
Broken Beams 

Tearing and shear failures in explosively loaded clamped beams 

by S. B. Menkes and H. J, Opat 

ABSTRACT-mA series of experiments has been conducted, 
utilizing sheet explosive applied to clamped aluminum 
beams, with a neoprene buffer. As the load is monotonically 
increased, three damage modes are identified, which re- 
spectively are major inelastic deformation, tearing at the 
extreme fiber, and transverse shear at the support. 

Satisfactory correlation is reported for the extent of 
inelastic deformation using o lumped parameter, finite- 
difference code; thresholds for tearing and shear failure 
based on empirical criteria are presented. Using a Timo- 
shenko beam theory, the shear threshold appears to be de- 
pendent on the section velocity, rather than upon the shear 
stress. 

List of Symbols 
c~ = propagation speed for shear waves (in./s) 
G -- shear modulus (ksi) 
h ---- beam thickness (in.) 

H.E. = high explosive (as abbreviat ion) 
I = impulse intensi ty  (ktaps) * 

I0~----reference impulse, a rbi t rary  s t r a in ,  eq (1) 
(ktaps) t 

I05----reference impulse, 5 percent strain, eq (1) 
(ktaps) t 

i ---- subscript indicating mater ial  layer 
KE = defined by eq (3) (in./s) 
L - -  beam length (in.) 

r = radius of gyrat ion ---- N/he l l2  (in.) 

r -- time (s) 

t -- t / tR  (dimensionless) 
tR = L /c2  (s) 

x -- distance along beam (in.) 

x = x / L  (dimensionless) 

Vo -- init ial  average beam velocity (in./s) 

Vo = Vo/Cz (dimensionless) 
-- residual central  deflection of beam (in.) 

�9 = strain ( in. / in .)  
7, = slenderness ratio = L / r  (dimensionless) 

-- defined by eq (3) (lbf-s2/in. 3) 
p = mass density (lbe-s2/in. 4) 
q = uniaxia l  tensile stress (ksi) 

shear stress (ksi) 

= v / G  (dimensionless) 

Objective and Scope 
This paper  describes an  experimental- theoret ical  
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* 1 ktap = 1000 taps 1 tap = 1 dyne-s/era ~ 
f Equation (1) yields the impulse intensity in lbf-s/in ~. A conversion 
factor is necessary to convert to lctaps; I lbt-s/in s = 69.5 ktaps. 

study of the dynamic response of clamped beams to 
very high transverse pressures of extremely short 
duration. The following objectives are delineated: 

(1) As the loads become progressively more se- 
vere, to identify the different damage mech- 
anisms. 

(2) For each damage mode, to distinguish the con- 
troll ing variables. 

(3) To seek means by which the incidence of such 
damage modes (and where appropriate the 
extent  of the damage) may be predicted. 

Only gross physical damage is considered, involving 
large deformations and /or  rupture.  Superimposed 
buckling pat terns are not treated. 

Introduction and Background 
Genesis  o] Problem 

The actual s tructure of current  interest is a re- 
ent ry  vehicle, shown schematically in Fig. 1, of 
monocoque construction with in ternal  r igid-ring 
supports. 

Under  certain conditions, the vehicle may be sud- 
denly subjected to high-intensity,  asymmetric, short- 
durat ion external  pressures. A quant i ta t ive  predic- 
t ion of the shell response is difficult; it may gener- 
ally be expected to deform radially inward  in the 
sections between the rib stiffeners. If the pressures 
are sufficiently high, the skin may be torn at or 
ruptured  over the supports. 

As one approach (which aids in unders tanding  the 
phenomenology),  an axial section is taken through 
the vehicle, disclosing a continuous beam subjected 
to a uni form transverse pressure. The beam supports 
are the circular reinforcing ribs. One span of this 
continuous beam is selected for study. It is assumed 
that  the supports are ideally rigid. The single span is 
then modeled as a clamped beam; the clamp both 
acts to prevent  rotation and to provide axial re- 
straint.  

S o m e  Theoret ical  Considerat ions  

In  the real problem, the pressures are in the order 
of kilobars, and the pulse length in the order of 
microseconds. The loading conditions may be simu- 
lated by sheet explosive (see Fig. 2). The t ransient  
stress history through the section depends on wave 
propagation, and is dominated by the discontinuity 
in the rear-face reflection conditions at points A and 
B in Fig. 2. 

Ultimately, an unders tanding of the very early 
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Fig. 1--Schematic reentry vehicle 

material  response will probably require a two-di-  
mensional  analysis using f ini te-element methods. 
The approach is described by Costantino. 1 In its 
present  form, however, his code SLAM is not yet 
suitable. It must  be modified to include a f inite-strain 
model, appropriate criteria for the detection of local 
ruptures, and a t rea tment  for post-failure motion. 

If the rear-surface discontinuity can be accom- 
modated by sufficient inelastic deformation without 
rupture,  the beam soon acquires a uniform average 
velocity, and the problem reduces to one of response 
to an impulsive load. 

Review of Literature 

A number  of investigators 2-7 have treated the ques- 
tion of the response of beams to t ransverse impulsive 
loads sufficient to cause finite inelastic deformation. 
They have, however, avoided loads so severe as to 
cause tearing or rup ture  at the support points. The 
lumped parameter,  finite-difference numerical  meth- 
ods described by Witmer s offer the most versatile 
possibilities, reasonable correlation and low opera- 
t ional cost. These techniques cannot, however, pro- 
vide an accurate, detailed representat ion of stress or 
strain distr ibution through the beam thickness near  
the points of support. 

It  will  be found (in this study) that there are 
several reasons to conclude that, if a t ransverse shear 
failure occurs, it will  take place at extremely early 
t imes- - long  before there is any opportuni ty  for sig- 
nificant plastic deformation to occur. This suggests 
that  it may b e  possible to develop a correlation be- 
tween an exper imenta l ly  observed shear threshold 
and a shear-stress resul tant  obtained by a pseudo- 
elastic analysis. 

The available approximate models for describing 
elastic beam behavior are either the Euler-Bernoui l l i  
or the Timoshenko theories. The former is funda- 
menta l ly  inadequate to the analysis of impact condi- 
tions, because it yields the nonphysical  result that 
waves of infinitesimal wavelength (and, therefore, 
discontinuities) propagate with infinite velocity, s 
Prescott shows 9 that this theory yields satisfactory 
results only for the lower modes. It  can be shown 
that  the shear-stress series for the Euler theory is 
nonconverging.  

While the Timoshenko bending mechanism retains 
the one-dimensional  na ture  of the more e lementary 

I 
EXPLOSIVE 

F 
NEOPRENE 

~ ~'BEAM 
l / /  / /  / / / /  / /  / /  / /?/ //+// / /  / /  / /  // / /  // 

A 

SUPPORT 
"~J~ L 

Fig. 2--Fixture for sheet-explosive tests on beams 

theory, it does include the effects of transverse shear 
deformation and of rotatory inertia. Several  investi-  
gators 10-t7 have been concerned with various phases 
of the problem of an infinite or semi-infinite Timo- 
shenko beam subjected to impulsive loads. Normal-  
mode solutions were developed by Anderson ~s for 
finite spans, and then applied to a simply supported 
beam subjected to a concentrated load at midspan. 
Both Anderson and Thomson ~9 provide the orthog- 
onali ty conditions. Garrel ick 20 studied finite, simply 
supported beams. The probable incidence of shear 
failure at very high init ial  velocities was suggested 
by Bleich and Shaw ~ and by Karunes  and Onat. e2 

Experimental Plan 
Figure 2 shows the experimental  configuration. 

The high pressure is provided by sheet explosive, 
which is cemented to a neoprene buffer which, in 
turn, is bonded to the top surface of a clamped alu- 
minum beam. It should be noted that the explosive 
extends well over the point of support. 

All  tests were conducted on 6061-T6 aluminum. 
Three thicknesses (.187 in., .250 in. and .375 in.), 
considered to be representative, were employed. The 
hardpoint  separation distances were arbi trary:  two 
(8.0 in. and 4.0 in.) were used to detect the possible 
influence of length. All beams were 1.0-in. wide. 

To prevent  rear-surface spallation, a .250-in.-thick 
neoprene buffer was used in all cases. The high ex- 
plosive was Du Pont Detasheet D, and the adhesive 
was Dupont 4684 cement, th inned 1:1 with acetone. 
In  order to vary  the impulse loads in reasonable in- 
crements, four thicknesses of H.E. (10, 15, 25 and 
50 mils) were utilized in different combinations. The 
lat ter  three are s tandard stock, with • 5 percent 
tolerance. The 10-rail sheet is especially rolled, and 
the tolerance on it is • 20 percent. 

The uppermost  layer of explosive was extended 
for 4.0 in. beyond one end of the beams, serving as 
the detonation source. With single-ended detonation, 
one could be concerned lest the resul tant  deformation 
be asymmetrical.  The detonation velocity of the H.E. 
is 0.72 cm/~s, so that the time to traverse a loaded 
8-in. beam is 35.3 ~,s. The shock transi t  t ime through 
the beams is of the order of 1-2 ~s. Thus, there is 
ample t ime for the end of the beam nearest the 
detonation point to start deforming before the deto- 
nat ion wave reaches the other end of the beam. 
Fortunately,  however, there is no significant evi- 
dence of deformation asymmetry in the experimental  
results. Presumably,  even though one end of the 
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beam may  s tar t  to deform before  the  other, the ex- 
tent  of the deformat ion  is so small  as not to affect 
the final result .  A l imi ted  number  of X - r a y  photo-  
graphs support  this  presumption.  

There was no active ins t rumenta t ion;  special tech-  
niques are requ i red  and must  be developed. Centra l  
deformat ion (A) thus describes a pe rmanen t  or r e -  
sidual  state, ra ther  than  a m a x i m u m  t rans ien t  
deformation.  

Results of Experiments 

Genera~ Comments  

For  any one set of beams, the  impulse  intensi ty  
was g radua l ly  increased by  using th icker  H. E. as- 
semblies;  Fig. 3 shows a typical  result .  Character -  
istically, for al l  beams examined,  as I increases, three  
dis t inct ly  different  damage modes may  be noted: 

I. Large  inelast ic deformation.  
II. Tear ing ( tensi le  fa i lure)  in outer  fibers, at 

or over the support .  
III. Transverse  shear fa i lure  at  the  support .  

For  Mode I, the  extent  of damage is descr ibed by  
the amount  of res idual  centra l  deflection (A). The 
threshold  for Mode II  is t aken  as that  impulse in- 
tens i ty  which first causes tearing.  As the load in- 
creases, Modes II  and II I  overlap.  A pure, wel l  de- 
fined shear  fa i lure  is character ized by  no significant 
de]ormation in the severed centra l  section. 

Normalization of Resul ts  

Sli ter  23 has suggested the  use of a normal iz ing 
pa rame te r  I0c in connection wi th  the  s tudy of dam-  
age caused by  impulse.  This pa r ame te r  is the uni-  
form rad ia l  impulse  in tens i ty  requ i red  to effect a 
plast ic  s t ra in  ~ in a r ig id-p las t ic  ring. 

For  a s ingle- layer  mater ia l ,  I0E m a y  be found from 
the expression:  

I0, = N/2 # K,  (1) 

while  for a two l aye red  mater ia l ,  

I0, --  ~/2# N/~t (KE1) 9- q- #2(K,2)2 (2) 
wherein:  

1 foti m = p~h~ K ~  = - -  ~de t~ = m + #~ ( 3 )  
pi 

Sl i ter  and others  at  Stanford  Research Ins t i tu te  have 
used the specific s t ra in  of 5 percen t  to compute  the  
pa rame te r  Io~ in connection wi th  severa l  a t tempts  to 
classify exper imen ta l  data. We t rea t  the  beams as 
two layers  (neoprene  and a luminum) ;  the p a r a m -  
eter  I05 for each beam is shown in Table  1. The 
values  of K~ and p necessary to define I0z were  t a k e n  
e i ther  f rom Ref. 23 or 24. 

Empirical Correlations 

Analys is  of the  da ta  suggests that,  for  Mode I 
damage, the  cent ra l  deflection is re la ted  to, and gen- 
e ra l ly  p ropor t iona l  to, the  length  of the beam. A n  
a t t empt  to corre la te  the  dimensionless  ra t ios  (A/L) 
a n d  (I/Ios), however ,  discloses only a w e a k l y  de- 
fined pat tern with considerable  scatter.  

Al te rna t ive ly ,  however,  it  appears  that  the Mode II  
and Mode I I I  thresholds  (for a cross section corn- 

TABLE 1--MODE II AND III THRESHOLDS 
EXPERIMENTAL CORRELATION 

Beam Impulse 
Thickness Ic~ Intensity 

Mode (Inches) (k taps)  (ktaps) I/1~ 

Initial 
velocity 

(i nches/sec) 

II .187 19.4 26.0 1.34 8000 
III 40.0 2.06 12300 
II .250 23.5 32.0 1.36 7350 

111 48.0 2.04 11000 
II .375 33.0 45.0 1.34 6900 

III 65.0 1.96 10000 

posed of neoprene and a luminum)  do not depend  on 
the length  of the beam, but  only  on the thickness.  
This may  be seen from Fig. 4, which includes all  test  
data  in the  region of the thresholds.* Admit ted ly ,  
the  selection of the ind iv idua l  tear ing and shear  
thresholds  is h ighly  subjective.  But it  is quite p la in  
that  there  is no significant difference in these quan-  
t i t ies imposed by  the length. Fur the rmore ,  the  l inear  
re la t ionship be tween  thickness  and impulse  in tensi ty  
is quite reasonable.  

Table 1 displays  these conclusions in somewhat  
more useful form, including the appropr ia t e  I0~ 
parameter ,  the  normal ized  impulse  in tens i ty  I/Ios, 
and the ini t ia l  section veloci ty  [see eq (4)] .  The 
nominal  impulse in tensi ty  ( /)  to be expected from 
an assembly of H.E. sheets has been computed by  
s imply summing Clark 's  2~ expe r imen ta l ly  obtained 
values  for the indiv idual  sheets. 

Discussion o:f Exper imental  Error 

It  may  be noted (Fig. 4 and Table  1) tha t  the  re-  
sul ts  are  cr i t ica l ly  dependent  on the  ini t ia l  veloci ty  
ac tua l ly  acquired by  the a luminum.  This veloci ty  is 

= (On Fig. 4, T = tearing, S = shear, TS = tearing and shear, 
and bracketed numbers are A). 
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Fig. 3--Results for series of 6061-T6 beams 
(.250 • 1 • 8-in. beam) 
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computed  b y  the  f o r m u h :  

vo : I/ph (4) 

in which the impulse  in tens i ty  I is not so wel l  de-  
fined as the  dens i ty  p or the  th ickness  h. 

The va lue  of I depends  on two factors difficult to 
control :  

(1) The amount  of impulse  de l ivered  to the neo- 
prene  surface by  the sheet  explosive.  

(2) The manne r  in which this incident  impulse  is 
par t i t ioned  be tween  the  neoprene  and the 
a luminum.  

In any  one case, for example ,  the  assembled  sheet  
explosive might  consist of as many  as two to five 
layers.  Even if  it  is assumed tha t  there  is no 10-mil 
sheet, so that  each of the layers  is made  to a • 5 
percent  tolerance,  the  expec ted  var ia t ion  in the  
thickness  of a fou r - l aye r  assembly  would  be -+- 10 
percent .  The impulse  in tens i ty  de l ivered  to the 
neoprene  surface is app rox ima te ly  propor t iona l  to 
the  assembled  H.E. thickness,  and may  thus  be ex-  
pected to v a r y  by  as much as • 10 percent  f rom a 
nominal  value.  

I t  is known  tha t  the neoprene and a luminum 
layers  separa te  at a ve ry  e a r l y  t ime. The par t i t ion  of 
the  incident  impulse  be tween  the neoprene and the 
a luminum is de te rmined  by  the ac tual  p res su re - t ime  
curve, and is a funct ion of the  complex  shock-wave  
behavior  wi th in  the  mate r ia l s  and  at  the interfaces.  
I t  has been assumed tha t  the momen tum t rans fe r red  
to the  a luminum is, in fact, exac t ly  the  same as that  
or ig ina l ly  de l ivered  to the  neoprene.  The theoret ical  
pa r t i t ion  of momen tum has been pred ic ted  for  sev-  
era l  cases from the ma te r i a l  response code PUFF;~6 
from these resul ts  it  is e s t imated  that  the  assumpt ion 
of comple te  momen tum t ransfe r  does not  e r r  by  
more  than  ___ 5 percent .  

Combining these two factors, the uncer ta in ty  l imits  
for the  ini t ia l  veloci ty  value  computed  for each 
nomina l  loading  are  about  • 12 percent .  To obtain 
be t te r  data, i t  would  be des i rable  ac tua l ly  to mea -  
sure  the  a luminum veloci ty  by  means  of a h igh-speed  

mot ion picture,  b r eak  rods, or a bal l is t ic  pendulum.  
This was not  done in the cu r ren t  series because the  
chief  focus has been on the disclosure of the damage 
modes. The corre la t ion studies have been made  
p r imar i l y  to test  the feasibi l i ty  of predic t ing  the  
onset of different  damage modes by  pure ly  empir ica l  
rules. S imi lar  damage  modes have been observed 
in c lamped  cyl indr ica l  shells; i t  is hoped tha t  any  
empir ica l  methods  would have u l t imate  appl icat ion 
to this  geometry.  I t  is evident  tha t  the  accuracy 
should be improved.  

Mode I Correlation wi th  DEPROSS 

Calculat ions have been made using the DEPROSS 
code.V For  these runs, the  beam is represen ted  as if 
it were  20 lumped  masses connected by  massless 
deformable  links. The a luminum is t aken  to be 
e las t ic -per fec t ly  plastic.  Table  2 lists al l  the  beams 
which suffered inelast ic  deformat ion;  a comparison 
is d rawn  be tween  the es t imated  pe rmanen t  centra l  
deflection, as pred ic ted  numer ica l ly  b y  DEPROSS, 
and the exper imen ta l  result .  These beams do not 
exhibi t  e i ther  of the  other  damage modes. 

Al though  ne i ther  da ta  nor curves  are shown to 
descr ibe the way  in which  the  cent ra l  deflection 
changes wi th  time, it  may  be noted that  the  max i -  
m u m  values  are  reached at  about  0.3 ms for the  8-in. 
beam and at about  0.15 ms for the  4-in. beam. These 
are  in agreement  wi th  typical  s t ruc tura l  response 
times, s 

F igure  5 shows a comparison be tween  the res idual  
centra l  deflection as found by  DEPROSS and as 
found by  exper iment ,  for the  .375 • 1 • 8-in. beam. 
The asymptot ic  behavior  of the expe r imen ta l  curve 
appears  to be re la ted  to the  onset of Mode II  damage.  

The corre la t ion  be tween  theory  and exper iment  is 
quite good. Some ad jus tments  a re  possible in the 
DEPROSS calcula t ion as, e.g., the  use of more mass 
points, and  slight changes in the  const i tu t ive  r e l a -  
tions. But this  type  of manipu la t ion  is not  con- 
s idered  to be useful, unt i l  an improvement  in the 
calculat ions is effected by  a d i rec t  measurement  of 
the  ini t ia l  velocity. 
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Fig. 5--Residual Central deflection: DEPROSS vs, 
experiment (.375 • 1 • 8-in, beam) 
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Mode II Threshold, as Predicted by DEPROSS 

An at tempt  was made to predict Mode II thresh-  
olds with DEPROSS by incorporating a tensile fail- 
ure criterion, based either on max imum tensile stress 
or on max imum total strain. This effort was unsuc-  
cessful; if, however, DEPROSS were to be modified 
to include transverse shear deformation and rotatory 
inertia, the technique should be satisfactory. 

Mode III Threshold, as Predicted by DEPROSS 

DEPROSS has been considered as a possible tool 
for the prediction of the transverse shear threshold. 

TABLE 2--DEPROSS THEORY AND EXPERIMENT 

Imputse Jnitial Beam Central Deflection 
Intensity Velocity Length Thickness DEPROSS Experiment 
(ktaps) (in./s) ([n.) (in.) (in.) (in.] 

10.9 3354 8 .187 0.99 0.94 
17.8 5478 1.56 1.44 
25.6 7879 2.28 1.75 
10.9 3354 4 .187 0.44 0.25 
17.8 5478 0.77 0.69 
25.6 7879 1.17 0.80 
10.9 2509 8 .250 0.54 0.50 
17.8 4098 1.07 1.50 
25.6 5894 1.64 1.50 
10.9 2509 4 .250 0.32 0.31 
17.8 4098 0.53 0.44 
25.6 5894 0.81 0.75 
17.8 2732 8 ,375 0.72 0.50 
21.8 3346 0.89 035 
25.6 3929 1.06 0.88 
28.7 4405 1.20 1.25 
33,4 5126 1,42 1.31 
35.1 5387 1.51 1.50 
39.6 6078 1.71 1.50 
42.9 6584 1.88 1.44 
17.8 2732 4 .375 0.48 0.18 
21.8 3346 0,57 0.31 
25.6 3929 0.65 0.31 
28.7 4405 0.7'1 0.38 
33.4 5126 0.77 0.56 
35.1 5387 0.83 0.81 
39.6 6078 0.88 0.75 
42.9 6584 0.94 0.81 
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Fig. 6--Transverse shear stress, as computed 
by DEPROSS (.250 • I • 8-in. beam) 

For the .250 • 1 X 8-in. beam, a detailed early t ime 
history is shown in Fig. 6. (The velocities shown do 
not correspond to the actual tests, but  they span the 
same range) .  From Table 1, the shear threshold was 
estimated at 48.0 ktaps, corresponding to an initial  
velocity of 11000 in. /s  and (from Fig. 6) a shear 
stress of 155 ksi. 

Other runs, not shown, indicate that  DEPROSS 
predicts a transverse shear stress inversely propor- 
t ional to beam length. This contradicts the experi-  
menta l  evidence that the shear threshold does not 
depend on length. 

One of two conclusions is inescapable: 

(1) Either DEPROSS does not predict the shear- 
stress resul tant  accurate]y near  the point of 
support, or 

(2) The threshold for Mode III  damage depends 
not on the ma x i mum shear stress, but  only 
on the initial velocity.  

Judgement  is reserved unt i l  the results from the 
Timoshenko beam calculations are examined (be- 
low). For the moment,  however, it is noted that:  

(1) The peak shear stress occurs at very  early 
times. ( In this case at 0.2 #s). 

(2) The dynamic shear s trength appears to be 
much higher than the static shear strength. 

(3) For any one beam, the shear stress is l in-  
early proportional to the ini t ia l  velocity. 

Mode III Thresholds, f rom Timoshenko Theory  

Because this is an elastic theory, it cannot be used 
to predict Mode I damage or the Mode II  threshold. 
Using a pseudoelastic approach, however, it remains  
a possible tool for the prediction of Mode III  thresh-  
olds. 

Two closely related studies are contained in Refs. 
10 and 20. Leonard and Budiansky 1~ analyzed the 
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response of a canti lever  beam subjected to a step 
velocity input  at the root; Garrel ick 20 studied finite, 
s imply supported beams subjected to transverse 
dynamic loads. 

Both investigators show results for shear stress 
which disclose very severe discontinuities at those 
times when  reflections occur, but  do indicate that 
the curve is well  behaved near zero time. This ob- 
servation prompts consideration of an ordinary 
eigenfunction analysis  for the Timoshenko beam, in 
order to detect a shear threshold, even if the stress 
levels predicted are fictitious. In  support of this de- 
cision, it should be noted that: 

(1) The eigenfunction expansions in Refs. 10 and 
20 are well  behaved at early times. 

(2) The actual experimental  results show that no 
inelastic deformation precedes pure t rans-  
verse shear failure. 

(3) DEPROSS calculations indicate that high 
t ransverse-shear  stresses occur at less than 
1.0 ~s. 

The differential equations are given in Refs. 18 and 
19; the orthogonali ty conditions are demonstrated in 
Ref. 18. In  the development  as applied to a clamped 
beam, a difficulty is encountered in that a single 
characteristic equation cannot be directly solved for 
the na tura l  frequency. Instead a trial  and error ap- 
proach originally advanced by Flugge, 27 and more 
recently described by Forsberg 2s and by Fisher and 
Menkes, 29 must  be used. This involves the use of a 
tr ial  value of na tura l  frequency, computat ion of the 
wave-shape parameters,  the formulat ion of a bound-  
ary-condi t ion determinant ,  and an i teration of the 
frequency unt i l  a required  value of the de terminant  
(usually zero) is obtained. 

I t  is necessary to decide how m a n y  terms should 
be used in  the shear-stress summation.  Figure 7 
shows a typical plot for the dimensionless shear 
stress (~) vs. dimensionless t ime (t), for a beam 
with ~2 -- 12288. (This corresponds to the .250 • 
1 • 8-in. beam).  Al ternat ive  summations for 11, 19 
and 25 modes are displayed. The stress is taken at 
the dimensionless location (x) of .010, and does not 
vary appreciably (not shown) from the result  at 
.000. 

The stress at the first peak is higher than  those 
that follow. The actual value of T at tained depends 
on how many  modes are used in the summation.  In 
order to compare properly the shear stresses in the 
different beams, it is necessary to identify the w a v e -  
lengths for each frequency. For different beams, the 
shortest periods (corresponding to the highest mode 
used) should be similar. 

In  Fig. 7, the shear stress is for a dimensionless 
init ial  velocity of 1.0. Using the criterion of similar 
periods, Fig. 8 shows the max imum shear stress ob- 
tained for beams of different values of k 2 in one case 
including all modes down to a period of 0.400 and, 
in another, all modes down to a period of 0.150. 

Noting from the formula (not shown) that  the 
shear stress is l inear ly  proport ional  to the velocity, 
Fig. 9 is constructed, showing theoretical dis tr ibu-  
t ion of max imum shear stress for velocities lower 
than 1.0. Also shown on Fig. 9 are the exper imen-  
tal ly obtained best estimates (from Fig. 4) of the 

N=25 
0.6 M.~!= m 

~i 0.2 0"4~0 ~ /  / ", \ l  N=ll 

I TIME (NON -DIMENSIONAL) 
Fig. 7--Dimensionless plot of shear stress (~) vs. time 
(t); ~2 = 12288, x = .010 

t ransverse-shear  threshold. The data support the 
following comments:  

(1) The transverse shear threshold will  occur 
for any beam at about the same value of 
velocity; i.e., at about 0.1, dimensionless, 
corresponding to 12,000 in./s. 

(2) The magni tude of the shear stress actually 
reached depends on 7~ 2, ranging here from 
.03 to .055 (or dimensionally, from 120 ksi 
to 220 ksi).  

Conclusions 

Three objectives were delineated. These are re- 
peated below, for clarity, together with the appropri-  
ate conclusions. 

I. To ident i fy  the damage mechanisms 

Three damage modes, involving inelastic deforma- 
tion (I),  tear ing over the support (II) and transverse 
shear fai lure at the support  (III) are characteristic 
of the response of clamped a luminum beams to high- 
intensi ty  shor t -durat ion transverse pressures. 

2. For each damage mode, to distinguish the 
controlling variables 

(a) For MODE I, the severity of the damage may be 
described by the residual central  deflection. This 
depends on the impulse intensity,  the density and 
consti tutive relations of the materials, the manne r  in 
which the impulse is part i t ioned (determining the 
init ial  velocity in the substrate) ,  and the beam 
thicknesses and length. 
(b) For MODE II, the threshold depends on the same 
variables cited in the paragraph above, with the ex- 
ception of the length. It is characterized by a small 
tear in the top fiber. 
(c) For MODE III, the threshold depends on the 
same variables as for Mode II, occurring at higher 
values of the impulse intensity. It is characterized by 
no appreciable plastic deformation. The init ial  ve-  
locity appears to be critical. 

3. To seek means for  prediction 

(a) Deformation in Mode I can be correlated with 
the numerical  code DEPROSS. 
(b) Thresholds for Mode II and III  can be experi-  
menta l ly  correlated as occurring at about  1.36 and 
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2.0 times the pa ramete r  I0s respectively.  
(c) On the basis of both  DEPROSS and Timoshenko 
beam theory, Mode I I I  threshold depends on the 
initial velocity; it occurs at the dimensionless value 
of 0.1; this corresponds to different shear  stresses, 
depending on beam proportions. 

Other exper iments  are now in progress on clamped 
a luminum cylindrical shells; cylinder thicknesses are 
taken the same as beam thicknesses, and distance 
between supports  the same as beam lengths. I t  may  
be noted that  similar damage  modes are encountered 
at similar impulse- intensi ty  levels. This suggests 
the tentat ive conclusion that  empirical ly based 
methods for prediction of damage in beams may  
have application in the prediction of damage  to re -  
ent ry  vehicles. 

2U - . , . / M O D E S T O T = . 4 0  DESTO T=.15 
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I I I r I I I 
U.2 U.3 U.4 U.5 U.6 0.7 0.8 0.9 

(~) MAXIMUM SHEAR SIRESS 

Fig. 8--Maximum shear stress (~) for all beams; 
velocity (vo) -- 1.0 
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