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Smnmary--This work presents a series of mechanical and ballistic tests designed to test the material 
assumptions used in, and the performance of, a model for the perforation of thin metallic plates 
by blunt cylindrical missiles. Tensile, bend and shear test data show reasonable concurrence with 
the simplified forms assumed for the model. Quasi-static punching and dishing test data demonstrate 
the importance of dishing as an energy absorbing mechanism, and provide simplified perforation 
data for comparison with ballistic limit velocity. Predictions of ballistic limit velocities at two scales 
are good, provided yaw of the projectile is negligible. Large amounts of projectile yaw can lead to 
a low energy failure by a mechanism of cutting, shearing and bending of the plate. In addition an 
unusual hinging failure mechanism is observed, particularly for thin plates, and attributed to 
modification of the stress field by unloading around the crack during the progress of propagation 
of the failure itself. 

NOTATION 

A area 
b beam width 
D projectile diameter 
L length of projectile 
h plate thickness 
S target span 

Mp rigid/plastic bending moment 
Q shear force 
Y yield stress 

W work (subscripts: f fracture, b bending, y yawed projectile) 
cr stress 

strain 
ef engineering fracture strain 

~, l/ constants 

I N T R O D U C T I O N  

Impact of thin plates by projectiles can result in localized shear deformation as well as 
membrane stretching and bending. Because of the safety significance of this problem, 
models have been developed which analytically treat one or more aspects of the deformation 
with the objectives of both understanding the governing material characteristics and 
establishing a predictive capability [1-6]. The confident application of such models relies 
on a knowledge of their performance and limitations, thus testing at a range of scales is 
important. In addition, the use of idealized material models requires that techniques be 
established for the optimum relationship of the test parameters to the model input. These 
aspects are the subject of the present work. 

Using the model of Woodward [6] as a basis for computations the present work examines 
the perforation of 2024-T351 aluminium alloy plates. Quasi-static tensile, four-point bend, 
punching and dishing tests are performed to determine characteristic material data, and 
model assumptions are tested by comparing assumed load/displacement characteristics 
incorporated in the model with empirical performance data. Ballistic tests are also 
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performed on two scales, with projectiles ranging from several grams to several kilograms 
in mass. It is also instructive to see how energies to perforate plates in simple quasi-static 
punching and dishing tests compare with the ballistic test results. Plate failure modes are 
examined, especially hinge formation during plugging. This is explained in terms of a 
variation of the stress field concurrent with crack extension. Some of the limitations of 
this particular model are also elucidated. 

PLATE P E R F O R A T I O N  MODEL 

A schematic of the structural model for the perforation of centrally loaded, circular 
targets, is shown in Fig. 1 with the perforation process divided into two stages. In Stage 
I, shearing at the plug/plate interface occurs at the material's shear flow stress with the 
plug velocity greater than that of the adjacent plate, and the plate rotates about a plastic 
hinge a distance Z(t )  from the plug/plate interface. After some time, either the plug shears 
out, and thus plate failure occurs, or the plate velocity increases to the plug velocity and 
Stage II ensues. In Stage II, shear at the plate/plug interface no longer occurs as a direct 
consequence of the plate having accelerated to the plug velocity, and deformation continues 
in terms of bending at the hinge position and tensile stretching of the plate. In this stage, 
final failure occurs at the plug/plate interface when the tensile strain exceeds the fracture 
strain. The model computations were shown [6] to agree reasonably well with experiment 
and the predictions of either shear or tensile plugging failures agree with physical 
observations. Testing included computations on impacts with penetrators up to 20 kg mass 
reported by Neilson [7], impacts of small irregular penetrators on aluminium, mild steel 
and stainless steel reported by Corran et al. [3], and impacts against steel pipes reported 
by Xiaoqing and Stronge [8]. For such comparisons material data was estimated. In using 
such a model one looks for agreement within approximately 20%, the most that can be 
expected with a plasticity model, accuracy of material data and approximations in the 
formulation, and one also anticipates correct predictions in magnitude and direction of 
the influence of changes in impact parameters and material. Care is needed to avoid 
occasional exact agreement leading to an illusion of accuracy. 

In the above model, assumptions are made which necessarily simplify the deformation 
characteristics of the material. Because the model relates to low velocity/thin plate problems, 
plug acceleration is not taken into account. The problem is solved by adopting a 
rigid-plastic solution for the central impact of a beam due to Symonds I-9] and adapting 
it to the deformation of a plate. The method does not allow stretching and this necessarily 
implies small deflections in the first stage. Tangential curvature in the dished region is also 
not taken into account, and elastic deformation is ignored, although this could be expected 
to be significant for very thin plates. The situation of clamped plates is easily treated by 
fixing a maximum position for the outer plastic hinge in the model. The rationale has 
therefore been to take the simplest approach possible and see how close are the agreements 
with empirical observations. While the correlation remains good and the model describes 
observed features, further complication is not necessarily worthwhile. Extensive testing is 
however essential lest a chance agreement be mistaken for a correlation. The equations 
for Stages I and II and the methods of solution have been described in detail in the earlier 
work [6]. 
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FIG. 1. Schematic illustration of the structural model. The nomenclature is described, in detail, in 
Ref. [6]. 
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Material characteristics for the model are covered by a value of yield stress, Y, which 
specifies the strength for tensile, shearing and bending deformation and a fracture strain, 
ee, which, when combined with the constants ct and /~ in a linear work hardening 
characteristic of the form 

~r==+/~. (1) 

can be used to specify a mean tensile failure strain in the dished region. The simple 
rigid/plastic assumptions for bending and shearing deformation, built into the model, were 
not validated. 

All the model assumptions rely for confirmation on correlation of ballistic data with 
calculation over a broad range of conditions and this is the only reliable way of establishing 
sensitivity of the results to input parameters. With such testing the range of validity or 
usefulness of the model can then be specified. Some of the material strength assumptions 
can be checked independently in quasi-static tests and this aspect is examined in the present 
work. However, the fracture criterion is pragmatically based on the observation that the 
model has worked effectively for the cases studied thus far. Particularly illustrated in the 
present examination are the effects on the analysis of assumed impact conditions and 
modes of plate failure when these are not realized in practice. Correlation of displacement 
and deformation data can only be expected to be approximate given experience with 
rigid-plastic models [10]. 

E X P E R I M E N T A L  M E T H O D S  

Four thicknesses, 1.59, 3.10, 4.81 and 6.48 mm, of 2024-T351 aluminium alloy plate 
were used throughout this study, designated A, B, C and D respectively in the figures of 
this report. Conventional, flat tensile specimens, from both longitudinal and transverse 
orientations, were tested, stress/strain curves plotted and values for the constants ~ and 
[see equation (1)] computed by construction (see Fig. 2). Full-thickness, four-point bend 
samples were also used to generate loading-force versus cross-head displacement plots. 
From this data the applied bending moment, Mp, can be calculated as a function of angle 
of bend for comparison with the moment derived in the model from the material yield stress. 

Quasi-static perforation tests were performed using a hardened 12.7 mm diameter punch, 
centrally loaded on a circular target which was supported at its perimeter by a steel cylinder 
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FIG. 2. Recorded stress-strain data for 1.59 mm 2024-T351 alloy sheet in both longitudinal (full 
line) and transverse (short-dashed line) directions. The long-dashed line represents the constructed 

line for the rigid-linear work hardening relation, tr = ~ + Be. 
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of internal diameter equivalent to the span, S. All tests were carried out at a displacement 
rate of 1.5 x 10-s m/s (=  0.9 mm/min) with applied-load versus punch-displacement data 
continuously plotted. The circumferential supporting span, S, was varied from 13 to 
186 mm. Lateral restraint in the test material was effected by using eight steel pins placed 
around the perimeter. When S = 13 mm (i.e. during what was effectively a stamping test) 
the test was carried out in two distinct stages. In stage one, up to the point of maximum 
load, a closely fitting bottom die was used. However, as soon as the plug had formed and 
just begun to move, the test was stopped and the bottom die changed for one of slightly 
larger internal diameter, 13.5 mm. The test was then allowed to proceed until the plug fell, 
under gravity, from the rear of the target. This procedure was adopted to prevent recording 
the force required to push the ejecting plug of material into the die cavity. The object was 
to ensure that this quasi-static test simulated as closely as possible the ballistic impact 
situation. The punch tests with a span of 13 mm allow an assessment of the degree to 
which the model rigid/plastic shearing stress approximates test data in a situation close 
to pure shear. The tests with larger spans allow some indication of the degree to which 
bending and stretching deformation became involved as span increases. 

Small-scale dynamic tests were carried out using non-deformable, fiat-ended, cylindrical, 
steel projectiles, 25 g in weight and 12.7 mm in diameter. These were fired from a Ramset 
gun (a commercial stud gun) at impact velocities of up to 200 m/s. Projectile velocities 
were recorded using a dual coil arrangement. The targets were freely supported by a rigid, 
steel frame with a circular hole of diameter S cut into it. The energy required to perforate 
each target was calculated from the value determined for the critical velocity for perforation, 
defined as the average of the highest velocity without perforation and the lowest velocity 
with perforation, or ejection of a plug. 

Unlike the small-scale tests, in which a number of projectiles of varying velocity was 
used, the large scale tests were designed to be single-shot perforation tests (i.e. one shot 
per target thickness). Larger targets, 400 mm square, were clamped into a rigid, steel frame 
with a circular supporting span of 312 mm. They were then centrally impacted by a solid 
steel projectile, 3.0 kg in mass and 62.5 mm in diameter, at impact velocities of between 
40 and 80 m/s. These projectiles were designed to have the same aspect (L /D)  ratio as the 
smaller ones. These were fired at the target using a modified 'chicken-gun' (a compressed 
air-gun, normally used to fire bird-simulants at aircraft substructures). Impact velocities 
were recorded using a photo-cell chronometer. In addition, a high-speed, video-camera, 
capable of operating at 12,000 frames per second, was used to record the impact event, 
both in side elevation (so that impact and exit velocities could be measured and projectile 
stability recorded) and from behind (so that deformation at the rear of the target could 
be simultaneously recorded). 

QUASI-STATIC STRENGTH COMPARISONS 

Tensile test data 

Typical tensile stress-strain curves are shown in Fig. 2 for the thinnest aluminium sheet 
in the rolling and long transverse orientations. The linear work hardening relation of 
equation (1) used in the computations is represented as a broken line. In general, strength 
and elongation characteristics were dependent upon orientation so a mean value was used 
in the model. There were slight differences with plate thickness and the data for all tests 
are represented in Table 1. As Fig. 2 shows a rigid-linear work hardening plastic 
stress/strain characteristic is not unreasonable for the material used in the present work. 

Bend test data 

Four-point bend test results were obtained on all plate thicknesses in both the rolling 
and long transverse orientations and these are represented in Fig. 3. There is only a small 
difference between data from the two orientations.The assumption used in the structural 
model corresponds to a rigid-plastic bending moment Mp given in terms of section 
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TABLE 1. DATA FROM TENSILE TESTS 

23 

Sheet Yield 
thickness Orienta- stress UTS ct fl 

(mm) tion* (MPa) (MPa) ef (MPa) (MPa) 

1.59 R 320 520 0.13 
342 1235 

1.59 T 285 508 0.16 

3.10 R 320 535 0.17 
355 1175 

3.10 T 290 512 0.15 

4.81 R 335 545 0.17 
345 1190 

4.81 T 295 540 0.17 

6.48 R 370 595 0.17 
383 1250 

6.48 T 315 580 0.17 

*R--rolling direction; T--long transverse direction. 
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FIG. 3. Four-point bend data for the four thicknesses of 2024-T351 alloy sheet. The experimental 

data are represented by solid lines. 

d imens ions  b read th ,  b, and  thickness,  h, by 

Mp = bh 2 Y/4 (2) 

where Y is the mater ia l  yield stress. This bend ing  m o m e n t  value is represented  by a 
hor izon ta l  dashed  line for each thickness of  mater ia l .  The  mome n t s  increase with thickness 
as expected and are  of the correct  magni tude .  Also ind ica ted  by a vert ical  line E is the 
degree of  elastic recovery in the bend angle,  which becomes subs tant ia l  for the th inner  plates.  

Blanking test data 

The b lank ing  test per forms two functions,  viz to m a k e  a c ompa r i son  between assumed 
and  realist ic mate r ia l  shear  flow stress and  to make  a c o m p a r i s o n  between the energy to 
shear  a plug and  the observed  kinet ic  energy to ob ta in  a bal l is t ic  perfora t ion .  L o a d /  
d i sp lacement  d a t a  f rom the b lank ing  tests are shown in Fig.  4. The  d i scont inu i ty  in the 
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FIG. 4. Punching data (S = 13 mm) for the four thicknesses of 2024-T351 alloy sheet. The 
experimental data are represented by the curved lines: the model assumptions by the straight lines. 

curves of Fig. 4 occurs at the insertion of the oversized die once plug fracture had 
commenced. In the model, the shear force, Q, is assumed to be related to the section area, 
A, and the yield stress, Y, by 

Q = A Y /x~3 .  (3) 

In each case the theoretical load/displacement relation is plotted as a straight line in Fig. 
4. There are significant differences. The maximum load in shear is generally significantly 
higher and there is a residual load which may be attributed to rubbing between the punch 
and plate. This is expected since the blanking operation is not just a simple shearing process 
[11] but involves several stages of deformation. Nevertheless, there are two important 
points of agreement: (i) the area under the load/displacement curves is of the correct order 
and (ii) the slope of the straight line given by equation (3) is close to the mean slope 
indicated by the punching data. 

BALLISTIC RESULTS 

Small-scale tests 

A critical perforation velocity was determined for each of the plates using a supporting 
span of 37.5 ram. These results are included in Table 2, along with critical energy values. 
For all but the thickest plate, the experimental velocity values lie within 7% of the predicted 
values. The ballistic limit for the 6.48 mm plate was unexpectedly low, not only in relation 
to the model prediction but also compared with the observed trend, set by the thinner 
plates, of a linear increase in ballistic limit with target thickness, nevertheless even for this 
case agreement between the model and the ballistic test is acceptable in terms of the 
accuracy anticipated in the use of plasticity theory and in terms of the use to which such 
predictive calculations are put. The cause of this negative deviation is probably related to 
plug shearing which is a more dominant mechanism in the thicker plates. In a ballistic 
test, ejection of a sheared plug is easier due to slight bending of the plates, an effect not 
seen in the straight punching tests of Fig. 4 and not represented in the model. Figure 5 
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T A B L E  2 .  P R E D I C T E D  A N D  EXPERIMENTAL CRITICAL P E R F O R A T I O N  D A T A  AS A F U N C T I O N  OF PLATE T H I C K N E S S  A N D  

S T R A I N  RATE 

Plate Model 
thickness predicted 

Parameter (mm) data Ballistic 

Experimental 

Quasi-static 

Span (mm) - -  37.5 37.5 13 37.5 186 

Critical 1.59 59 62 + 1 31 - -  55 

perforation 3.10 98 103 + 2 58 75 90 

velocity 4.84 142 151 + 3 89 - -  136 
(m/s) 6.48 177 154 __+ 6 135 126 177 

Critical 1.59 44 48 12 - -  38 

perforation 3.10 120 133 42 71 101 
energy 4.84 252 283 100 - -  231 
(J) 6.48 392 297 226 198 391 

Velocity data, from the static tests, were determined from measuring the work done during perforation. 
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shows the effect of span on energy to ballistically perforate plates for two plate thicknesses. 
The agreement between ballistic and predicted data using the model improves with span. 
A possible explanation is that, at smaller spans, the plate is bending under impact just 
sufficiently to cause easy exit for the plug before stretching to its maximum deformation. 

Table 2 compares the dynamic data for kinetic energy to just perforate a plate with the 
quasi-static data for work done in punching a plate for S = 13, 37.5 and 186 mm. The best 
agreement occurs when S = 186 mm which is anticipated as this diameter allows significant 
dishing deformation, an important  energy absorbing mechanism in the dynamic problem. 
Figure 5 shows these data plotted for comparison at two plate thicknesses. The model 
predicts that the critical perforation energy increases with increasing span, until the span 
is greater than the outer hinge position for the particular configuration, because of the 
progressively greater contribution made by the plate bending. All three curves in both Figs 
5a and 5b show this trend with the exception of the curve for static perforation of the 
6.48 mm plate, which shows a minimum absorbed-energy condition at S = 25 mm. This 
effect has already been discussed elsewhere by Crouch [ 12], who proposed that in quasistatic 
punching tests a minimum perforation condition occurred when the span exceeds the 
blanking condition because of the reduced frictional effects experienced in a plate 
undergoing extreme bending. The comparison of results clearly illustrates that to be a 
good simulation, simplified quasi-static tests must be designed to allow the same 
deformation mechanisms to take place as in the dynamic event; in particular in the present 
case, dishing of the plate. 

Large-scale tests 

The high-speed video camera was used primarily to record the target displacement 
history. Unfortunately, predicted displacements were not reproduced in practice and most 
rear-plate deformation was obscured by the rigid steel frame. Table 3 does, however, include 
comparative data for final total displacements. Frames from the video were used to measure 
yaw angles on impact, and to observe penetrator/ target  interactions more closely. Figure 
6 illustrates two such sequences corresponding to Runs 18 and 20 detailed in Table 3. Run 
20 shows a large degree of yaw on impact, and post perforation tumbling of the projectile. 

Figure 7 shows a plot of impact velocity, V o, versus exit velocity, V e, calculated from 
the model as a function of thickness which includes experimental values of V o and Ve. The 
form of the curves in Fig. 7 is similar to that for residual momentum presented by Goldsmith 
[13], as expected. Table 3 also shows the video data for velocities and yaw values compared 
with experimental data. It should be noted that agreement is very much associated with 
degree of yaw. The greater the yaw, the more the penetrator behaves like a pointed projectile 
and simply cuts its way through the thin target. Thus, underestimation of exit velocity or 
an over-estimate of ballistic limit is a very real possibility when the hiD ratio is very small 
(h = target thickness; D = projectile calibre); here, in these large scale tests it ranges from 
0.025 to 0.104. Under such conditions a small amount  of yaw can lead to a change in the 

TABLE 3. POST-IMPACT ANALYSIS OF LARGE-SCALE BALLISTIC TESTS COMPARED WITH PREDICTED VALUES 

Measured Predicted 
final final 

Plate Measured velocities Predicted Total cen t ra l  central 
Run thickness impact (Vo) exit (V,) exit (V'~) V c - V' c yaw displace- displace- 
No. • (mm) (m/s) (m/s) (m/s) (m/s) (degrees) ment (mm) ment (mm) 

18 1.59 45.3 36.6 37.4 - 0.8 0 21 30 
19 3.10 52.8 45.7 37.8 7.9 22.1 13 26 
20 4.81 59.8 47.8 27.6 20.2 26.1 14 32 
21 6.48 77.6 47.2 40.3 6.9 8.5 15 32 
22 6.48 67.2 39.5 0 39.5 40.1 NR --  

Total yaw angle calculated by measuring yaw in azimuth and elevation and then calculating component angle. 
Predicted values are based on measured 'effective' spans which were less than 312.5 mm in each case. Values for 

S = 312.5 mm are shown in Fig. 7. 
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Series A Series B 

FIG. 6. Two series of frames from high-speed video recording of two large-scale ballistic tests. The 
A series corresponds to Run No. 18 and the B series to Run No. 20 of Table 3. 

mechanism of  perforat ion from one of  dishing and plugging to a cutting process. The 
max imum acceptable yaw (i.e. calculated on a basis of  no permissible perforation until all 
of  the front end of  the projectile has made contact  with the surface of  the target) would 
be approximate ly  s in-  ~ (h/D). This gives values of  1.43 ° and 5.97 ° for the 1.59 and 6.48 m m  
plates respectively. F r o m  the results in Table 3 it can be seen that only Run 18 conformed 
with this condit ion.  Run 21, with 8.5 ° of  yaw, was the next closest to the predicted value 
of  exit velocity. 
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FIG. 7. A plot of predicted exit velocity as a function of impact velocity for the large scale tests 
where span = 312.5 mm.  Experimental data for Runs 18 to 21 are marked and the differences 

illustrated by the vertical dotted lines. 

The model for normal impact by blunt projectiles is not designed to treat problems 
where significant yaw has changed the penetration conditions, so that perforation is caused 
by a cutting mechanism. The present results demonstrate that, when assumed impact 
conditions are not realised in practice, large deviations from predicted velocities may be 
observed. 

Failure mechanisms 

The normal impact of blunt projectiles on the surface of a target invariably leads to 
local failure by plugging. The model assumes this eventuality and the present experimenta- 
tion anticipated it. In most static and dynamic tests this mode of shear failure did indeed 
occur. However, the failure criteria in Stage 2 of the model involves tensile failure across 
the rear of the target. Detailed examination of the fracture surfaces of these plugs by 
scanning electron microscopy confirmed that ductile tensile local failure did occur in the 
outer fibres of the target. 

One unexpected failure mode observed was hinging (Fig. 8) which involves the 
propagation of tensile tearing cracks from cracks initiated at one side of the plug periphery. 
This mode of failure occurred on both scales of testing and was a more prominent 
characteristic of the thinner plates when the span/calibre (S/D) ratio was//> 8, cases indicated 
by H in Fig. 5, conditions where dishing is more important than shear. It was also observed 
in the failure of some plates in the quasi-static punching tests where there is no question 
of a contribution from misalignment. It was not related to the incidence of yaw. Figure 
8a, from Run 18, illustrates how hinging occurs when measured yaw is zero. Hinging has 
also been observed 1-12] to occur in the rear elements of a laminated target, and is evident 
in a number of cases of impact by hemispherically tipped and flat ended penetrators 
presented by Levy and Goldsmith [13, 14]. 

The following explanation is put forward to account for this behaviour. In essence, it 
is the consequence of the direction of crack propagation being modified by the changing 
stress distribution due to stress relief from the fracture itself. The proposed sequence of 
failure is illustrated in Fig. 9. As a consequence of the impact the rear plate surface is in 
a state of radial tension and fracture is assumed to start from one point (Fig. 9a). Early 
propagation then follows the circumference of the circular impact zone, travelling normal 
to the radial tensile field (Fig. 9b). This ensures maximum release of strain energy. As 
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FIG. 8. Two examples of hinge-formation during the perforation of thin plates. Figure 8a, above, 
corresponds to the large scale test, Run 18; Fig. 8b to the small-scale ballistic testing of a 3.1 ram 

plate with span = 186 mm. 
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CRACK PROPAGATION 
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FIG. 9. Schematic illustration of the proposed cracking sequence leading to hinge formation. 

cracking proceeds, the stress field across the cracked section must be affected such that 
the tensile stress in the radial segment, defined by the ends of the crack, falls to zero (see 
Figs 9b and 9c). As stress waves travel at a velocity far greater than the tearing fracture, 
which is governed by the movement of the projectile in ballistic tests and of the punch in 
quasi-static tests, the surrounding stress field in the plate is modified and when the ends 
of the crack are diametrically opposite, the tensile field will have completely changed from 
a radial to a uni-axial tensile state (see Fig. 9d). For the crack to continue following a 
path normal to the major tensile stress the crack must now proceed tangentially. Both 
ends of the crack should then run nearly parallel, the projectile motion is resisted by an 
unbalanced load at the centre of the impact zone and the cracked material bends back 
forming a hinge. Such asymmetry in response has been noted when metallurgical aspects 
as opposed to the loading conditions determine the site of failure initiation [15], and 
should be anticipated in hindsight when the rate of crack propagation is an order of 
magnitude lower than the rate of modification of the stress field by relief waves. 

On reflection, this rather special mode of failure would be most favoured in tension- 
dominated failures and therefore most likely to occur in thin plates--this is observed in 
practice, irrespective of strain-rate or scale. At much higher impact velocities it is anticipated 
that multiple crack initiation may be expected, nullifying any possibility of progressive 
crack propagation and thus preventing hinge Tormation. That the terminal orientation of 
the cracks is not exactly parallel (compare Fig. 8 with model of Fig. 9) does not negate 
the concept because in sheet tensile fracture the direction of fracture propagation is not 
necessarily exactly normal to the applied tensile load. 

The formation and bending of a hinge is a more energy-absorbing process than failure 
by simple plugging (whether it be by a tensile or shear mechanism) and an estimate can 
be made for the additional work done. 

If Wf = the work of fracture per unit length, the additional work done in hinging, AW, 
can be expressed as: 

A W  = (D - reD~2). W f  + W b (4) 

where Wb is the work done in bending around the hinge and the first term represents the 
difference in fracture work between the plugging and hinging mechanisms. In practice Wf 
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is considered negligible and AW = Wb. Wb can be simply expressed using equation (2) in 
terms of the bending moment, Mp, and the total angle of bend (90 °) as: 

Wb = rr/2.Mp = n / 2 . D h 2 y / 4 .  (5) 

This additional work can be calculated for each case. When t = 3.10 mm, AW becomes 
25 J for the small scale ballistic tests which, when added to the maximum critical perforation 
energy value predicted by the model, as shown in Fig. 5a, brings the model values 
significantly closer to the observed dynamic energy values. Equation (5) represents a 
minimum increase for, in reality, the hinges are much larger (up to twice the breadth and 
twice the length). For the case where breadth = 2D and the bend angle = 60 °, AW becomes 
33 J, which is closer still. Furthermore, as the hinge gets larger the term, We, ignored above, 
may become significant, further increasing A W. 

Projectile yaw also had a large influence on the failure mechanism and Fig. 6b shows 
a sequence in the impact of a severely yawed projectile. A typical example of such a failure 
is shown in Fig. 10a with a schematic of the energy absorbing deformation mechanisms 
in Fig. 10b. The principal deformation mechanisms of shear fracture, bending of the lips, 
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-~ L s i n e  + O c o s ¢  

FIG. 10. (a) Photograph of a plate perforated by a yawed projectile showing the formation of two 
lips hinged from the plate and (b) schematic showing the principal deformation mechanisms. 
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and tensile tearing over a gauge length of the projected projectile length, can be simply 
modelled to give the work done for a yawed projectile (Wy) in an equat ion of the form 

Wy = Yh  + (L sin q~ + D cos q~) + D~f (6) 

where 4~ is the angle of  yaw and ~f is the fracture strain (engineering) in tension. The terms 
represent bending, shear and tensile work respectively. Equat ion  (6) underestimates the 
work done because it does not  include dishing which is still observed but difficult to 
estimate without  treating the deformation in a set of  sequential steps. Table 3 shows that 
the amoun t  of  dishing is generally less with the yawed projectiles but it is not  negligible. 
In addition, as Fig. 6b shows, the cutting of  the plate by the projectile edge occurs before 
the projected length is fully strained as a tensile sample. Equat ion (6) then is just  a guide 
to how three of the processes can be expected to contribute.  This example clearly 
demonstrates  the effect that  a variat ion from the assumed impact  condit ions (and beyond 
the control  of  the analyst) may  have on predictions of  behaviour.  

CONCLUSIONS 

A knowledge of  the strengths and limitations of any analytical model  is an essential step 
prior to the assured application of  that  model.  This paper  has tested the validity or degree 
of approximat ion  of some of  the material  assumptions in such a model  and has not  only 
illustrated its predictive capacity but has identified some of  the limitations to predictive 
capability which can result from aspects such as yaw, support ing span and the occurrence 
of  unusual  failure modes,  all of  which m a y  be outside the control  or  experience of  the 
stress analyst.  In particular in the present case an unusual hinging mode  of  failure was 
observed in many  cases. It is suggested that  this behaviour  results f rom a variat ion of  the 
stress field as cracks propagate  in the target plate, causing the cracks themselves to follow 
a modified path. A simple analytical correction can be made  to estimate the effect of  the 
hinging type failure in the energy to perforate targets. The results of  simple mechanical  
tests have been compared  with the material approximat ions  in the model  and the work 
done  in blanking and dishing tests compared  with energy required to perforate. 
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