
base and hence a large  spatl fragment t ravel  t ime,  during which the disturbing influence of the target  edges, 
located in the unloading zone, may make it~etf ;~4~. This factor  can lead to a lower value of the real spM1 
velocity as compared with ideal experimental  conditions. Since these edge effects are  not usually monitored 
during the experiment,  they can lead to unverifiable e r r o r s  in calculating the spal! strength f rom Eq. (2). 

Thus, in cases  where the shear  strength or relaxation p rocesses  cannot be neglected, using Eq. (1) may 
lead to appreciable e r r o r s  in determining the spall strength of the mater ia l .  The Use of Eq. (2) is justified 
only under special loading conditions, which are different for each specific type of equation of state.  
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O F  T H E  R E B O U N D  OF S H O R T  R O D S  

F R O M  A R I G I D  B A R R I E R  

Vo Mo B o i k o ,  A. I~ G u l i d o v ,  UDC 538.374 
A. N. P o p y r i n ,  V. M, F o m i n ,  
a n d  Y u .  A. S h i t o v  

The present  paper  is a natural continuation of [1, 2], which gave a numerical  simulation of the rebound 
of short homogeneous cylindrical  and conical rods in the two-dimensional  formulation.  The integral cr i ter ion 
introduced in connection with the determination of the moment of rebound is applied not only to homogeneous 
rods but also to rods composed of different mate r ia l s .  The resul ts  of the numerical  simulation are  compared 
with the experimental  data. 

1. The physicomathematical  formulat ion of impact problems,  the definition of rebound, and the boundary 
and initial conditions were  given in [1, 2] for homogeneous rods.  We will now consider  the ease of a cylindrical  
rod composed of different mater ia ls  impacting against a rigid b a r r i e r .  

Problem 1. A cylindrical  rod of length L 0 and radius R0 consists of two mate r ia l s .  The mater ia ls  are 
ar ranged in l ayers  parallel  to the axis of symmet ry .  The inner cylinder has the radius R0/2. The thickness 
of the outer sheath is also R0/2. The impact velocity v 0 =50 m / s e c .  At the boundary between the layers  the 
condition of perfect  mechanical  contact is satisfied. Mathematically,  this condition reduces to the equality 
of the displacements  and s t r e s se s  at this boundary. 

We will find the solution of the problem by the modified Wilkins method [2, 3]. In the numerical  solution 
of the problem the calculation proceeds without explicit identification of the interface.  The calculations were 
made for steel and copper layers  with constants : P0 =7.85 g / c m  3, k =170 GPa, p =80 GPa, Y0 = 1.2 GPa - s t e e l ;  
P0 =8.9 g / c m  3, k=139 GPa, p=46 GPa, Y0 =0.3 GPa - c o p p e r ,  where  P0 is the density of the mater ia l ,  k is the 
bulk modulus, p is the shear  modulus, and Y0 is the yield point. 

Figure 1 shows the force acting at the r o d - b a r r i e r  interface as a function of t ime t for four combinations 
of mater ia ls  (1 and 4 - solid steel and solid copper,  respect ively;  2 - inner cylinder copper,  outer sheath steel; 
3 - inner cylinder steel,  outer sheath copper).  We note that for the same initial impact velocity and the same 
geometry ,  the mass  of the rods will be different and hence so will be the initial kinetic energy of the rods.  

Novosibirsk. Translated f rom Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 5, pp. 129-133, 
September-October ,  1982. OriginM ar t ic le  submitted January  27, 1981. 

0021-8944/82/2305-0705507.50 �9 1983 Plenum Publishing Corporat ion 705 



0 ~'5 3o t., ~sec 

Fig. 1 

F .... [ 

5 ~,'3 2 5  3:~" t~psec 

Fig. 2 

2 

i x̀  x. . 

5 /5 

Fig. 3 

25 $,psec 

However, only the yield point of the mater ia ls  has a significant effect on the r o d - b a r r i e r  contact t ime tc :  The 
lower the yield point the g rea te r  the r o d - b a r r i e r  contact t ime (cases 1 and 4). The nature of this effect is as 
follows: On impact a compress ion  shock of two-wave configuration is propagated f rom the contact surface.  
The elast ic p r e c u r s o r  t rave ls  at the elast ic wave velocity, which considerably exceeds the plast ic wave velocity. 
On reflection f rom the free end of the rod the elast ic compress ion  wave goes over into a tension wave and is 
propagated in the opposite direction. The interaction of these waves is associated with a s t r e ss  redistr ibut ion 
which leads to a decrease  in the s t r e ss  level behind the plast ic wave front.  The resul t  of this interaction is 
again an elastic compres s tonwave ,  with amplitude corresponding to the yield point of the mater ia l ,  moving in 
the direct ion of the f ree  end of the rod. As a resul t  of several  interactions between the unloading and plastic 
waves the s t r e s ses  in the la t ter  decrease  and, in the end, become tensi le .  This leads to the separat ion of the 
rod from the b a r r i e r .  Thus, as the yield point of the mater ia l  increases ,  so does the amplitude of the unload- 
ing wave, and the compress ive  s t r e s ses  in the rod are  relieved after fewer interactions between the unloading 
and plastic waves.  

For  a composite rod, the contact t ime will be g rea te r  in case 3 than in case 2, and the s t r e ss  level will 
be higher in the rod consisting of a copper cylinder in a steel sheath. Clear ly ,  moreover ,  in this case thetotal  
deformation of the rod will be less .  

Problem 2. The geometr ic  dimensions of the rod remain  the same as in Problem 1. The impact velocity 
v0 = 50 m / s e c .  The mater ia ls  are  as before,  but arranged so that one half of the rod, of length L/2,  is of one 
mater ia l  and the other.  Impact is assumed to be f i rs t  at the copper end, then at the steel end. In Fig. 2 the 
force F is shown as a function of t ime t for these two variants .  

In case 1 the contact t ime is close to that for  a solid copper rod, and the F (t) graph resembles  graph 4 
in Fig. 1. 

In the second case (impact at the steel end) after  the force F has fallen to ze ro  and the rod has rebounded, 
there is a second contact with the b a r r i e r .  We will call this effect double rebound. If the impact velocity is in- 
c reased ,  then the f i rs t  rebound t ime increases ,  but at the same t ime there  is an increase  in the second contact 
t ime and in the interval between f i rs t  rebound and second contact. In Fig. 3 we have plotted F{t) for  three 
values of the initial impact velocity:  25, 50, and 75 m / s e c .  It is noteworthy that the t ime interval between 
the f i rs t  rebound and the second contact depends on the rat io of the lengths of the steel and copper  segments 
of the rod. It was found that when the copper segment has a cer ta in  length second contact does not occur .  In 
this case the overall  length of the rod remains  the same.  The explanation of the double rebound effect is s imi -  
l a r  to the explanation of the behavior of a solid rod. Here it is necessa ry  to take into considerat ion the fact 
that at the s t e e l - c o p p e r  interface there is a redistr ibut ion of s t r e s se s  in the compress ion  wave, since the 
interaction between the la t ter  and the contact surface leads to the formation of a rarefac t ion  wave travel ing 
into the steel part  of the rod. This is because copper is softer  than steel.  

2. For  the experimental  observation of the collision process  we developed a high-speed photorecording 
technique which makes it possible to determine such pa ramete r s  as the velocity and penetrat ion rate ,  contact 
t ime, etc. Obviously, in recording  p rocesses  taking place at a velocity of around 103 m / s e c ,  it is necessa ry  
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to employ high-speed apparatus (frame exposure around 10 -? see). Most promising f rom this standpoint are 
optical mult iexposure photorecording sys tems  based on l a se r  light sources .  The use of a se r ies  of short con- 
trolled l a se r  pulses makes it possible to obtain good spatial and t ime resolut ion and ensure s t r ic t  synchroniza-  
tion with the investigated phenomenon. 

In our case we constructed a s t roboscopic light pulse source based on a ruby l a se r  with periodic Q- 
switching [4], which made it possible to obtain a se r ies  of pulses (from ] to 1007 lasting ~ 3 x  10 -8 sec.  The 
intervals between pulses could be regulated discre te ly ,  in steps of 1 #sec,  on the range f rom 10 to 500 #see, 
with an accuracy  of 0.2 ~sec.  A K e r r  cell was used as the electroopt ic  modulator .  The active medium was a 
ruby crys ta l  8 mm in d iameter  and 120 mm long. The resona tor  was composed of two m i r r o r s  with dielectr ic  
coatings. A m i r r o r  with a reflection coefficient of ~100%,together With the Q-switch,  formed a quar te r -wave  
shu t te r - re f lec to r  actuated by the voltage drop. As the po la r ize r  we used an Iceland spar  pr i sm.  The qua r t e r -  
wave sht l t te r - ref lec tor  was designed as a unit and mounted in a f luoroplast ic  housing filled with ni t robenzene.  
The pa ramete r s  of the K e r r  cell were as follows- electrode spacing 8mm,  electrode length 50 ram, qua r t e r -  
wave voltage 15 kV, cell capacitance 30 pF. The electronic  control circuit  of the Ker r  cell consisted of- 07 
synchronizing pulse genera tor .  For  this purpose we used an ordinary GZ4-6 six-channel delayed pulse gener -  
ator; 2) mas t e r  osci l la tor ,  generating a ser ies  of e lec t r ic  pulses varying in number f rom 1 to 103 and separated 
by intervals that can be regulated discre te ly ,  in s teps  of 1 ~sec, on the range f rom 2 to 10 s #see.  As the mas te r  
osci l la tor  we used a G5-27 industrial osci l la tor  with an accurate ly  calibrated time lag. The presence of a 
quartz resona tor  ensured a pulse interval instability of not worse  than 0.1 #see;  37 high-voltage pulse shaper.  

The experimental  setup is i l lustrated in Fig. 4. To obtain the necessa ry  rod velocity (cylinder, d iam-  
eter  2R0=5.2 rnm, length L0=20 mm) we used an accelerat ing device 1. The b a r r i e r  2 was mounted in a p ro -  
tective steel chamber  3 with t ransparen t  windows 4. The coll ision p rocess  was recorded  using high-speed 
mot ion-pic ture  photography. As the s t roboscopic  light source we useda  l a se r  5 with periodic Q-switching 
by means of a quar te r -wave  Ker r  shutter  6. The image was reg is te red  by a ZhFR-3 slave photorecorder  7 
operating in the photoscanning mode.  A te lescopic  sys tem 8 expanded t h e l a s e r  beam to the dimensions of 
the window {d =60 ram), and by means of a lens 9 (focal length f=300 ram) an image of the projecti le  a n d b a r r i e r  
was focused on the photorecorder  f i lm. The apparatus worked as follows: The l a se r  s troboscope pumping 
lamp bat tery  was charged, and the projecti le  placed in the acce le ra tor .  The e lect romechanical  shutter 11 of 
the photorecorder  was opened by means of the "star t  ~ button 10, and the acce le ra to r  was t r iggered  by means 
of the e lec t romagnet ic  s t a r t e r  12. On its way to the target  the rod cut the beam of the LG-52-3 l a se r  13 used 
for synchronizat ion purposes ,  whereupon a signal of negative polari ty was t ransmit ted  f rom an FD-2 photodiode 
14 to the GZ[-6 synchropulse genera tor  15. With preselected delays synchropulses  were t ransmit ted f rom the 
GZI-6 to the l a se r  pumping lamp ignition unit 16, the high-voltage pulse shaper 17, and the mas t e r  osci l la tor  
18. The number and shape of the pulses were  checked by means of a $8-2 storage oscil lograph 19; in this case 
the e lec t r ic  pulses f rom the Ker r  cell are t ransmit ted  ac ross  a capacitive divider to one input of the osci l lo-  
graph and the light pulses,  converted to e lec t r ic  pulses by an F]~K-14 photocell 20, to the other.  The osct l !o-  
graph also received the signals f rom a s t ra in  t r ansducer  attached to the b a r r i e r  2. 

The same apparatus was also usedfo r  recording the collision process  in the slit scanning mode. A con- 
t r o l  voltage was not supplied in the Kerr  cell, and the l a se r  operated in the f ree-running mode. The operation 
of the l a se r  was monitored by means of the $8-2 oscil lograph.  At the same t ime,  time marks  were  t r ans -  
mitted to the osci l lograph f rom the mast~" osci l la tor .  

The motion-picture  record  of the coll ision p rocess  shown in Fig. 5a was obtained in the framing mode. 
The interval between f rames  was 40 /~sec, the exposure 3 x 10 -8 sec.  The photograph reproduced in Fig. 5b was 
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taken inthe photoscanning mode with the l a s e r  operat ing in the spike mode.  F rom these  photographs it is 
poss ib le  to de te rmine  the flight and rebound veloci t ies  of the rod,  toge ther  with the contact t ime .  A typical  
velocity graph for  the two ends of a cyl indrical  copper  rod in col l is ion with a s teel  b a r r i e r  is shown in Fig. 
5c (1 - - t r a i l ing  end of rod,  2 - l e a d i n g  end). 

In Fig.  6 the numer ica l  calculat ions a r e  compared  with exper iment .  The continuous curve r e p r e s e n t s  
the dependence of the contact t ime  on initial imnact veloci ty  for  a copper  rod and a s teel  b a r r i e r .  The impact  
of the rod against  the r igid b a r r i e r  was calculated using the following p a r a m e t e r s :  length and d i ame te r  of 
rod 2 and 0.55 cm, r e spec t ive ly ,  densi ty of ma t e r i a l  P0 -- 8.9 g / c m  3, bulk modulus k = 139 GPa,  shear  modulus 
#=46 G)Pa. I~ was  a s sumed  that  the dynamic  yield point of copper  Y0 =0.3 GPa.  As distinct f r o m  the impact  
p rob lem for  a s teel  rod [2], the interval  of s tepwise behavior  t ,  is displaced into the initial region of the 
curve at impact  veloci t ies  up to 20 m / s e c .  This is because ,  as the impact  veloci ty i nc reases ,  the ampli tude 
of the s t r e s s e s  in the p las t ic  wave inc reases  m o r e  rapidly for  copper  than for  s teel .  The r e su l t s  of the ex-  
pe r imen t s  to de te rmine  the contact t ime  in a coll is ion between a copper  rod and a hardened s teel  b a r r i e r  a re  
presented  in Fig. 6 (points). 

The sa t i s f ac to ry  ag reemen t  between calculat ion and exper iment  indicates that the ma themat i ca l  model 
of the e las top las t ic  behavior  of the medium c o r r e c t l y  desc r ibes  the rebound of the rod f r o m  the b a r r i e r .  
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P R O P A G A T I O N  OF O N E - D I M E N S I O N A L  E L A S T O P L A S T I C  

W A V E S  IN S O I L S  

N. M a m a d a l i e v  a n d  A. I .  Y u s u p o v  UDC 539.374.534.J 

In the present  ar t ic le ,  proceeding f rom s t r e s s - s t r a i n  theory  [1], we investigate the distribution of a 
plane and a spherical  wave in an elastoplast ic  medium. The s t r e s s - s t r a i n  state of the medium is c h a r a c t e r -  
ized by the displacement u(r, t), the s t rains  %,. : :  a u / c ) r ,  e,r ~ - e:0~, :-: u / r  (~ . r  - -  e't~ 0 =,  0 i n  the planar case),  and 
the s t r e s ses  Grr, G~(p =GO0. We show that e i ther  a shock wave or continuous loading-unloading waves can 
occur  in the medium (soil), depending on the forms of the constitutive functions a(g),  (ri(e i) in the theory of 
[1]. The indicated waves in soils are  investigated in the case ~ : (2, : ~k'l)~', ~ : (l~J - l~e~)e~, where Gi, fli (i = 
1, 2) are  positive constant coefficients.  The solutions of the problems are  obtained by an inverse approach 
[2, 3] with the geomet ry  of the wave surface specified by a second-degree polynomialwith respect  to the t ime 
t (for a shock wave) or  the coordinate r (for an unloading wave). It is assumed that the unloading process  of 
the medium is i r revers ib le  and l inear both with respec t  to the hydrostat ic  p ressu re  G with respect  to the s t r e ss  
intensity Gi. The pa rame te r s  of the medium, including the load profile,  are  calculated on a computer  on the 
basis of the derived analytical equations, and the resul ts  are presented as graphs of the components of the 
s t r e s ses  and part icle velocity~ We also analyze the �9 Gi =Gi(e, ei ) with regard  for possible wave effects 
and the mutual influence of the f irst  and second invariants of the s t r e ss  or s t ra in  tensor .  This study r e p r e -  
sents a continuation of [4] to the case where the strength charac te r i s t i cs  of the medium are incorporated in 
the analysis  of the dynamics of t ransient  p rocesses .  

We note that problems in the propagation of a plane and a spherical  wave have been studied previously 
by many authors,  specifically in [5-14]. However, the soil and rock models used in those works differ con- 
siderably f rom [1]. For  example, s t r e s s - s t r a i n  theory  is used in [5, 14], the constitutive equations of plastic 
flow [16] are used in [6-8], the theory  of soil plastici ty [17] is used in [9, 10], etc.  

In contrast  with [5-14], for our solution of the above-indicated problems we descr ibe the motion and 
state of the medium under dynamic loading by the equations of the s t r e s s - s t r a i n  theory  of soil plast ici ty [1], 
demonstrate  the existence of a plane unloading wave for a tr iaxial  s t ressed  state of the medium, and give de-  
tailed compar isons  of the pa ramete r s  of an elastoplast ic  medium and a general ized "plastic gas .  H We investi-  
gate the charac te r i s t i c  features  of the propagation of a spherical  wave in an elastoplast ie  medium and the be- 
havior of its pa ramete r s  for  strong dis turbances of an explosive nature.  

1. Let an instantaneously initiated and then ~rbi t rar i ly  decaying load G0(t) act along the normal to some 
plane. In this situation the equation of motion of the medium and the relat ions between the s t r e s ses  and s trains  
[1] with regard  for the unloading' theorem of ilTyushin [15] have the form 

poO'u/St" -= 0~,,/0r; (1.1) 

in loading 
~ r r  - -  (~ -t- 2G)e, % ~ =  o 0 0  == ~e, ~ - o/e -- (2/9)~i/~i, 

G = (l/3)oJei, (1.2) 

in unloading 

a , ,  - -  O, r  = ( ;% - t  J ; o )  (e - -  ~ * ) ,  
�9 2 

%,p  - -  ~ , ~  = Xo (~: - ~ * ) ,  ~o = E j  - -  , 2  ~:,,, ~o.  == ~ ~"':~ 

(1.3) 

Moscow. Karshi .  Translated f rom Zhurnal Prikladnoi Mekhaniki i Tekhnieheskoi Fiziki, No. 5, pp. 133- 
142, September-October ,  1982. Original ar t ic le  submitted June 3, 1981. 

0021-8944/82/2305-0709S07.50 @ 1983 Plenum Publishing Corporat ion 709 


