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An important  t h e r m o d y n a m i c  p a r a m e t e r  which de te rmines  the s tate  of a c o m p r e s s e d  substance  is the 
propagat ion  veloci ty  in it of weak pe r tu rba t ions  or  the veloci ty  of sound. Data concerning the veloci ty  of sound 
is useful  for  studying the equation of s tate  of the substance in the h i g h - p r e s s u r e  region and is of in teres t  for  
so l id - s ta te  physics  and geophysics .  

In th is  paper ,  the r e su l t s  are  s ta ted  of expe r imen ta l  m e a s u r e m e n t s  of  the veloci ty  of r a re fac t ion  waves 
in s h o c k - c o m p r e s s e d  quar tz i te ,  dolomite,  anhydri te ,  monocrys ta l l ine  NaC1, paraff in,  P lexlg las ,  polyethylene,  
and f luoroplas t -4  by means  of manganin p r e s s u r e  s e n s o r s ,  desc r ibed  in [1]. The scheme for  ca r ry ing  out the 
expe r imen t s  is shown in Fig. l a  [1) explosive  charge;  2) sc reen ;  3) substance being investigated;  4) manganin 
p r e s s u r e  sensor ;  5) e lec t rocontac t  sensor ;  6) outputs of manganin p r e s s u r e  sensor ] .  Figure  lb  shows the x 
vs t d i a g r a m  of the shock- loading p r o c e s s  and subsequent r e l i e f  of the substance  being invest igated.  Com-  
p r e s s i o n  of the sample  being invest igated was effected with a plane shock wave, fo rmed  as the resul t  of  the 
explosion of a cy l indr ica l  explosive charge ,  the d i ame te r  of which was 90-120 mm.  The th ickness  of the a lum-  
inum or  copper  s c r een  cover ing  the sample  was 10 ram. The p r e s s u r e  s e n s o r  is a sinusoid of manganin foil 
with a th ickness  of 0.05 m m  and glued by means  of epoxy res in  between the su r faces  of  separa t ion  of the sample  
being invest igated.  The th ickness  L of the sample  is 10-12 m m .  The initial  e l ec t r i ca l  r e s i s t ance  of the s e n s o r  
R 0 was 1.5 to 2 [2 and the to ta l  r e s i s t ance  of the copper  outputs of the probe  Rout ~ 0.02 9.  A pulsed voltage 
was applied to the s e n s o r  through a bal las t  r e s i s t ance  R b >> R 0 for s eve ra l  mic roseconds  up to the instant  of a r -  
r iva l  at the s enso r  of the shock wave f r o m  a 4 /~F capac i to r .  The change of voltage at the s e n s o r  outputs 
which occu r s  as a resu l t  of the change of the e l ec t r i ca l  r e s i s t ance  of the s enso r  during its shock loading and 
in the r a re fac t ion  wave was r eco rded  by means  Of a type C1-24 osci l loscope.  The s ignal  to be r eco rd ed  was 
applied without p reampl i f i ca t ion  d i rec t ly  to the def lec tor  pla tes  of a cathode ray  tube.  The e lec t rocontac t  
s ensor ,  posi t ioned at the f ree  sur face  of the sample ,  s e rved  to produce a t ime  m a r k e r  on the osc i l l og ram (Fig. 
2) cor responding  to the instant of a r r i v a l  of the loading shock wave on the su r face  mentioned.  Figure 2a-d 
shows some of the o sc i l l og rams  obtained in the expe r imen t s  to m e a s u r e  the propagat ion veloci ty  of r a r e f a c -  
tion waves in quar tz i te ,  dolomite,  sodium chlor ide,  and f luoroplas t -4 ,  r e spec t ive ly .  The frequency of the 
scal ing sinusoid on all o sc i l l og rams  is 5 MHz. 

The m a x i m u m  propagat ion veloci ty  of the s t r e s s - r e l i e v i n g  wave through the s h o c k - c o m p r e s s e d  substance  
being studied was ca lcula ted  by means  of the expres s ion  

c = ~ ~ [L  - -  u ( t  t ~ t~)l /( t~ ~ t~ - -  L / D ) =  L/c~t,_, 

where L is the initial th ickness  of the sample  being inves t igated (see Fig. 1); D is the propagat ion veloci ty  
through the sample  of  the loading shock wave; u is the m a s s  veloci ty  behind its front; e is the magnitude of the 
re la t ive  c o m p r e s s i o n  by the shock wave of the subs tance  being investigated;  tl is the t ime  of pas sage  of the 
shock wave through the sample  f r o m  the manganin p r e s s u r e  s e n s o r  to the e lec t rocontac t ,  posi t ioned at the f ree  
su r face  of the sample ;  t 2 is the t ime  in te rva l  f r o m  the instant of  c losure  of the e lec t rocontac t  up to the instant 
of a r r i v a l  of  the r a r e f ac t ion  wave at the manganin p r e s s u r e  sensor .  Cor rec t ions  were  introduced when c a r r y -  
ing out the calcula t ions ,  which take into account the th ickness  of  the p r e s s u r e  senso r  and the di f ference in the 
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TABLE 1 

Substance investi- 
gated, g/cm s Screen 

material 

Quartzite 

Po = 2,65 

Copper 
Aluminum 

D olomite �9 
P0 = 2,84 

Anhydrite Po = 2,97 

Sodium chloride 
PO = 2~16 

Paraffin �9 
Po =0,9 

Plexiglas �9 

po= 1,18 �9 

Polyethylene 
P0 = 0,92 

- Polyethylene 
(fluoroplast) P0 = 2,19 

Copper 
Aluminum 

~ea~ ] Parameter of shock-wave] 
locity i compression of sample ] 

Rarefaction 
wave 
velocity e. 
km Isec 

7,22_+0,29 
7,62_+0,13 
7,67• 
8,58_+0,10 
8,80• 
9,12_+0,i3 
9,43• 

8,34 +O,iO 

7,00• 

5,91• 

6,53• 
7,37~0,i5 

6,57-0,t0 
7,56 +_0,17 

4,48• 
6,49.#0,i0 
6,64_+0,t0 
7,3t ~0,1t 

5,68• 
6,59-0,i0 

a 

~ T i T i v i b _ i  

Fig. 1 

scanning speed of the osci l lograph beam. The pa ramete r s  used in the calculations for  the samples c o m p r e s s -  
ed by the shock waves were determined on the basis of the experimental ly  measured  values of the wave ve-  
locit ies in the samples,  D = L / t i ,  and the p re s su res  at the shock front p. The magnitude of the shock-loading 
p res su re  p was determined,  s tar t ing f rom the experimental ly  measured  value of the e lec t r ica l  res is tance  of 
the manganin sensor  behind the shock front, equal to R = (B0+Rout)z/z 0 - R o u t  [1], where z / z  0 is the rat io of 
the amplitude of the beam deflections on the osc l l logram (see Fig. 2). For  this,  the dependence of the e lec -  
t r ica l  res is tance  of the manganin on the shock-loading pressure  R/R0=f(p) f rom [1] was used. Cor respond-  
lngly, the magnitude of the mass  velocity behind the loading shock front u =p/p0 D and the magnitude of the 
relat ive compress ion  of the sample by the shook wave q = p / p o - - D / ( D  - u) were used. In addition, the values 
of p and u were found by the method of "reflection" [2] with respect  to the known pa rame te r s  of state in the 
sc reen  and the experimental ly measured  wave velocity in the sample.  The shock adiahats of the sc reens  used 
for  this were taken f rom [3]. In the coo rd ina t e so fwaveve loe i t yDvs  mass  velocity u, the i r  adiabats are  de- 
scr ibed by the relat ions D = 5.25 +1.39u and D = 3.95 + 1.50u for  aluminum and copper,  respect ively.  Comparison of 
the shock-compress ion  pa ramete r s  obtained in this way for  quartzi te ,  dolomite, and f luoroplast-4 with the 
previously published data [4-6], determined under these conditions by the e lectrocontact  method, show thei r  
excellent agreement .  
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Fig. 2 

The propagat ion  veloci t ies  of  r a r e f ac t ion  waves in the m a t e r i a l s  studied obtained by this  method are 
given in Table 1 toge ther  with the p a r a m e t e r s  used  in the calculat ions for  the shook-wave loading of the samples .  
Eve ry  value given in the table  for  the veloci ty  of the r a r e f a c t i o n  wave is the resu l t  of averaging  5-10 inde- 
pendent record ings  made in a s e r i e s  of identical  expe r imen t s .  The m e a n - s q u a r e  e r r o r s  of the r a re fac t ion  
wave-ve loc i ty  m e a s u r e m e n t s  are  given in the table .  The r e su l t s  of the r a r e f ac t ion  wave-ve loc i ty  m e a s u r e -  
ments  in f iuoroplas t -4 ,  obtained by means  of the manganin p r e s s u r e  sensor ,  a re  found to be in excel lent  ag r ee -  
ment with the data of s i m i l a r  m e a s u r e m e n t s  in [5], c a r r i e d  out by means  of a magne toe lec t r i ca l  method for  
measu r ing  the m a s s  ve loc i t i es .  The ag reement  between the expe r imen ta l  data t hemse lves ,  obtained by the 
different  methods ,  conf i rms  the val idi ty of  the values  of the shock- loading wave veloci ty  m e a s u r e d  by means  
of the manganin p r e s s u r e  s enso r .  

The re la t ion  is noteworthy between the wave and m a s s  ve loci t ies ,  and the r a r e fac t ion  wave veloci t ies  
for  paraff in ,  polyethylene,  f luoroplas t -4  and P lex ig las .  If, f r om the data of the table ,  we calculate  the tangent 
of the angle of l a t e ra l  loading [7] tan ~ =vr(C/D) 2 -  [ (D-u) /D]  2 for  the m a t e r i a l s  l isted,  then the quantity ob-  
ta ined amounts to 1.0-1.1,  which exceeds  cons iderably  the values of tan ~ m e a s u r e d  in [7] for  a number  of 
me ta l s ,  and also for  NaC1 (see Table  1), which amount to only ~0.7.  It cannot be excluded that  such high (1.0- 
1.1) va lues  of  tan ~ are  c h a r a c t e r i s t i c  for  organic  m a t e r i a l s .  An inc rease  of  tan ~ for  quar tz i te  in the region 
examined  f r o m  1 to 1.5 which is propor t iona l  to the i nc r ea se  of p r e s s u r e  is explained,  obviously,  by the oc -  
cu r r ence  in quar tz i te  of  a phase t rans i t ion  of the f i r s t  o rde r ,  s i m i l a r  to that  obse rved  e a r l i e r  when s tudy ing  
boron carbide  [8] and boron ni t r ide [9]. Accordingly,  the Math numbers  ( D - u ) / c  of the subs tances  studied 
are  also l ess  by a fac tor  of 1.5 to 2 by compar i son  with the m a t e r i a l s  invest igated in [7]. 

As the r e su l t s  of the expe r imen t  showed, the use of  the manganin p r e s s u r e  s e n s o r  pe rmi t s  re l iable  
m e a s u r e m e n t s  to be c a r r i e d  out of the ve loc i ty  of sound in nonmetals  in the region of re la t ive ly  low (100-300 
kbar) p r e s s u r e s ,  i .e. ,  in the region where  the use  of the methods of "over taking"  and "edgewise"  s t r e s s  r e -  
l ief  [7] with the photochronographic  r ecord ing  method becomes  ve ry  difficult because of inadequate br ightness  
of  the e m i s s i o n  or iginat ing during impact  of  the thin " separa t ing"  indicator  with the sur face  of the r ece ive r ,  
made of P lex ig las  o r  some other  opt ical ly  t r a n s p a r e n t  m a t e r i a l .  The mer i t  of the p roposed  method is also the 
poss ib i l i ty  of a d i rec t  and independent de terminat ion in each  individual exper iment  s imul taneous ly  of  the ve -  
loc i ty  of sound, the wave velocity,  and the p r e s s u r e .  
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w 1. Exper imenta l  invest igat ions of  s amples  of sandy soi ls  with a bulk weight of ~, o =1.50 g cm 3, m o i s -  
ture  content w =0.003 (a i r -d r i ed  soil) and 0.05; 0.15 were  c a r r i e d  out on a quas i s ta t i c  type of equipment ,  
s i m i l a r  in construct ion to that desc r ibed  e a r l i e r  in [1]. The equipment cons is t s  of a ve r t i ca l ly  standing cyl -  
inder with the sample  of soil  d is t r ibuted in it in a spec ia l  co l la r  with a d i ame te r  of D0=150 m m  and height 
h0=30 mm and a piston which t r a n s m i t s  a shock loading to the soil  sample .  Different conditions of d e fo rma-  
tion of the s amples  were  c rea ted  by means  of rubber  space r s  and by varying the drop height of the load. In 
addition, s ta t ic  t e s t s  of the samples  were  c a r r i e d  out at a ra te  of deformat ion of e =2 �9 10 -3 to 0.5 �9 10 -'~ sec -1. 
Each sample  was subjected to a t r ip le  loading. A fivefold repeat  of the expe r imen t s  was provided for,  under  
one and the same conditions ( se r ies  of exper imen t s ) .  

The pr incipal  s t r e s s e s  in the sample  al(t) and a2(t) were  r eco rded  by means  of t e n s o m e t r i c  p robes ,  in- 
s ta l led in the cen te r  of the piston, in the cen te r  and edge of the cyl inder  bottom (four probes) ,  and in the l a t -  
e r a l  sur face  of the co l la r  (two probes) .  The total  force  t r ansmi t t ed  to the sample  by the shock was r eco rded  
also by means of a t en some t r i c  th imble .  

The t ensome t r i e  probes  for  measu r ing  the s t r e s s e s  had a d i ame te r  of the sensi t ive  e lement  (a round 
thin plate,  pinched around the outline) of d = 22 mm and a th ickness  of 5 =2 to 4 mm.  The s y s t e m a t i c  e r r o r s  
of the s t r e s s  m e a s u r e m e n t s  with these  probes  in the range of loads invest igated were  studied in [3] and did 
not exceed ~: 3 to 5% in the expe r imen t s .  

Compar i son  of the readings  of the probes  located in the center  of the piston and in the cen te r  and edge 
of the cyl inder  bot tom conf i rms  the i r  ag reemen twi th  an accuracy  up to the random m e a s u r e m e n t  e r r o r s .  A 
s i m i l a r  conclusion can be drawn with r e spec t  to the data on the s t r e s s e s  ~l(t) obtained by m e a s u r e m e n t s  of 
the total  force t r a n s m i t t e d  to the sample  by the shock. The re fo re ,  in the future,  all p robes  for measu r ing  
the s t r e s s e s  crl(t) will be t r ea t ed  as equally just if ied.  It was assumed,  the re fo re ,  that the s t r e s s e s  o v e r  the 
height of the sample  and ove r  its d i am e t e r  are  dis t r ibuted uniformly.  

The deformat ions  of the sample  were  measu red  by means of th ree  t e n s o m e t r i c  d isp lacement  probes ,  
posit ioned at angles of 120 ~ (in the plane of the sample) .  The d isplacement  probe consis ted  of two a r m s ,  
r igidly attached in the lower par t  of the cyl inder .  A wedge, joined to the movable  piston of the equipment,  
was instal led between the a r m s .  T e n s o m e t e r s  were  s ecu red  to the a r m s ,  the s ignals  f rom which are  p ro -  
port ional  to the d isplacement  of the piston. 

The deformat ion was de te rmined  in quas is ta t ic  approximat ion by the  re la t ion  ~ (t) =u(t)/h0, where  u(t) 
is the d isp lacement  of the piston. The s t r e s s e s  to be recorded  all(t) and a2i(t) and the deformat ion e i  (t) (i = 
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