. Maximum ratios of delamination areas for each

laminate thickness, missile mass and lay up are underlined.
!H } hemisphere, C } cone, F } #at, A } 10 mm diameter, B } 7.6 mm diameter, `z: z-stitch, w: woven.

Table 5
Static and dynamic perforation energies and dynamic enhancement factor U

p

Geometry! Missile mass 6 ply 12 ply 24 ply
(g)

E
14

E
1$

U
1

E
14

E
1$

U
1

E
14

E
1$

U
1

(J) (J) (J) (J) (J) (J)

z` HA 6 37.7 153.8 4.08 115.6 317.9 2.75 372.5 800.9 2.15
F 6 35.3 108.0 3.06 93.9 286.4 3.05 356.0 975.4 2.74
C 6 37.2 102.7 2.76 122.0 253.8 2.08 425.8 702.6 1.65
HB 12 42.2 49.8 1.18 150.0 210.0 1.40 471.6 712.1 1.51
F 12 35.3 109.8 3.11 93.9 250.7 2.67 356.0 925.6 2.60
C 12 37.2 157.0 4.22 122.0 235.5 1.93 425.8 506.7 1.19

w` HA 6 32.1 110.7 3.45 75.7 162.8 2.15 293.8 490.6 1.67
F 6 38.5 98.2 2.55 109.2 245.7 2.25 284.9 763.5 2.68
C 6 36.8 93.5 2.54 107.6 210.9 1.96 354.7 631.4 1.78
HB 12 37.8 77.3 2.09 116.8 209.1 1.79 495.9 689.3 1.39
F 12 38.5 96.3 2.50 109.2 225.0 2.06 284.9 706.6 2.48
C 12 36.8 56.7 1.54 107.6 215.2 2.00 354.7 393.7 1.11

Notes: E
14

values independent of missile mass for the #at and cone. Maximum enhancement factors for each laminate
thickness, missile mass and lay up are underlined.
!H } hemisphere, C } cone, F } #at, A } 10 mm diameter, B } 7.6 mm diameter, `z: z-stitch, w: woven.
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Fig. 4. Photographs of near and distal sides of statically tested z-stitch 24 ply panel perforated with a hemispherical
indenter.

perforation damage associated with the impact of a #at ended missile has a form similar to static
loading with the hemispherical missile case shown in Fig. 4. The variation of ballistic velocity (<

"
)

and impact perforation energy (E
1$

) with dimensionless laminate thickness (t/D) for 6 g and 12 g
projectiles are shown in Figs. 7 and 8 , respectively. The scatter bars indicate the accuracy for the
estimation of ballistic velocity arising from the small number of tests for each case. The data points
are the average of the two impact tests straddling the actual perforation, and these two perforation
values de"ne the extents of the scatter bars. For the case of `just beforea perforation, the energy is
calculated from the initial kinetic energy of the missile. For the case of `just aftera perforation, the
energy is calculated from the initial kinetic energy minus the residual kinetic energy. Figs. 7 and
8 show increases in ballistic velocity and perforation energy with panel thickness. Similar trends
have been observed for aramid reinforced panels [3] and for carbon reinforced panels [20].

The trends in the perforation velocities in Fig. 7a and b for the two missile cases can be related if
we assume that the perforation energies in Fig. 8a and b are similar for the two masses at a given
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Fig. 5. Static energy to perforation (E
14
) versus thickness and number of plies for: (a) Woven roving laminates and (b)

Z-stitch laminates.

t/D (i.e. there are no strain rate e!ects) and if we assume that most of the initial kinetic energy is
converted to perforation energy. In this case, the ratio between velocities causing perforation is
given by equating the initial kinetic energies, i.e.

<
"1
<

"2

"S
m

2
m

1

. (1)

This means that the ratio of ballistic velocities should be 1.414, which is consistent with Fig. 7.
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Fig. 6. Photographs of near and distal sides of impact tested (6 g missile with <
*
"420.7 m s~1) z-stitch 24 ply panel

perforated with a #at indenter.

A useful measure of impact performance is the ratio of the ballistic perforation energy to static
perforation energy and this parameter is called the dynamic enhancement factor, U

1
[1]:

U
1
"

E
1$

E
14

. (2)

Table 5 summarises the values of U
1
, with the maximum values for each missile mass for a given

panel thickness underlined. There is some scatter for the 6 ply case, but for the 12 ply and 24 ply
cases, a #at ended missile gives the largest enhancement values. A graphical representation of
U

1
with respect to t/D is presented in Figs. 9 and 10.

The average dynamic enhancement values are as follows. U
1

(6 g) [woven roving and z-
stitch]"2.71 and U

1
(12 g) [woven roving and z-stitch]"2.05. The U

1
value for an 18 g missile

and woven roving from related work [1] is 1.60. The hemispherical missile averages are the lowest
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Fig. 7. Perforation velocity (<
"
) versus ratio of laminate thickness to indenter diameter for laminates tested using (a) 6 g

missiles and (b) 12 g missiles.

and these are identi"ed in Figs. 9 and 10. The greatest scatter in U
1

occurs for the 6 ply cases
indicating instabilities in material failure modes.

The ratios of the delamination areas under impact and static loading are given in Table 4. The
delamination area for the impact case (A

$
) was calculated in a manner similar to the static case and

the areas just before perforation and just after perforation were averaged. Maximum ratios of
delamination areas for each laminate thickness and missile mass are underlined. In general, for the
6 ply case, the hemisphere gave the largest increase in delamination area for both woven and
z-stitch cases. For the 12 ply case, the #at gave the largest increase for both construction types. For
the 24 ply case, the hemisphere gave the largest increase for the z-stitch case and the #at gave the
largest increase for the woven case. Overall, there is an increase in the damage area due to impact
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Fig. 8. Impact perforation energy (E
1$

) versus ratio of laminate thickness to indenter diameter for laminates tested using
(a) 6 g missiles and (b) 12 g missiles.

loading with particularly large increases occurring for the 6 ply case. This is consistent with the
general trend downwards in U

1
as t/D increases. For the 6 ply case the large increase in

delamination area implies a large increase in energy absorption (see below).

4. General discussion

As discussed in the introduction, one approach to the study of the ballistic perforation of
composites uses the energy partition method [10]. In the paper here, three modes of energy
absorption are identi"ed, namely: local perforation, delamination and friction between the missile
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Fig. 9. Dynamic enhancement factor (U
1
) versus ratio of laminate thickness to indenter diameter for 6 g missiles.

Fig. 10. Dynamic enhancement factor (U
1
) versus ratio of laminate thickness to indenter diameter for 12 g missiles.

and the panel. It is assumed that negligible energy is absorbed due to global panel de#ection or
slippage at the supports, both of which are supported by experimental observations. The overall
aim of this section of the paper is to identify which material behaviours in#uence the overall
structural failure. Tables 6}8 summarise the energy partition calculations for the 6, 12 and 24 ply
cases, respectively.

The friction contributions are estimated from Fig. 3(i}iii), i.e. from the load levels after perforation}
see points (c). For the 6 ply case, it is di$cult to estimate the friction force (P

&
) between the missile
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Table 6
Energy partition for 6 ply laminates

Geometry! Missile mass E
&
(J) E

4)
(J) E

$-
(J) E

13%$
(J) E

!#5
(J) E

13%$
/E

!#5

z` HA S" * 14.4 9.5 23.9 37.7 0.63
HB S * 10.6 8.4 19.0 42.2 0.45
F S * 10.6 12.9 23.5 35.3 0.67
C S * 10.6 8.4 19.0 37.2 0.51
HA 6 g 3 59.5 93.6 156.1 153.8 1.01
F 6 g 7 * 68.6 * 108.0 *

C 6 g 10 42.6 145.6 198.2 102.7 1.92
HB 12 g 9 39.9 58.0 106.9 49.8 2.14
F 12 g 9 42.6 75.3 126.9 109.8 1.15
C 12 g 10 42.6 53.5 106.1 157.0 0.68

w` HA S * 15.3 5.3 20.6 32.1 0.64
HB S * 11.7 6.7 18.4 37.8 0.49
F S * 11.7 9.5 21.2 38.5 0.55
C S * 11.7 7.3 19.0 36.8 0.52
HA 6 g 3 26.7 55.7 85.4 110.7 0.77
F 6 g 7 26.7 43.4 77.1 98.2 0.79
C 6 g 10 26.7 33.0 69.7 93.5 0.75
HB 12 g 9 26.7 35.8 71.5 77.3 0.92
F 12 g 9 26.7 47.0 82.7 96.3 0.86
C 12 g 10 26.7 27.2 63.9 56.7 1.13

!H } hemisphere, C } cone, F } #at, A } 10 mm diameter, B } 7.6 mm diameter, `z: z-stitch, w: woven.
"S } static.

and the laminate. The only case where there is some residual load is in Fig. 3(ii), i.e. for the
hemispherical indenter, and this is estimated to be 500 N. For the 12 ply case, the value of P

&
is the

average for the three indenter cases and is 1000 N and, for the 24 ply case, the value of P
&
is similarly

derived as 5000 N. If we assume that the friction forces are independent of the area of the missile
shank in contact with the laminate, then the friction work (E

&
) is given by these forces multiplied by

the thickness of the panel (t) plus the length of the shank of each missile (x
4
) (see Fig. 2), i.e.

E
&
"P

&
(x

4
#t). (3)

Static perforation energies are derived from the area under the force}displacement curve (i.e. Fig. 3),
and so friction e!ects are subtracted. Therefore friction e!ects are not included in the static energy
partition assessments (see Tables 6}8). For the impact case, perforation energies are derived as the
average from experimental data &just before' perforation and &just after' perforation. The &just
before' case involves partial perforation and so the friction contribution will be less than that for
the full perforation case. Therefore, the average value will not include a full contribution from
friction. However, it is felt that this approximation is acceptable given the low contribution of
friction to the overall energy absorption (see below). It is also assumed that the friction force is the
same in both static and impact cases.
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Table 7
Energy partition for 12 ply laminates

Geometry! Missile mass E
&
(J) E

4)
(J) E

$-
(J) E

13%$
(J) E

!#5
(J) E

13%$
/E

!#5

z` HA S" * 14.4 77.0 91.4 115.6 0.79
HB S * 10.6 65.0 75.6 150.0 0.50
F S * 10.6 73.6 84.2 93.9 0.90
C S * 10.6 83.7 94.3 122.0 0.77
HA 6 g 11 * 257.0 * 317.9 *

F 6 g 19 45.3 267.9 332.2 286.4 1.16
C 6 g 25 45.3 178.4 248.7 253.8 1.03
HB 12 g 23 45.3 192.4 260.7 210.0 1.24
F 12 g 23 45.3 258.4 326.7 250.7 1.30
C 12 g 25 45.3 170.8 241.1 235.5 1.02

w` HA S * 15.3 45.6 60.9 75.7 0.80
HB S * 11.7 46.5 58.2 116.8 0.50
F S * 11.7 45.6 56.6 109.2 0.52
C S * 11.7 37.8 49.5 107.6 0.46
HA 6 g 10 * 167.2 * 162.8 *

F 6 g 18 29.1 189.8 236.9 245.7 0.96
C 6 g 24 29.1 119.6 172.7 210.9 0.82
HB 12 g 22 26.7 144.2 192.9 209.1 0.92
F 12 g 22 29.1 438.2 489.3 225.0 2.17
C 12 g 24 26.7 128.5 179.2 215.2 0.83

!H } hemisphere, C } cone, F } #at, A } 10 mm diameter, B } 7.6 mm diameter, `z: z-stitch, w: woven.
"S } static.

Assessment of the local perforation energy is also problematic. Figs. 11}14 , respectively show
perforation pro"les for the 24 ply z-stitch panels when subjected to (a) static loading with a #at
missile, (b) impact loading with a #at missile, (c) impact loading with a hemispherical missile and (d)
impact loading with a conical missile. Fig. 11 shows that a wedge of material is formed and pushed
in front of the #at indenter. Energy absorption occurs due to matrix damage, "bre damage and
"bre pull out which can be a result of tensile or shear stresses. In the case of impact loading, three
through-thickness regimes can be identi"ed [19], namely: I } Shear failure, II } Tensile failure and
III } Tensile failure and delamination (see Figs. 12}14). Moreover, there is less lateral deformation
of plies in the impact case, when compared with the static case, which indicates that shear e!ects are
more important in the former case. The perforation pro"les for the woven 24 ply case and for each
missile geometry (e.g. #at, hemisphere and cone) were found to be similar.

Perforation pro"les of the 12 ply z-stitch laminates are similar to the 24 ply case, but in the case
of the 6 ply laminates, failure tended to be more asymmetric, i.e. perforation failure occurred
initially at one side of the missile. The woven laminates showed behaviour similar to the z-stitch
laminates. Through-thickness z-stitch laminates are discussed later.

From the above, it is proposed that the local energy absorption is dominated by shear e!ects. No
plugs were generated during perforation, but from an inspection of panel sections for cases before
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Table 8
Energy partition for 24 ply laminates

Geometry! Missile mass E
&

E
4)

E
$-

E
13%$

E
!#5

E
13%$

/E
!#5

(J) (J) (J) (J) (J)

z` HA S" * 57.0 322.3 379.3 372.5 1.02
HB S * 43.6 290.1 333.7 471.6 0.71
F S * 43.6 496.7 540.3 356.0 1.52
C S * 43.6 314.7 358.3 425.8 0.84
HA 6 g 101 * 779.8 * 800.9 *

F 6 g 141 * * * 975.4 *

C 6 g 171 196.2 601.1 968.3 702.6 1.38
HB 12 g 161 185.3 494.5 840.8 712.1 1.18
F 12 g 161 196.2 730.2 1087 925.6 1.17
C 12 g 171 * 431.2 * 506.7 *

w` HA S * 68.4 246.7 315.1 293.8 1.07
HB S * 52.3 176.9 229.2 495.9 0.46
F S * 52.3 171.4 223.7 284.9 0.79
C S * 52.3 182.3 234.6 354.7 0.66
HA 6 g 92 130.8 584.6 807.4 490.6 1.65
F 6 g 142 130.8 539.8 812.6 763.5 1.07
C 6 g 162 130.8 483.0 776.8 631.4 1.23
HB 12 g 152 119.9 339.6 611.5 689.3 0.89
F 12 g 152 130.8 522.8 806.6 706.6 1.15
C 12 g 162 * 328.2 * 393.7 *

!H } hemisphere, C } cone, F } #at, A } 10 mm diameter, B } 7.6 mm diameter, `z: z-stitch, w-woven.
"S } static.

Fig. 11. Cross-section of quasi-static perforated 24 ply z-stitch laminate with #at indenter. Dashed lines denote extensive
delamination.
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Fig. 12. Cross-section of impact perforated (<
*
"406 m s~1, 12 g missile) 24 ply z-stitch laminate with #at ended missile.

Dashed line denotes extensive delamination. I, II and III denote di!erent through thickness regimes.

Fig. 13. Cross-section of impact perforated (<
*
"536 m s~1, 6 g missile) 24 ply z-stitch laminate with hemispherical

missile. Dashed lines denote extensive delamination. I, II and III denote di!erent through thickness regimes.

Fig. 14. Cross-section of impact perforated (<
*
"388 m s~1, 12 g missile) 24 ply z-stitch laminate with conical missile.

Dashed lines denote extensive delamination. I, II and III denote di!erent through thickness regimes.
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full perforation, intense shear areas could be seen for the #at ended missile case, and, to a lesser
extent, for the hemispherical missile cases. Shear dominated perforation failure has been identi"ed
previously for thick graphite epoxy laminates subjected to impact speeds of up to 200 m s~1 with
#at ended missiles [8]. Therefore, energy absorption due to local shearing is given by

E
4)
"n D t c

&
(4)

c
&
is the through-thickness shear (plugging) fracture energy per unit area, D is the diameter of the

missile and t is the panel thickness. c
&
can be derived from punch tests [21] or, more easily, from

three point bend tests [22] (see Fig. 15). Fig. 16 gives fracture energy results over a range of loading
rates having 5 orders of magnitude. The fracture energy was derived as the energy absorbed to full
fracture of the beam divided by the area of the uncracked ligament. Three observations from these
beam tests should be made. First, failure is due to Mode I opening whereas, for plate perforation,
Mode II opening is also important. Secondly, the notch in the beam gives rise to a stress
concentration initiator whereas, for plate perforation, there is no initial stress concentration.
Thirdly, the "bre orientation in the beam test is di!erent from that during perforation of the panel,
however, in both cases, fracture is across the "bres. It is evident from Fig. 16 that there is an
increase in fracture energy with loading rate. It is di$cult to relate strain rates in the beam test to
those during perforation of the panels. However, the increase in fracture energy is mainly
dependent on the order of magnitude of the strain rate, and so the fracture energy is taken at the
corresponding loading speeds during perforation. The latter are derived from the perforation
velocity divided by two. In this, it is assumed that the missile decelerates at a constant rate to zero
velocity at the distal side of the plate. These loading rates are towards the high end of the graphs
and the data has had to be extrapolated. For example, in Fig. 16a the log crosshead speed of
6 corresponds to a velocity of 17 m s~1, log 7 to 170 m s~1 and log 8 to 1700 m s~1. Tables 6}8
summarise the estimates for the shear energy which include the e!ects of strain rates, as described
above.

Other methods of assessing local energy absorption have been suggested, namely the tensile
failure of the plugged volume [1] and the lateral deformation of the "bres [7,23]. Tensile
dominated perforation has been identi"ed for the perforation of Kevlar laminates with conical
missiles at speeds of up to 150 m s~1 [3]. If it is assumed that local perforation is dominated by

Fig. 15. Three point bend test for through thickness laminate fracture data.
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Fig. 16. Variation of fracture energy per unit area (c
&
) with loading rate for (a) z-stitch and (b) woven roving.

tensile failure in the plug, then

E
T
"n

D2

4
t e&

5
(5)

e&
5
is the energy absorbed to failure per unit material volume and is obtained from the area under

the tensile stress}strain curve for the material. The tensile strain rate in the panel is given by the
simple formula

e5"e
&
/t
1
"e

&
<

"
/2t (6)

e
&

is the static tensile failure strain of the composite, t is the laminate thickness and <
"

is the
perforation velocity. Table 9 shows that the estimates for strain rates of the various tests are similar}
a 6 ply laminate has a low perforation velocity and small thickness whereas a 24 ply laminate has
a high perforation velocity and large thickness. The dynamic failure strain could be used in the

582 R.A.W. Mines et al. / International Journal of Impact Engineering 22 (1999) 561}588



Table 9
Perforation velocities and strain rates from Eq. (6) (Failure strain, e

&
"0.019)

Reinforcement Geometry! Missile mass 6 ply 12 ply 24 ply
(g)

<
"

e5 <
"

e5 <
"

e5
(m s~1) (s~1) (m s~1) (s~1) (m s~1) (s~1)

z stitch H 6 260 553 * * * *

F 6 * * 312 328 * *

C 6 183 390 291 305 477 248
H 12 80 170 171 179 308 160
F 12 139 296 213 223 391 203
C 12 168 357 187 196 * *

Average * S` 1.33]10~4 S 1.10]10~4 S 0.60]10~4

woven H 6 217 507 * * 544 314
F 6 180 421 295 343 520 300
C 6 167 391 271 315 439 253
H 12 124 290 160 186 265 153
F 12 138 321 210 245 352 203
C 12 115 261 183 212 * *

Average * S 1.37]10~4 S 1.29]10~4 S 0.71]10~4

!H } hemisphere, F } #at, C } cone, `S } static.

strain rate assessment, but the general conclusions would remain the same. Dynamic tensile stress
strain data has not been derived for these materials, but Harding [21] has measured, for woven
glass epoxy composites, 100% increases in failure stress and 100% increases in failure strain for an
increase in strain rate of 5 orders of magnitude. These will give a 400% increase in energy
absorption per unit volume of material.

Local energy absorption values, during perforation, derived using tensile stresses, are a factor of
at least 10 smaller than those derived when assuming that shear e!ects dominate. However, it
should be noted that Figs. 11}14 show large deformations of the plies just outside the plugged
region, which indicates additional energy absorption due to tension in these regions. It is di$cult to
assess this &sub-critical' damage and so, in this paper, it is assumed that shear e!ects dominate.
A more accurate analysis would require more detailed assessments of damage due to both shear
and tension stresses.

Finally we have energy absorption due to delamination. Delamination areas have already been
quoted in Table 4. Delamination can propagate under Mode I (tensile) and Mode II (shear) loading
[19], and the relative importance of each mode is dependent on the structural con"guration as well
as the material properties. Frost [24] and Zee and Hsieh [10] have suggested that for the impact of
composites, propagation is dominated by G

IIC
. Frost quotes a value of G

IIC
for woven glass epoxy

laminates as 2.8 kJ m~2 and a similar value is quoted in [25]. Also strain rate has been shown to
have a neglible e!ect on G

IIC
[26]. The materials tested in [26] were graphite/PEEK and

graphite/epoxy. Other "bre and resin systems may give other behaviours and also fracture
toughness may be dependent on crack velocity, e.g. for polyester resin (Homalite 100), see [27].
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From high-speed video recordings for the tests quoted here, initial delamination speeds of
650 m s~1 and average delamination speeds of 300 m s~1 were recorded, and are "ve orders of
magnitude greater than during the static loading case. Due to the di$culties in quantifying the
mode of crack propagation and the lack of strain rate material data for the "bre resin system
studied here, the static G

IIC
value quoted above is taken for all delamination data, i.e. both static

and impact. In other words, the delamination energy absorption (E
$-
) is the delamination area (A)

multiplied by the delamination fracture toughness (G
IIC

), i.e.

E
$-
"AG

--C
. (7)

Tables 6}8 summarise the results of these delamination calculations. We are now in the position to
predict the total perforation energy of the panels. For the static case

E4
13%$

"E
&
#E

4)
#E

$-
"P4

&
(x

4
#t)#nDtc4

&
#A

4
G4

--C
. (8)

The superscript, s, refers to static values. For the impact case

E$
13%$

"E
&
#E

4)
#E

$-
"P4

&
(x

4
#t)#nDtc$

&
#A

$
G4

--C
. (9)

The superscript, d, refers to dynamic values. Static values of friction force and delamination
fracture toughness are used in this equation.

The predicted and measured, or actual, total energy absorption values are compared in Tables
6}8 and the results show considerable scatter. However, the aim of the energy partition analysis has
been to identify the major parameters and the analysis is not intended to be an accurate predictive
model. Table 10 summarises the average contributions to friction, local perforation and delamina-
tion energy absorption from the data given in Tables 6}8. For the 6 ply case, local e!ects are
dominant for the static case whilst delamination e!ects are dominant for the impact case. For the
12 ply and 24 ply cases, delamination energy absorption is dominant for both the static and impact
cases. Friction is generally low or negligible for 6 ply and 12 ply impact cases. There appears to be
no systematic di!erences between the woven and z-stitch laminates.

Table 10
Average percentage values from energy partition analysis

Friction Local Delamination

6 ply z S! 0 54 46
I! 4 32 64

w S 0 64 36
I 8 37 55

12 ply z S 0 13 87
I 7 16 77

w S 0 22 78
I 7 12 81

24 ply z S 0 12 88
I 16 20 64

w S 0 22 78
I 19 18 63

Note: z: z-stitch, w: woven, !S}static, I}impact.
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The energy partition analysis discussed here is clearly approximate. Any assessments of the local
perforation and delamination contributions are problematic. Local perforation is controlled by
a mixture of tensile and shear stresses and delamination is controlled by a mixture of Mode I and
Mode II crack propagation. Accurate static and dynamic materials tests, that re#ect the actual
material behaviour, are required for more accurate energy partition analyses.

However, we are now in a position to seek improvements in the energy absorption perforation
behaviour of the panels. This could be achieved by increasing G

IIC
, as delamination is the dominant

mode of energy absorption. Kim [13] has looked at the e!ects of toughened thermosets, interleav-
ing techniques, the use of hybrid "bres and the use of stitched "bres on delamination behaviour.
For the z-stitched laminates considered here, through-thickness stitching was considered for the
6 ply case. Table 11 gives a comparison between the two types of construction for #at and
hemispherical missile cases. It is evident that there is an increase in overall perforation energy for
the #at ended missile case, but that there is a reduction in the static perforation energy for the
hemispherical missile case. In the latter case, there is a reduced amount of delamination for the
through thickness z-stitch case. These results are inconclusive as no consistent e!ect of through-
thickness stitching has been identi"ed. Other authors have shown that there is an increase in Mode
I and Mode II fracture toughness with stitching density [28].

The other issue to be considered is the increase in local energy absorption for di!erent
"bre/matrix combinations, especially for the impact case. This can be investigated using simple
materials tests, depending on the dominant mode of energy absorption during perforation.
Dynamic tensile [21,29] or shear [21] tests can be used. Table 12 compares the dynamic tensile
behaviour for three composite constructions at quasi-static and dynamic strain rates [21,29]. From
the table, it can be concluded that although the glass/polyester system has the lowest energy
absorption under static loading, it also has the greatest strain rate sensitivity. Thus it would be
expected that the GRP panels would have larger dynamic enhancement factors, U

1
, as compared

with KRP and CFRP panels. Further comparisons of strain rate e!ects on various composite
materials are given in [30]. It would be advantageous to further relate standard materials tests, e.g.

Table 11
Comparison of the 6 ply z-stitch and through-thickness z-stitch laminates

Flat! Hemisphere!

z-Stitch Through-thickness z-Stitch Through-thickness

P
14

(N) 9040 8800 5390 5280
d
14

(mm) 10.00 11.50 12.00 12.25
E
-4

(J) 37.53 40.67 25.33 20.21
E
14

(J) 35.28 40.07 37.69 27.08
A

4
(m2)]10~3 4.64 3.53 3.04 2.21

<
"

(m s~1) 139.11 165.30 80.20 134.80
E
1$

(J) 116.10 163.94 58.91 109.03
A

$
(m2)]10~3 27.15 23.13 20.94 22.23

U
1

3.29 4.09 1.56 4.03

!12 g (diameter"7.6 mm) missiles for impact case.
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Table 12
Comparison of tensile failure behaviour of various "bre/matrix systems at a strain rate of 66 s~1

Woven glass polyester
(800 gsm) [21]

Woven aramid epoxy
(170 gsm) [29]

Woven polyethylene epoxy
(200 gsm) [29]

0/903 0/903 0/903

Static failure stress (]106) (Pa) 442 615 429
Static failure strain (%) 2.00 2.01 2.79
Static energy absorbed! (J]106) 3.45 6.18 5.98
Impact to static fail stress ratio 2.02 0.85 1.13
Impact to static fail strain ratio 2.02 0.82 0.84
Impact to static fail energy ratio 4.08 0.70 0.95

!Equal to area under stress strain curve.

tension or shear tests, to structural, i.e. perforation behaviour, so as to use simple tests to select the
best matrix/"bre combination prior to testing the "nal, complex, structural con"guration.

The perforation model and experimental results presented here could be extended to other panel
sizes. Although only one panel size has been considered, the ¸/t values lie between 10.93 and 44.84.
Therefore the dynamic enhancement factor, U

1
, data could be applied to a 24 ply panel having

a 800 mm span, which has a ¸/t value of 44.84. For the z-stitch 6 g missile case, the perforation
energy would be given by

E
1$
"U

1
E
14

(10)

where E
14
"425 J for the 24 ply case (¸/t"10.93) (Fig. 5b), U

1
"2.5 for the 6 g missile case (Fig. 9)

and hence E
1$

would be predicted as 1063 J. In this, it is assumed that E
14

is independent of ¸/t, i.e.
local e!ects dominate. It can be shown that, from theory given in [31], the fundamental periods of
vibration of a simply supported woven roving 1 m]1 m panel are 74, 37 and 18 ms for 6 ply, 12 ply
and 24 ply thicknesses, respectively. The perforation times for these thicknesses have been shown to
be 0.052, 0.073 and 0.078 ms, respectively. This indicates that the panels perforate before the panels
have a chance to respond globally. It should also be noted that an average value of the dynamic
enhancement factor has been taken, whereas Fig. 9 shows large scatter, especially for small t/D.

5. Conclusions

A simpli"ed energy partition analysis has been used to investigate the various components of
energy absorption and the e!ect of strain rate on those components. It has been shown that the
local energy absorption is, in proportion, the largest for the 6 ply case, and that the delamination
energy absorption dominates for the 12 ply and 24 ply cases. It is assumed in these calculations that
the local perforation is dominated by shear e!ects. The predicted energy absorption shows
considerable scatter compared with the corresponding measured values. However, the simpli"ed
analyses discussed here have shown the need for more accurate modelling of failure mechanisms
during perforation.

There is also a need to relate the properties obtained from basic materials tests more closely to
structural performance, in this case impact perforation. This would enable the development of an
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optimum combination of materials before designing and testing an expensive full-scale panel. The
size of the panels tested here were the smallest possible, assuming local e!ects dominate, and
further work is required to examine how the results from these small panel tests relate to the larger
panel sizes met in full-scale structures.

Speci"c conclusions which emerge from this study are as follows. The woven and z-stitch panels
behave in a similar manner. It transpires that the z-stitch and through-thickness z- stitch construc-
tions also behave in a similar manner. The #at ended missiles have the largest associated U

1
values

for the 12 ply and 24 ply laminates, whilst the conical and hemispherical ended missiles give the
minimum U

1
values. It was observed that the scatter in experimental results was greatest for the

6 ply laminates. The 6 g missiles gave higher ballistic velocity values compared to 12 g missiles,
which has been attributed to conditions in which the majority of the initial kinetic energy of the
missile is converted into perforation energy and in which the di!erence in strain rate e!ects between
the two cases is negligible. The accuracy of the perforation results relies on how closely the
experimental results straddle the actual perforation condition.
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