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E lec t r i ca l  r e s i s t a n c e  s t r a i n  gauges [1, 2] and also a capaci tance method [31 a re  used to inves t iga te  the behavior  
of closed s teel  shel ls  under  impuls ive  loading rea l ized  by a b l a s t  of a spher ica l  charge of an explosive ma te r i a l  (EM) 
ins ide  them. The l a t t e r  method is used in this work, s ince  i t  allows a continuous r eco rd  of the veloci ty  of motion of the 
outer  sur face  of the shel l  to be obtained with high accuracy .  

1. Several  fo rms  of c losed spher ica l  and cy l indr ica l  s teel  shel ls  with e l l ip t ic  ends were invest igated in the 
exper imen t s .  

The l o n g - t e r m  s t rength  (Ob) and the yield point  for  0.2% s t r a i n  (~s) for the m a t e r i a l  of these  she l l s ,  subjected to 
anneal ing,  were de t e rmined  by means  of ca l ib ra t ion  tes t  pieces  and were found to be o b = 41 k g f / m m  2, ~ = 20 k g f / m m  2 
for St. 15 s tee l  and o b = 55 k g f / m m  2, a s = 28 k g f / m m  2 for s tee l s  St. 25 and St. 35. Six spher ica l  she l l s  1 . . . .  ,6  and 
two cy l indr ica l  shelIs  7, 8 were tested.  The data for them is p resen ted  below: 

3~ l 2 3 4 5 6 7 8 

Steel 35 25 t5 35 35 25 35 35 
/~_ t66.5 166.5 t66.5 t6t,0 96.3 t50 94.5 94.5 
~---~ t3.5 t3.5 13.5 8.0 7.8 32 6.0 6.0 

H~--- . . . .  75 t50 

Here the rad ius  R, the length H and the wall th ickness  5 are  given in ram. 

The impuls ive  loading was rea l i zed  by a b las t  of spher ica l  charges  of EM of va r ious  weight located at the cen te r  
of the she l l s  by means  of a thin s teel  needle  (Fig. 1). The cons t ruc t ion  of the en t ry  of the needle  prevented  a b r e a k -  
out of the products  of explosion.  The veloci ty  of mot ion of the sur face  of the spher ica l  shel ls ,  dependent  on t ime,  was 
r eg i s t e r ed  by means  of two capaci tance  t r a n s d u c e r s  [3-57. In the tes ts  with cy l indr ica l  she l l s  the veloci ty  of mot ion  of 
the sur face  of the cy l indr ica l  pa r t  and the end was recorded .  The t r a n s d u c e r s  1 and 2 were fixed independent ly  of the 
shell .  
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Fig. 1 

An ana lys i s  of the osc i l lographic  r eco rd  gives the r e l a t ion  between the ve loc i ty  of mot ion of the sur face  of the 
shel l  and the t ime,  V = ~(t). In the inves t iga t ion  an OK-17M cathode osc i l lograph was used.  The accuracy  of 
m e a s u r i n g  the veloci ty  by the given capaci tance  method is  3-5%. A graphical  in tegra t ion  of the r e l a t ion  V = ~(t) thus 
obtained gives the dependence of the d i sp lacement  of the shel l  on the t ime S = f ( t ) .  The accuracy  of se t t ing up this 
re la t ion ,  for  a l a rge  n u m b e r  of d iv i s ions  in the graphical  in tegra t ion ,  is  not lower than a few percen t .  
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2. Typ ica l  o s c i l l o g r a m s  obta ined  in t e s t s  with d i f f e ren t  she l l s  a r e  p r e s e n t e d  in Fig.  2, where  the f i r s t  t r a c e  
c o r r e s p o n d s  to a cy l i nd r i cM she l l ,  while the second  and th i rd  t r a c e s  c o r r e s p o n d  to s p h e r i c a l  she l l s  for  cha rges  of 130 
and 240 g, r e s p e c t i v e l y .  In F ig .  3 the r e l a t i o n s  V = (o(t) and S = f ( t )  a r e  given; they have been  obtained by  p r o c e s s i n g  
Che o s e i l l o g r a m s .  The f r equency  of e l a s t i c  v i b r a t i o n s  of the s p h e r i c a l  she l l  i s  

2~ [ 2E~ .] 'A (2.1) 
~0 = ~-0  = i n (1 - -  ~ )  R2 J 

Here  T o is  the p e r i o d  of v ib ra t ion ,  E1 is  Young 's  modulus ,  p i s  the dens i ty ,  p is  P o i s s o n ' s  r a t io ,  and R is  the 
r ad iu s .  

F ig .  2 

If the she l l  in the s t age  of ac t ive  load ing  p a s s e s  through the y ie ld  point  (dynamic) ,  then fo r  the d e s c r i p t i o n  of the 
s t r a i n  in the p l a s t i c  r e g i o n  the f r equency  

[ 2E2 ] V~ (2.2) 

is  in t roduced .  

~sec 

Fig.  3 

Here  i t  is  a s s u m e d  tha t  the m a t e r i a l  is  l i n e a r l y  hardening;  E2 is the modulus  of ha rden ing  (E 2 < El). Unloading 
of the she l l ,  a f t e r  the m a x i m u m  s t r a i n  has been  r e a c h e d ,  t akes  p l ace  e l a s t i c a l l y ,  and is  c h a r a c t e r i z e d  by the 
f r equency  of v i b r a t i o n  w 0 (it is  a s s u m e d  that  P o i s s o n ' s  r a t i o  is  cons tan t  in the e l a s t i c  and p l a s t i c  reg ions) .  Thus,  the 
a v e r a g e  f r equency  of v i b r a t i o n  of the she l l  pa s s ing  through the y ie ld  poin t  m u s t  be l e s s  than the f requency  of e l a s t i c  
v ib ra t ion .  The va lue  of the k ine t ic  e n e r g y  of the she l l  when i t  moves  toward  the c e n t e r  can be suf f i c ien t ly  l a r g e  for  the 
m a t e r i a l  to be t r a n s f o r m e d  again  (dur ing c o m p r e s s i o n )  into a p l a s t i c  s ta te .  The s e c o n d a r y  and even mul t ip le  
t r a n s i t i o n s  of the m a t e r i a l  into a p l a s t i c  s t a t e  in the s a m e  e x p e r i m e n t  can a l so  take p l ace  as a r e s u l t  of the 
B a u s c h i n g e r  ef fec t .  

We p r e s e n t  c e r t a i n  va lues  of the f i r s t  p e r i o d  T1 (#sec )  of v ib ra t ion  of the she l l  1 dependent  on the weight  Q (g) of 
the EM exploding  ins ide  it .  

Q ~t35 t61 192 198 242 292 292 
TI~115 t30 149 150 168 176 t80 

The m a x i m u m  cha rge  for  whose b l a s t  the she l l  did not  p a s s  the y ie ld  point  was 130 g. The f i r s t  p e r i o d  of 
v i b r a t i o n  of the she l l s  a p p r e c i a b l y  i n c r e a s e s  as  the cha rge  i n c r e a s e s .  The p e r i o d  of v ib ra t ion  of the she l l s  in the 
e l a s t i c  r eg ion  a g r e e s  well  with the va lue  ca l cu l a t ed  a c c o r d i n g  to f o r m u l a  (2.1). The l im i t i ng  e l a s t i c  s t r a i n  of a l l  she l l s  
t e s t ed  amounts  to 0 .11-0.12%. 
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F r o m  the osc i l l og rams  obtained we see that f a i r ly  la rge  secondary  veloci ty  pulsa t ions  exist .  

The per iod T of these pu lsa t ions  is equated to the t ime of c i rcu la t ion  of the e las t ic  wave ac ross  the th ickness  of 
the shell ,  ~ = 2 6 / C ,  where C is the e las t ic  veloci ty  of sound in an inf ini te  medium; for  s teel  C = 5950 m / s e c .  The 
r e su l t s  of the tes ts  point  to the dependence of the ampli tude of secondary  pulsa t ions  and the ra te  of their  damping on 
the following two fac tors :  on the value of s t r a in  of the shel l  in the given exper iment ,  and on the degree  of s t r a in  
preceding  the given exper iment .  Most c l ea r ly  this dependence mani fes t s  i tself  for she l l s  with a smal l  r e la t ive  
th ickness .  

Thus,  if the s t r a i n  of the shell  dur ing  the expe r imen t  goes beyond the boundary  of the e las t i c  zone, and if before  
that the shel l  had not been  subjected to a p las t ic  s t ra in ,  then the ampli tude of secondary  pulsa t ions  in p rac t i ce  is not 
damped out dur ing  the f i r s t  s eve ra l  per iods .  Damping takes place cons iderab ly  more  in tens ive ly  in tes ts  with she l l s  
which before these tes ts  were  subjected to an apprec iable  p las t ic  s t r a in ,  or  which in the p rocess  of loading in the 
given tes ts  passed  the yield point  [6]. These phenomena  a re  i l l u s t r a t ed  by the second and thi rd  t r ace s  of Fig.  2. 

3. The s t r e s s  va r i a t ion  in the shel l  in the p roces s  of v ibra t ion  is s chemat i ca l ly  r e p r e se n t e d  in Fig. 4. 

Fig. 4 

The position of equilibrium, after each half-period of vibration accompanied by the transition of the material 
into a plastic state, is displaced by the amount of the corresponding residual strain. Point O shows the initial position 
of equilibrium; points C and B, respectively, show the subsequent positions of equilibrium. Point B determines the 
total residual strain of the shell after the test. 

Thus, if the shell at least twice passes into a plastic state, then the total residual strain of the shell must dlffer 
from the value of the residual strain in the first  half-period. The experimental relations V = r S = f(t) obtained in 
the experiment allow us to estimate the value of the stresses in the shell even in the case in which the shell undergoes 
considerable plastic strain. 

Here i t  is a s sumed  that the s t r e s s  (T is cons tant  ac ros s  the th ickness  of the shell .  The effect of the rad ia l  
component  of the s t r e s s ,  in view of i ts  s m a l l n e s s  in compar i son  with the tangent ia l  component,  can be neglected.  It  is  
obvious that this a s sumpt ion  is  close to rea l i ty  only for  r e la t ive ly  thin she l l s .  The m a x i m u m  s t r e s s  in the shel l  is 
r ea l i zed  in the f i r s t  per iod  of v ibra t ion .  As follows f rom the scheme of Fig.  4, this s t r e s s  can be calculated f rom the 
fo rmula  

a = 8__ max --el El. (3ol) 

Here ema x is the m a x i m u m  s t ra in ,  el  is the r e s idua l  s t r a i n  in the f i r s t  per iod.  

As ment ioned above, el  in the f i r s t  per iod  can apprec iably  exceed the total r e s idua l  s t r a in .  There fore ,  for the 
de te rmina t ion  of the m a x i m u m  s t r e s s  in the f i r s t  per iod we m u s t  find the cor responding  value of the r e s idua l  s t r a i n  
(ema x is de t e rmined  f rom the exper imen ta l  r e la t ion  S = f ( t ) ) .  

Since the max imum veloci ty of the shell  in the mot ion toward the cen te r  is  reached when the s to red-up  e las t ic  
energy  is t r an s fo rmed  into the kinet ic  energy,  this co r responds  to i ts  pass ing  through the new posi t ion of equ i l ib r ium.  
This allows us to de t e rmine  the re s idua l  s t r a i n  of the shel l  in the f i r s t  per iod  of v ibra t ion ,  cor responding  to this new 
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posi t ion of equ i l ib r ium.  The value of the s t r e s s *  can be de t e rmined  f rom (3.1). 

F r o m  a compar i son  of the r e s u l t s  of ident ica l  tes ts  c a r r i e d  out on the same shell  af ter  a shor t  t ime in te rva l  (0 .5-  
1.0 hr), i t  follows that  dur ing  de format ion  of the shell ,  not iceable  ha rden ing  takes place.  This is work-ha rden ing  which 
reduces  the s t r a in  in the subsequen t  test .  This  was p a r t i c u l a r l y  not iceable  in tes t s  on re la t ive ly  thick shel ls .  The 
r e su l t s  of the tes ts  c a r r i e d  out af ter  a cons ide rab le  t ime  (from one to severa l  days) show that dur ing  this t ime the 
p rope r t i e s  of the m a t e r i a l  of the shel l  a re  p r ac t i ca l l y  comple te ly  r e s to red .  The r e su l t s  of such tes ts  with ident ical  
charges  agree  well.** Making use  of this we can set  up the a - e  r e l a t ion  for  the she l l s  tested on the bas i s  of tes ts  
pe r fo rmed  af ter  a l a rge  t ime in te rva l  (Fig. 5). Here (r and e + a re  the m a x i m u m  s t r e s s e s  and s t r a i n s  of shel ls  1 and 2 
in the f i r s t  ha l f -per iod  for each test .  

(~ kgf/mm 2 
B0 . -  

l g /  . t  

8j 
6 ~ 10.3 g I0_~ 34g. ~ 5.19_ ~ 

Fig. 5 

For  more  th ick-wal led  she l l s  we m u s t  take into account  the cons ide rab le  s t r e s s  gradient  ac ross  the th ickness  of 
the shell .  

The a - e  + r e l a t ions  r e p r e s e n t e d  in Fig.  5 for  she l l s  1 and 2 allow us eas i ly  to e s t ima te  the value of the dynamic 
yield point  of the m a t e r i a l  of the shet ls ;  i t  was equal to 40 k g f / m m  2 for shel ls  1 and 2 (steels  St. 25 and St. 35). It thus 
i nc r ea sed  by approx imate ly  40% in compar i son  with the s ta t ic  value.  

4. F r o m  the va lues  d e t e r m i n i n g  the behavior  of spher ica l  she l l s  made of the same ma te r i a l ,  for  a b l a s t  of 
charges  of EM of the same  composi t ion  and densi ty,  we can se t  up the s ingle  d imens ion l e s s  p a r a m e t e r  (the effect of 
the s t r a i n  r a t e  is not  taken into account)  

Q* = Q / 6R p (4.1) 

The poss ib i l i t y  of model ing  accord ing  to this p a r a m e t e r  was expe r imen ta l l y  invest igated in tes ts  on spher ica l  
shel ls  1, 4, and 5. 

All d imens ions  of shel l  5 were  1.73 t imes  less  than the d imens ions  of shel l  1. Shell 4 had the same in te rna l  
rad ius  as shel l  1, while the th ickness  was 1.7 t imes  l e s s .  The r e s u l t s  of the expe r imen t s  are  r ep re sen t ed  in Fig. 6 
(the n u m b e r s  of the she l l s  a re  shown on the curves) .  It follows f rom these r e su l t s  that the values  of the max imum 
s t r a i n s  for  she l l s  1 and 5 a re  accu ra t e ly  given by the genera l  r e l a t ion  only in the region  of e las t ic  s t r a in s  (e + -< 0.12%). 
In the region  of p las t i c  s t r a i n s  the expe r imen ta l  data d i f fers  cons iderably :  e + is  notably less  for the s m a l l e r  shel l .  
This  d i f fe rence  can logical ly  be connected with the s t r a i n  ra te  de/tit;  this is i n v e r s e l y  propor t ional  to the period of 
v ib ra t ion  of the shell ,  i . e . ,  i ts  r ad ius .  As the s t r a in  r a t e  i n c r e a s e s ,  the a - e  re la t ion  notably changes.  The s m a l l e r  
shel l  will show a g r e a t e r  r e s i s t a n c e  to s t ra in ;  this leads  to s m a l l e r  values  of e + in the test .  For  shel ls  1 and 4, 
having the same radi i ,  the s t r a i n  r a t e s  coincide.  There fo re  model ing  accord ing  to the p a r a m e t e r  Q* is val id in the 
en t i re  range  of s t r a i n s  inves t iga ted  (Fig. 6). 

*Such an e s t ima te  of the s t r e s s  is somewhat  unders ta ted ,  s ince  it  does not take into account  the effect of the 
p r e s s u r e  of the heated products  of explosion ins ide  the shel l .  An e s t ima te  of the value of  this p r e s s u r e  shows that the 
e r r o r  is about 10-15%. 

**The r e s t o r a t i o n  of the p rope r t i e s  of s teel  is p romoted  by the apprec iab le  heating of the shell  dur ing  the 
exper iment .  According  to [7], heat ing of s teel  t es t  p ieces ,  a f ter  the i r  dynamic  loading, up to a t e mpe r a t u r e  of 93 ~ C 
Ieads to a complete  r e s t o r a t i o n  of the p rope r t i e s  of the m a t e r i a l  within 12 rain, while heat ing up to 60 ~ C leads to this 
within 100 rain. 
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5. The s ta t ic  mechan ica l  c h a r a c t e r i s t i c s  of the m a t e r i a l s  of the shel ls  thus invest igated only s l ight ly  differ.  But 
under  the condit ions of b l a s t  loading the effect of the m a t e r i a l  apprec iably  affects the behavior  of the geomet r i ca l ly  
ident ica l  she l l s  1, 2, 3. 

- - Y - -  
f �9 

r 

Fig. 6 

The max imum posi t ive  ve loc i tes  V + (directed f rom the cen te r  of the shell)  for the detonat ion of ident ica l  charges  
in the shelI of St. 35 s teel  is  notably  higher than in the shel ls  of s teels  St. 15 and St. 25 (see table). A cons ide rab le  
di f ference exis ts  between the va lues  of amax and emax, as well as between the total r e s idua l  s t r a i n s  of the she l l s  
before  fa i lure  (e2). The a s t e r i s k  in the table indica tes  tes t s  in which fa i lu re  of the shell  occur red .  

Table I 

Material, '  

CT. 3 ~ 

St. 25 

St. 15 

Q (8) 

i35 
167 
2O7 
207 
250 * 
140 
172 
207 
254 
302 
335 * 
130 
i65 
201 
24O 
29O 
400 * 

V+ m / s e c  

6.5 
9.0 

14.5 
i5.0 
20 ~0 
6.5 
8.5 
9.5 

14.5 
i6.0 
18.0 
7.5 
9.0 
9.0 

12.0 
14.5 
16.0 

emax x t0 '  

t.72 
2.19 
3.i7 
3.38 
4.5 
1.38 
i.81 
2.66 
3.00 
3.56 
3:80 
1.4i 
2.04 
2.20 
4,08 
4.56 
4.9 

~Inax 
k g f / m m  2 

4t.0 
49.0 
62.5 
61.5 
67.5 
38.5 
39.0 
4t. 5 
42.5 
43.5 
5t.5 
37.0 
37-5 
t6-8 
16.8 
31.0 
28.0 

E. • 

1.0 

2.5 

t.3 

6. Under a s ta t ic  loading, by the same  in t e rna l  p r e s s u r e ,  of the cy l indr ica l  and spher ica l  she l l s  of the same 
rad ius  and th ickness ,  the s t r e s s e s  in the wall of the cy l inder  a re  approximate ly  twice the s t r e s s e s  in the wall of the 

sphere  [8]. 

The r ea l  pa t t e rn  of loading of closed cy l indr ica l  she l l s  for a b l a s t  of spher ica l  charges  of EM are  ve ry  much 
more  complicated.  F i r s t ,  the shel l  undergoes  an axial s t ra in ;  second, s ince the impulse  taken up by a uni t  a r e a  of the 
sur face  va r i e s  along the length of the cy l indr ica l  shel l  (it is m a x i m u m  in the middle  section),  cons iderab le  bending 

forces  a r i s e  in the shell .  

In i ts  cha rac t e r  the osc i l lographic  r eco rd  of mot ion of the cy l indr ica l  shell ,  obtained by means  of the 
capaci tance  t r a n s d u c e r  (Fig. 2), does not  differ f rom the osc i l log rams  obtained in tes ts  on spher ica l  shel ls .  On the 
o sc i l l og rams  obtained by the t r a n s d u c e r s  r e g i s t e r i n g  the mot ion of the end, a negat ive veloci ty  {directed into the shell)  
is noted at f i r s t .  This  negat ive d i sp l acemen t  is  caused by the s t r e s s  wave propagat ing  along the shell ,  f r om its  
cy l indr ica l  pa r t  ly ing  n e a r e s t  to the charge toward i ts  end, with the veloci ty  of t r a n s v e r s e  waves in s teel ,  and 
reach ing  the end e a r l i e r  than shock wave of a i r  f rom the charge.  The tangent ia l  s t r e s s e s  in the cy l indr ica l  shel l  can 

be de t e rmined  f rom the express ion  

ff = (Sma x -- 81)El/ (i -- 0.SLt) (6.1) 

This est imate does not take into account the effect of the end on the s t r e s s  state at the middle of the cylindrical 
par t  of the shell. In a shell with a long cylindrical par t  (H = 2R) the end effect does not manifest  i tself at the instant  
of maximum of expansion of the cylindrical part ,  since the end perturbat ions cannot reach it  in time. In the 
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ca lcu la t ion  of the s t r e s s e s  in the c y l i n d r i c a l  p a r t  of s h o r t  she l l s  (H = R) the ef fec t  of the end was not taken into account .  

In Fig .  7 we have r e p r e s e n t e d  the dependence  of the s t r e s s  ~, k g / m m  2, in a c y l i n d r i c a l  she l l  on the p a r a m e t e r  
Q ' p ,  g .  cm-3,  obta ined  in the e x p e r i m e n t s ,  for  two s h e l l s  cons t i tu t ing  a combina t ion  of a cy l inde r  and two e l l i p t i c  ends .  
F o r  c o m p a r i s o n  p u r p o s e s  we have a l so  r e p r e s e n t e d  this  r e l a t i o n  fo r  a s p h e r i c a l  she l l  of the s a m e  r a d i u s  (the n u m b e r s  
of the she l l s  a r e  ind ica t ed  on the cu rves ) .  

0 

Fig.  7 

F r o m  the graph  thus r e p r e s e n t e d  i t  fol lows that  the s t r e s s  in the c y l i n d r i c a l  she l l  with H = 2R is  no t i ceab ly  
h igher  than in the cy I ind r i ca l  she l l  with H = R and in the s p h e r i c a l  she l l ,  for  the s a m e  mode l ing  p a r a m e t e r  Q*. 

The r e s u l t s  ob ta ined  in the e x p e r i m e n t s  on the s h o r t  c y l i n d r i c a l  she l l  d i f fe r  only  s l igh t ly  f r o m  the analogous  
r e s u l t s  for  a s p h e r i c a l  she l l .  This  is  exp la ined  by  the s m a l l  d i f f e r ence  in the i r  shape .  
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