
Pergamon 
Int. J. Impact Engng Vol. 18, Nos. 7 8, pp. 803 827. 1996 

Copyright ~q 1996 Elsevier Science Ltd 
Printed in Great Britain. All rights reserved 

PII:S0734 743X(96)00026-7 0734 743X/96 $9.50+0.00 

T E A R I N G  O F  B L A S T  L O A D E D  P L A T E S  W I T H  
C L A M P E D  B O U N D A R Y  C O N D I T I O N S  

G. N. NURICK, M. E. GELMAN and N. S. MARSHALL 
Department of Mechanical Engineering, University of Cape Town, 

Rondebosch, 7700, South Africa 

(Received 10 May 1996; in revised form 7 June 1996) 

Summary--Extensive experimental results for the prediction of the onset of thinning (necking) and 
hence subsequent tearing at the boundary of clamped circular plates subjected to uniformly loaded air 
blasts are presented. The experiments include: plates of diameter ranging from 60mm to 120mm: 
different clamped edge conditions; (sharp edge; and radii of 1.5mm and 3.2mm) and an examination of 
the microstructural behaviour. Observations of thinning at the boundary show similar trends for all 
plate diameters with sharp edge conditions, and where the boundary edge condition is relaxed the 
deflections are larger before thinning and tearing occurs. Three phases within Mode I (large inelastic 
deformation) are identified as; Mode I (no visible necking at the boundary); Mode Ia (necking around 
part of the boundary); and Mode Ib (necking around the entire boundary). Predictions using the code 
ABAQUS provide, in particular for Mode I, favourable correlations with the experiments. Copyright 
~:~ 1996 Elsevier Science Ltd. 
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NOTATION 

A area of plate 
D strain rate material property constant 
I total impulse 
P load pressure 
R plate radius 
r boundary fixation radius 
q strain state material property constant 
t plate thickness 
t b duration of pressure 

strain rate 
p material density 
a o static yield stress 
ay dynamic yield stress 
~o dimensionless impulse = I/nRt2(Pao) 1/2 ([2,16]) 
2 dimensionless impulse = 4~02 ( [3, 18]) 
1" dimensionless impulse = q~t/R ([14]) 

INTRODUCTION 

The large inelastic deformation response of thin plates subjected to uniformly distributed 
blast loads has received considerable attention (see for example Nurick and Martin [ 1,2] and 
Jones [3]) with satisfactory correlation between predictions and experiments. However it 
must be noted that the predictions have either considered simply supported plates or 
assumed fully built-in edge conditions, while most experiments have been performed on 
plates considered fully clamped at the boundary, with only some experiments performed on 
plates with fully built-in conditions at the boundary. Thomas and Nurick [4] report that the 
large inelastic mid-point deformation response is independent of the boundary fixation 
conditions. However these boundary fixation conditions are critical in assessing the tearing 
mechanisms which occur when the blast load is large enough to cause partial or complete 
tearing on the boundaries of the plate. 
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Menkes and Opat [5] defined three failure modes for beams subjected to impulsive loads: 

Mode I - -  large inelastic deformation 
Mode I I - -  tensile tearing at the edges 
Mode III shear failure at the edges. 

Similar failure modes have also been observed for circular plates by Te 
eling-Smith and Nurick [6], and for square plates by Olson, Fagnan and Nurick [7] and 
Nurick and Shave [8]. Some additions to Mode II failure, which appear to be geometry 
related, were reported in Ref. ES]. 

Hitherto the experimental, analytical and numerical investigations have been mainly 
concerned with global effects i.e. mid-point deformations, plate profiles and time to final 
displacements, as for example those reported by Bodner and Symonds I-9] and Symonds and 
Wierzbicki [10]. Some recent predictions for Mode I have been reported using numerical 
techniques, for example by Olson e t  al. [-7, 11] using a special super element for square plates 
and Farrow e t  al. [12] using the code ABAQUS for circular plates. In both cases the 
predictions and experiments showed satisfactory correlation. In addition Olson et  al. [13] 
have shown some correlation for Mode II failure when implementing a strain failure 
criterion. Other predictions by Shen and Jones [14] using an energy criterion for the 
deformation and rupture of circular plates have also reported excellent correlation with the 
experiments for Mode I failure, but emphasise that the comparisons for Mode II failure are in 
disagreement. In Refs [6, 14] it is indicated that the fixing condition may determine the 
tearing mechanism at the boundary. 

This paper addresses these issues by reporting on the effect of thinning and hence 
subsequent rupture at the boundary for fully clamped circular plates. The results indicate 
that the behaviour of the plate at the boundary is dependent on the boundary edge condition, 
thus resulting in a modification of the definition of Mode I failure. 

EXPERIMENTAL PROCEDURE AND DATA 

The experimental procedure is described by Nurick and Martin [2]. All the plates were cut 
from 1.6mm thick commercially available mild steel sheet. The test diameter varied from 60 
to 120mm. Uniaxial tensile tests were performed for each sheet to provide values of static 
yield stress (as determined using the Cowper-Symonds strain rate constitutive equation [3]), 
and strain at failure. These experimental parameters are given in Table 1. 

The clamping plates consisted of two 20mm thick heat treated mild steel plates. The central 
hole was machined (as shown in Fig. 1) to: 
(i) give a sharp edge at the clamped boundary; and 
(ii) to provide a radius. Two different radii of 1.5mm and 3.2mm were machined as noted in 
Table 1. 

Table 1. Experimental parameters 

Sharp edged 60 251 0.34 
80 220 0.31 
100 270 0.30 
120 220 0.31 

1.5mmradius 100 251 0.34 

3.2mmradius 100 251 0.34 

Boundary Plate test Static yield Strain at 
detail diameter stress a o failure 

(mm} (MPal 
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Fig. 1. Schematic of edge boundary conditions. 

The test plates were secured between the clamps using eight 12ram high-tensile strength 
bolts, equally tightened by means of a torque-wrench. 

MEASUREMENTS AND OBSERVATIONS 

Hitherto large inelastic deformations and subsequent tearing have been referred to as 
Modes I and II failure, respectively, without any reference to the detail at the boundary. 
Investigations of the deformed plates herein identified several distinct observations at the 
clamped boundary: 

(i) no necking; 
(ii) necking around part of the boundary; 

(iii) necking around the entire boundary; 
(iv) tearing around part of the boundary; and 
(v) tearing around the entire boundary. 

Observations (i), (ii) and (iii) have previously been grouped together as Mode I failure 
[5, 6, 7, 8]; while observation (iv) has been termed Mode II* failure [8] with observation 
(v) as Mode I! failure [5, 6, 7, 8]. Hence due to the various phases of the necking process, it 
would appear relevant to redefine the criterion of the general Mode I failure response, as 
follows: 

Mode I--large inelastic deformation with no necking at the boundary; 
Mode Ia--large inelastic deformation with necking around part of the boundary; and 
Mobe Ib--large inelastic deformation with necking around the entire boundary. 

The lower bound of Mode Ia is that phase where some part of the boundary exhibits 
necking. As the load is increased, the necking progresses around the circumference to the 
upperbound of Mode Ia, i.e. Mode Ib. For further increases of load, thinning of the necked 
section takes place, until Mode II* (upperbound of Mode Ib) is reached. Modes Ia and II* are 
experimental phenomena due to a variety of inherent physical parameters such as speed of 
detonation of the explosive and inconsistent material properties, which could result in an 
asymmetrical response. Observations for a selection of plates illustrating Modes I, Ia and Ib, 
or each test series are shown in the photographs in Figs 2 and 3. While Fig. 2 shows the global 
deformation, Fig. 3 shows the impulse, mid-point deflection and angle at the boundary. For 
all tests the impulses and final mid-point deflection were measured, as detailed in Tables 2-7. 
The values of impulse, q~, and deflection at which each of the above modes are identified from 
the data in Tables 2-7, are tabulated in Tables 8, 9 and 10. 
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A 
60ram Diameter 

B 
80ram Diameter 

C 
100ram Diameter 

D 
120mm Diameter 

Fig. 2. Photographs of deformed plates showing global response. 
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Sharp Edged 
Boundary 

F 
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Boundary 

G 
3,2mm Radius 
Boundary 

Fig. 2. (Continued) 
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2,58Ns 
5,38mm 
10,17 ° 

3,30Ns 
6,67mm 
12,53 ° 

4,79Ns 
8,40ram 
15,64 ° 

6,20Ns 
l l , lOmm 
20,30 ° 

8,05Ns 
13,08mm 
23,56 ° 

8,62Ns 
14,96mm 
26,500 

60mm Diameter 

~!~ :: : : :  

i 

80mm Diameter 

Fig. 3. Photographs of deformed plates showing effects of edge boundary fixation. 
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Fig. 3. (Continuedt 
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5,06Ns 
7,66mm 
8,70 ° 

6,15Ns 
9,18mm 
10,41" 

13,45Ns 
17,82mm 
19,62" 

18,48Ns 
23,25mm 
24,94 ° 

20,08Ns 
29,07mm 
30,19 ° 

23,3 INs 
31,68ram 
23,310 

............ i; 
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.............. ?? i;? 

14,30Ns 
19,36mm 
21,17 ° 

15,16Ns 
20,64mm 
22,43* 

16,51Ns 
23,54mm 
25,21" 

17,37Ns 
24,72mm 
26,31" 

23,3 INs 
29,65mm 
30,67* 

25,30Ns 
35,20mm 
35,15 ° 

Clamped Radius = 1,5mm Clamped Radius = 3,2ram 

Fig. 3. (Continued) 
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Table 2. Experimental data for 60 mm diameter plates with sharp edged boundary 

81 

Experiment Impulse Deflection (~ Mode 
no. (Ns) thickness ratio 

230909 1.40 2.15 4.13 I 
230901 1.63 1.69 4.81 I 
280906 1.75 1.93 5.17 I 
230908 1.85 2.69 5.46 I 
300905 2.03 2.60 5.99 I 
240906 2.23 3.04 6.58 I 
230910 2.32 3.46 6.85 I 
300906 2.43 3.68 7.18 I 
300902 2.58 3.36 7.62 I 
240904 2.72 3.49 8.03 I 
280907 2.99 4.18 8.83 I 
300913 3.27 4.35 9.66 I 
300910 3.41 4.48 10.07 Ia 
230916 3.53 4.63 10.42 Ia 
300911 3.69 4.16 10.90 Ia 
071005 3.80 4.64 11.22 Ia 
051001 3.89 4.44 11.49 Ia 
230913 3.97 4.99 11.72 Ia 
051004 4.01 4.81 11.84 Ia 
230907 4.03 4.54 11.9 Ia 
151001 4.25 5.18 12.55 Ia 
071003 4.45 5.10 13.14 Ia 
230904 4.52 4.70 13.35 Ia 
151004 4.60 5.19 13.58 la 
151003 4.68 5.61 13.82 Ia 
300907 4.79 5.25 14.14 Ia 
051003 4.81 4.70 14.20 Ia 
071004 4.90 5.19 14.47 Ia 
051006 5.00 5.45 14.76 la 
051002 5.04 4.23 14.88 Ia 
161003 5.12 5.86 15.12 Ia 
280905 5.13 5.43 15.15 Ia 
071002 5.21 5.08 15.38 Ia 
161001 6.2 6.94 18.31 Ib 
071001 7.21 7.44 21.29 Ib 
280902 7.57 8.18 22.35 Ib 
280901 8.05 8.18 23.77 Ib 
230905 8.62 9.35 25.45 Ib 

Table 3. Experimental data for 80 mm diameter plates with sharp edged boundary 

Experiment Impulse Deflection ~b Mode 
no. (Ns) thickness ratio 

92102410 4.42 4.48 10.46 I 
92102702 4.42 4.21 10.46 I 
92102409 4.67 4.50 11.04 I 
92102708 4.92 4.37 12.79 I 
92102408 4.92 4.38 11.63 I 
92102703 4.98 4.15 11.77 I 
92102706 5.16 5.00 12.21 I 
92102707 5.41 5.13 12.79 I 
92102704 5.53 5.56 12.65 I 
92102404 5.53 5.56 13.08 I 
92102709 5.78 5.05 13.67 I 
92102705 8.37 7.61 19.81 Ia 
92102701 9.86 9.16 23.32 Ib 
92102411 10.48 8.83 24.79 Ib 
92102407 10.98 11.05 25.96 Ib 
92102405 10.98 10.76 25.96 Ib 
92102406 11.85 28.02 Ib 
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Table 4. Experimental data for 100 mm diameter plates with sharp edged boundary 

Experiment Impulse Deflection ~b Mode 
no. (Ns) thickness ratio 

19129122 4.55 2.89 7.77 I 
10129101 5.26 4.16 8.98 I 
09129106 5.61 4.63 9.58 I 
17129105 5.73 5.11 9.79 1 
18129110 6.45 5.17 11.02 I 
08019221 6.69 5.17 11.43 I 
10129103 7.10 5.83 12.13 I 
09019110 7.15 5.69 12.21 I 
17129117 7.36 4.91 12.57 I 
27119103 7.48 5.88 12.78 I 
18129112 7.81 6.10 13.34 Ia 
17129103 8.03 6.44 13.72 la 
08019208 8.15 6.16 13.92 la 
04129108 8.52 6.28 14.55 Ia 
09019109 8.66 6.36 14.79 Ia 
18129102 9.01 6.33 15.39 Ia 
10129108 9.16 6.95 15.65 Ia 
04129107 9.35 7.19 15.97 Ia 
03129106 9.62 7.23 16.43 la 
04129110 9.83 7.99 16.79 Ia 
09129109 10.84 8.19 18.52 la 
11129105 11.44 8.91 19.54 la 
08019222 11.89 9.51 20.31 Ia 
08019206 12.05 8.94 20.58 lb 
17129119 12.54 9.41 21.42 Ib 
08019205 13.67 10.33 23.35 Ib 
17129107 14.07 10.53 24.03 Ib 
26119101 14.62 10.99 24.97 Ib 
09129110 15.40 12.34 26.31 Ib 
20129101 16.20 12.28 27.67 Ib 
09129103 17.20 13.84 29.38 Ib 
08019215 17.74 14.31 30.30 Ib 
20129111 18.24 15.38 31.16 Ib 
20129106 18.59 15.46 31.75 lb 
17129112 18.80 14.94 32.11 Ib 
20129104 19.47 16.11 33.26 Ib 
20129112 19.62 16.68 33.51 Ib 
08019213 19.82 17.01 33.86 Ib 
04129111 20.67 14.16 35.31 Ib 
06129101 22.04 17.45 37.65 Ib 
06129101 22.33 17.35 38.14 Ib 
06129106 21.89 tore 37.39 II* 
06129104 20.83 tore 35.58 II* 
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Table 5. Experimental data for 120 mm diameter plates with sharp edged boundary 

Experiment Impulse Deflection 4~ Mode 
no. (Ns) thickness ratio 

92101303 4.01 4.69 6.33 1 
92101301 4.72 4.44 7.45 I 
92101704 6.02 5.88 9.50 I 
92101705 9.47 6.76 14.94 I 
92101802 10.78 8.08 17.00 la 
92101706 11.02 8.65 17.38 la 
92101801 11.74 8.63 18.51 Ia 
92101707 13.53 9.71 21.34 Ia 
92101804 14.01 9.20 22.09 Ia 
92101803 16.20 11.41 25.50 la 
92101304 16.53 12.30 26.07 lb 
92101305 18.46 13.40 29.11 lb 
92101702 20.76 14.93 32.73 lb 
92101701 24.89 18.03 39.24 lb 
92101401 26.47 18.03 41.75 Ib 
92101703 28.07 20.10 44.26 Ib 
92102403 28.44 21.21 44.84 Ib 
92102402 30.90 21.45 48.73 Ib 

Table 6. Experimental data for 100mm diameter plates with 1,5mmradiusedge boundary 

Experiment Impulse Deflection ~ Mode 
no. (Ns) thickness ratio 

92103104 3.37 4.25 5.98 
92103010 5.06 4.79 8.98 
92103004 5.30 4.38 9.41 
92103003 5.54 5.21 9.84 
92103001 6.15 5.74 10.91 
92103012 6.27 5.10 11.13 
92103006 6.75 6.15 11.99 
92103105 10.03 7.78 17.80 
92103002 10.15 7.63 18.02 
92103008 12.35 10.73 21.92 
92103005 12.71 10.55 22.57 
92103007 12.90 10.83 22.89 
92103009 13.45 11.14 23.87 
92103107 18.48 14.53 32.80 
92103101 19.10 16.56 33.90 
92103102 20.08 18.18 35.65 
92103106 21.32 17.79 37.85 
92103103 23.18 19.00 41.15 
92103109 23.31 19.80 41.37 
92103108 25.67 45.58 
92103011 26.05 46.24 

Ib 
Ib 
Ib 
lb 
Ib 
Ib 
Ib 
II* 
II* 
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Table 7. Experimental data for 100 mm diameter plates with 3,2mm radius edge boundary 

Experiment Impulse Deflection 4~ Mode 
no. (Ns) thickness ratio 

92092606 5.30 5.68 9.41 I 
92092605 5.42 5.89 9.62 I 
92092604 5.66 5.65 10.05 I 
92092301 5.66 5.96 10.05 I 
92092609 6.15 6.11 10.91 I 
92092610 6.21 6.24 11.02 I 
92092607 6.27 5.86 11.12 I 
92093001 6.39 6.81 11.34 I 
92092608 6.39 6.05 11.34 I 
92093003 6.87 6.91 12.20 I 
92093008 8.21 7.00 14.57 I 
92092302 9.42 7.76 16.72 I 
92092406 11.43 9.66 20.29 Ia 
92093010 11.61 10.88 20.62 la 
92092303 12.65 11.33 22.45 Ia 
92093002 12.96 11.63 22.99 Ia 
92093007 13.20 11.40 23.43 Ia 
92092304 14.30 12.10 25.39 Ia 
92093006 14.84 13.13 26.37 Ia 
92092401 15.16 12.90 26.91 Ia 
92093005 15.22 13.51 27.02 Ib 
92093004 16.02 14.63 28.44 Ib 
92092402 16.51 14.71 29.31 Ib 
92093009 16.63 14.56 29.52 Ib 
92092405 17.25 16.38 30.62 Ib 
92092404 17.37 15.45 30.84 Ib 
92092603 20.08 18.69 35.65 Ib 
92092407 21.14 19.29 37.52 Ib 
92092602 23.31 18.53 41.37 Ib 
92103110 25.30 22.00 44.91 Ib 

Table 8. Upperbound values of impulse, ~0 and deflection for the mode I 

Plate Boundary Impulse ~o Deflection 
diameter mm condition Ns thickness ratio 

60 Sharp 3.30 9.74 4.18 
80 Sharp 5.16 12.21 5.06 
100 Sharp 7.48 12.78 5.88 
120 Sharp 9.47 14.94 6.76 
100 1,5mm 
100 3,2mm 9.42 16.72 7.76 

Table 9. Upperbound values of impulse, (p and deflection for mode la 

Plate Boundary Impulse ~0 Deflection 
diameter mm condition Ns thickness ratio 

60 Sharp 4.79 14.14 5.25 
80 Sharp 
100 Sharp 12.05 21.39 8.94 
120 Sharp 16.20 25.55 11.41 
100 1,5 mm 13.45 23.88 10.83 
100 3,2 mm 15.16 26.91 12.90 
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Table 10. Upperbound values of impulse, ~p and deflection for mode Ib 

Plate Boundary Impulse q~ Deflection 
diameter mm condition (Ns) thickness ratio 

60 Sharp 8.62 25.45 9.35 
80 Sharp 
100 Sharp 22.04 39.13 17.45 
120 Sharp 30.90 48.73 21.45 
100 1,5 mm 23.25 41.38 19.80 
100 3,2 mm 25.25 44.91 22.00 

In addition, for a different selection of plates a series of micrographs were obtained using 
a scanning electron microscope at different positions along the plate radius as shown in 
Fig. 4. Analysis of the micrographs allowed the relative elongation of the grains to be 
quantified, where the elongation of a grain is defined as the grain length divided by the grain 
breadth. Each section of the plate analysed was enlarged and a mean value of grain 
elongation for that section was determined using a Joyce-Loebl image analyser equipped 
with JLGENIAS version 3.01 software. The data shown in Table 11 gives the elongation of 
the grain normalised relative to the clamped region. 

: I : 

clamped 
region 

1 2 3 4 7 
5 
6 

boundary 
region 

8 9 10 11 12 : 
I 

i 
I 

I 

interior middle 
region region 

Fig. 4. Schematic of deformed plates showing position of micrograph. 

Table 11. Normalised elongation values of microstructural observations 

A, Sharp edged boundary condition 

Plate Impulse Mid point Position on plate (refer to Fig. 43 
no. (Ns) deflection 

thickness 
ratio 

1 2 3 4,5,6 7 8 9 10 11 12 

91121010 5.26 4.16 1.00 1.00 0.98 1.03 0.97 0.98 0.99 1.02 1.06 1.02 
91121004 15.70 11.53 1.00 1.02 1.10 1.35 1.02 1.07 1.07 1,04 1,08 1.04 
91120602 22.33 17.35 1.00 1.00 1.01 1.60 1.02 1.13 1.12 1.17 1.18 1.15 

B. 3.2 mm radius boundary 

92092310 12.65 11.32 1.00 1.01 1.03 1.14 1.07 1.00 1.06 1.05 1.12 1.07 
92092410 16.50 14.71 1.00 1.01 1,03 1.06 1.03 1.02 1.01 1.12 1.28 1.07 
92092407 21.10 19.28 1.00 1.04 1.05 1.64 1.08 1.07 1.21 1.33 1.57 1.19 
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ANALYSIS 

The finite element code ABAQUS explicit [ 15] was used to model the plate deformation 
with particular emphasis on the boundary fixation condition. This code includes non-linear 
material and geometric effects. For dynamic analysis, direct integration of the system 
equations is used, utilising a central difference integration scheme and diagonal element mass 
matrices. The central difference scheme is ideally suited to non-linear dynamic analyses. 
While the economy of the scheme is compromised by the need to ensure stability through the 
use of very small time increments, the cost of solving the equations is low, since the procedure 
requires no iterations and no tangent stiffness matrix. Time incrementation is automatic and 
is dependent mainly on mesh geometry. It was found that due to the short duration of the 
blast loading event, and the rapid response of the plate following the blast, the analysis 
remained sufficiently economical despite the use of a fine mesh. A standard four noded 
axisymmetric continuum element (CAX4R) was used. The element employs reduced integra- 
tion and hourglass control, to prevent the occurrence of zero energy modes in bending. The 
use of axisymmtric elements greatly simplifies mesh design. 

The impulsive blast load was simulated in the model by the application of a pressure load. 
The duration t b of the pressure load P is taken to be the actual burn time of the explosive, 
(typically 15~s) and hence the magnitude of the pressure is calculated by: 

I p -  
(tbA) 

where the pressure pulse is taken to be uniformly distributed and a square function of time. 
The material behaviour in the model was specified as Von Mises plasticity with isotropic 
hardening. Strain rate sensitivity was accounted for in the model by using the dynamic yield 
stress O'y obtained using the Cowper-Symonds relationship: 

Material properties used were: 

E = 210GPa 

p = 7850kgm- 3 

v = 0.3 D = 40.4s- 1 

tro = 290MPa q = 5 

Simulation of clamping makes use of rigid elements and a surface interaction model. In the 
first step of the analysis a displacement is applied to the clamping elements, and thereafter 
a Mohr-Coulomb friction condition is applied between the clamp and plate surfaces. 

RESULTS 

Global results 

The results of mid-point deflection versus impulse for the various plate diameters with the 
sharp edged boundary are shown in Fig. 5. The results indicate that in general for a specific 
impulse the mid-point deflection is larger for plates with smaller radii. When this data is 
plotted in dimensionless form (i.e. mid-point deflection thickness ratio versus dimensionless 
impulse), the influence of plate radius is no longer as evident and hence the data collapses to 
lie generally within a 90%confidence band as described by Nurick [2, 16] and here shown in 
Fig. 6. Nurick and Teeling-Smith [17] reported on the global effects of thinning at the 
boundary, which were identified as a global decrease in stiffness. This phenomenon is difficult 
to identify from the information provided in Figs 5 and 6 hence necessitating visual 
observations in order to identify the onset of necking. 

The results for deflection-thickness ratio versus dimensionless impulse for the 100mm 
diameter plates with different boundary fixation conditions are shown plotted in Fig. 7. For 
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Fig. 5. Mid point deflection versus impulse for sharp edged boundary. 

25 

=o 20 

~15 
._.9. 

r -  

F - -  

._~ l o  

o 5 ~ 

0i 

J 

0 10 20 30 40 
Plate Diameter Dimensionless Impulse 

i ~ -  120mm o 100ram - 80 ram * 60mm Z 100ram abaqus  

Fig. 6. Deflection-thickness ratio versus dimensionless impulse for sharp edged boundary. 

comparison purposes the linear regressions and 90% confidence bands in Figs 6 and 7 are 
identical. In general, the data shows that the bigger the boundary fixing radius the larger the 
mid-point displacement for a given impulse. Predicted mid-point deflections for the 100mm 
diameter plates are also shown in Figs 6 and 7, for which there is satisfactory correlation for 
Mode I only, as previously reported for fully built-in plates by Farrow et  al. [12]. 
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Necking and tearing 

The results are described in three categories as defined earlier in the paper. The predicted 
results are shown for the sharp edge boundary in Figs 8(a-c) and for the curved boundary 
condition in Figs 8 (d-e). The predictions for the 80mm, 100mm and 120mm diameter plates 
with sharp edged boundary all illustrate a similar indentation process, while the predictions 
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Fig. 8(a). Predicted response for 80 mm diameter plates with sharp edge boundary. 
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for the curved boundary show no indentations but some thinning. Experimental trends for 
the sharp edged boundary conditions are shown in Figs 9-11, and for the curved boundary 
conditions in Figs 12-14. In Figs 9-14, the lines represent the best fit linear regression for the 
range of experimental data examined while the predicted points refer to the corresponding 
Abaqus results in Fig. 8. The lower line indicates the value at which necking is first observed 
to occur over part of the boundary and hence the results for deformed plates which exhibit 
Mode I failure should be below the lower line; the middle line defines the phase where necking 
is observed to occur around the entire circumference and the results for deformed plates 
which exhibit Mode Ia failure should be between the lower and middle lines, and the upper 
line indicates the phase when the circumference begins to tear, so that results for deformed 
plates which exhibit Mode Ib failure should be between the middle and upper lines and 
results for deformed plates which exhibit Mode II* failure should be above the upper line. 

Impulse 
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Fig. 8(d). Predicted response for 100mm diameter plates with 1,5mm radius edge boundary 
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Fig. 8(e). Predicted response for 100 mm diameter plates with 3, 2 mm radius edge boundary. 
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M icrostructural results 

The results of the microstructural analysis for the sharp edge boundary and for the 3, 2ram 
radius boundary are shown in Figs 15 and 16, respectively. For the sharp edge boundary it is 
clearly observed that as the impulse increases the elongation of the grains increase through- 
out the plate with the largest elongation at the boundary. For the 3, 2mm radius boundary 
the elongation of the grains at the mid-point is larger than those at the boundary for small 
and medium impulses, while for large impulses the elongation is similar at both the mid-point 
and the plate boundary. Comparisons of Figs 9 and 15 show that a correlation exists in that 
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Fig. 16. Grain elongation along the plate radius for the 3,2 mm radius edge condition. 

for Mode I failure (i.e. for an impulse of about 5Ns), the elongation of the grains are small 
throughout the plate. For impulses in the Mode Ib failure range, the grain elongations are 
large at the boundary and of similar lower values for the other regions of the plate. Similar 
comparisons can be made for the information in Figs 12 and 16 where for high impulses in the 
Mode Ib failure range, the elongation of the grains and are again large at the boundary. 

DISCUSSION 

The results indicate that the occurrence of thinning and hence subsequent rupture is highly 
dependent on the boundary fixation conditions. A theoretical approach describing the effect 
of necking due to combined bending and constant tension has been reported by Mc Clintock, 
Zhou and Wierzbicki [19] in which no mention is made of physical parameters. In this study 
physical parameters have been used in describing the various modes of failure. Although 
several forms of dimensionless impulse [2,3, 14, 16, 18] have been used in the past as 
a predictive measure for Mode I failure, these did not describe the necking and tearing modes. 
The photographs in Figs 3(a) and 3(b) illustrate the sharp edge clamping effect, while the 
photographs in Fig. 3(c) illustrates the effect of a radius at the clamp. For the sharp edged 
boundary the necking firstly takes the form of a sharp indentation due to the clamp, and 
thereafter stretching and thinning occurs. The responses for the curved edge boundaries 
show a distinctly different thinning process. The necking for these cases is similar to that 
observed in a uniaxial tensile bar test. The microstructural evidence highlights the elongation 
occurring at the boundary. The impulse, dimensionless impulse and the mid-point deflection 
for the different modes of failure increases linearly with plates radius, as shown in Figs 9 11. 
The impulse for the different modes of failure for the different boundary conditions also 
increases linearly as the boundary radius increases, as shown in Figs 12-14. 

The effect of the boundary radius on Modes I, Ia and Ib are highlighted in Figs 12-14. The 
results for the 3,2mm boundary radius indicate that the plate requires an increase in impulse 
of approximately 15% resulting in a mid-point deflection increase of approximately 25% 
before tearing, as compared with the sharp edged boundary. 

The predictions for Mode I compare favourably with the experiments (see for example Figs 
3 and Figs 8). This is also clearly observed in Figs 6 and 7 in that for deflection thickness ratios 
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less than approximately 10, the predictions fall almost on the experimental least squares 
regression line. The predictions for Mode Ia differ from the experiments in that while 
observations of the experiments show discernible indentations, the predictions indicate only 
the onset of necking. This is attributed to the asymmetrical response of the plate due to the 
nature of the experimental technique. As the impulse and subsequent deflections increase 
into the higher Mode Ib phase, the variation between the predicted deflection and the 
experiments increase. For larger deflection thickness ratios the predicted values become 
increasingly less than the experimental results as shown in Figs 6 and 7. The experiments 
indicate a decrease in overall plate stiffness as described in Ref. [17], while the predictions 
indicate an increase in global stiffness. The decrease in stiffness is obviously due to the 
thinning process. Although the predictions do show evidence of necking the magnitude is less 
than that observed in the experiments. This is attributed to the absence of softening 
behaviour in the numerical model at high values of strain. 

The experimental results which provide a guide for the prediction of tearing cannot 
currently be modelled in ABAQUS but work is progressing in this regard. Shen and Jones 
[14], using the dimensionless impulse I*, predicted a value of 0.835 at Mode II tearing for 
a fully built-in plate. For clamped plates this value of I* lies in the central region of Mode lb. 
Thomas and Nurick [4] reported that complete necking in clamped plates occurred at 
a dimensionless impulse value which coincided with tearing of fully built-in plates. This 
observation endorses the prediction of Shen and Jones. 

CONCLUDING REMARKS 

This paper which is based primarily on experimental evidence has highlighted the 
significant effects of the boundary conditions for the purpose of predicting tearing. While the 
results from the ABAQUS code are encouraging, there are issues which require further 
investigations. These include more accurate modelling of the material behaviour in order 
that local effects such as necking can be accommodated. 

Acknowledgements--The authors acknowledge the contributions of M. J. Magagula and T. A. J. Sanders for the 
hours spent analysing the microstructures; O. Gobrin for test work in the laboratory; Mrs D. Beckett for secretarial 
support; and the Foundation for Research Development for financial support. 

REFERENCES 

1. Nurick, G. N. and Martin J. B., Deformation of thin plates subjected to impulsive loading - - a  review. Part I: 
Theoretical considerations. International Journal oflmpact Engineering, 1989, 8 (2), 159-169. 

2. Nurick, G. N. and Martin J. B., Deformation of thin plates subjected to impulsive loading - - a  review. Part II: 
Experimental studies. International Journal of Impact Engineering, 1989, $ (2), 171-186. 

3. Jones, N., Structural Impact, Cambridge University Press, 1989. 
4. Thomas, B. and Nurick G. N., The effect of boundary conditions on thin plates subjected to impulsive loads. In 

Plasticity 95-Dynamic Plasticity and Structural Behaviours, Eds S. Tanimura and A. S. Khan. Gordon and 
Breach Publishers, 1995, pp. 85-88. 

5. Menkes, S. B. and Opat, H.J., Tearing and shear failures in explosively loaded broken beams. Explosion 
Mechanics, 1973, 13, 480 486. 

6. Teeling-Smith, R. G. and Nurick, G. N., The deformation and tearing of thin circular plates subjected to 
impulsive loads. International Journal of Impact Engineering, 1991, 11 (1) 77-91. 

7. Olson, M.D., Nurick, G.N. and Fagnan, J.R., Deformation and rupture of blast loaded square plates 
--predictions and experiments. International Journal of Impact Engineering, 1993, 13 (2), 279-291. 

8. Nurick, G. N. and Shave, G. C., The deformation and tearing of thin square plates subjected to impulsive 
l o a d s -  an experimental study. International Journal of Impact Engineering, 1996, 18 (1), 99-116. 

9. Bodner, S. R. and Symonds, P. S., Experiments on viscoplastic response of circular plates to impulsive loading. 
Journal of Mechanics and Physics of Solids, 1979, 27, 91-113. 

10. Symonds, P. S. and Wierzbicki, T., Membrane mode solution for impulsively loaded circular plates. Journal of 
Applied Mechanics, 1979, 46, 58-64. 

ll .  Olson, M. D.,Fagnan, J. R. andNurick, G. N., Response and failure ofblast loaded square plates. 2nd Canadian 
Marine Dynamics Conference, Vancouver, Canada, 9-11 August 1993, pp. 117 124. 

12. Farrow, G., Nurick, G. N. and Mitchell, G. P., Modelling of impulsively loaded circular plates using the 
ABAQUS finite element code. 13th Symposium on Finite Element Methods in South Africa. Stellenbosch, 
South Africa, January 1995, pp. 186-197. 



Tearing of blast loaded plates 827 

13. Olson, M. D., Fagnan, J. R. and Nurick, G. N., Analysis of the deformation and tearing of blast loaded circular 
plates (Submitted to International Journal of lmpact Engineering). 

14. Shen, W. Q. and Jones, N., Dynamic response and failure of fully clamped circular plates under impulsive 
loading. International Journal oflmpact Engineering, 1993, 13 (2), 259-278. 

15. Hibbitt, Karlosson & Sorensen, INC, Abaqus/Explicituser manual. 1995. 
16. Nurick, G. N.•Anempirica•s••uti•nf•rpredictingmaximumcentra•de•ecti•ns•fimpu•sive•y••adedp•ates. In 

Mechanical Properties at High Rates of Strain, ed J. Harding, Institute of Physics, 1989, pp. 457-464. 
17. Nurick, G. N. and Teeling-Smith, R. G., Predicting the onset of necking and hence rupture of thin plates loaded 

impulsively: an experimental view. Structures under shock and impact II, Computational Mechanics Publica- 
tions, 1992, pp. 431-445. 

18. Guedes Soares, C., A mode solution for the finite deflections of a circular plate loaded impulsively. Rozprawy 
Inznierskie Engng Trans., 1981, Vol. 29, pp. 99-114. 

19. McClintock, F. A., Zhou, Q. and Wierzbicki T., Necking in plane strain under bending with constant tension. 
Journal of Mechanics and Physics of Solids, 1993, 41 (8), 1327 1343. 


