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Experimental results are given on the parameters of cylindrical blast waves in water- 
impregnated sandy loam as a function of the charge depth, the distance from the charge, 
and the free porosity of the soil. 

Experimental  data have been published on the pa ramete r s  of cylindrical  and spherical  blast  waves in 
soils containing ambient mois ture  [1-4] and of spherical  waves in wate r - impregna ted  sands [5, 6]. 

We now give the resul ts  of an experimental  study of the pa ramete r s  of blast  waves from cylindrical 
charges  in wate r - impregna ted  sandy loam at the wate r  diminution level. The need for  such a study has been 
dictated by the considerable number  of technological problems using cylindrical  high-explosive charges  
under soil conditions analogous to those in the present  experiment.  The granulometr ic  composition of the 
soil is descr ibed below. The mois ture  content of the soil under natural impregnation conditions is 39 to 41% 
the volumetr ic  density p = 1.92 g /cm ~, and the free porosi ty  a l  = 2.5 �9 10-2: 

5, mm 0.5--0.25 0.25--0.05 0.05--0.0t 0.01--0.005 < 0.005 
n, % 46.5 21.32 23.7 4.58 3.9 

We used horizontal cylindrical TNT charges 5 m in length, which had the following weights per  me te r  
C and placement  depths H- 

c, kg/m4.0 2.0 2.0 2.O 1.0 1.0 1.0 1.0 
H, m 0.80 0.93 0.56 0.45 0.20 0.35 0.55 0.70 

We also used vertical cylindrical charges 3 m in length with weights per unit length of 0~ 1.0, and 
lo4 kg/m. 

The blast wave parameters were measured by the procedure of [2, 4] with the use of strain gauges, 
whose signals were amplified by an 8 ANCh (low-frequency) amplifier and recorded on a modified-design 
N-700 oscilloscope [1]. 

The strain gauges were implanted in the soil at calculated distances from the blast source in special 
boreholes 45 mm in diameter and were then covered over layer by layer with the original soil taken from 
the holes. The subsequently tamped and water-impregnated soil established continuous contact between 
the soil mass and the gauge diaphragm~ The body of the gauge was filled with transformer oil to protect 
the measuring and current-carrying elements from the water~ The oil-filled gauges were statistically 
calibrated in a hydraulic press just priorto their placement in the bore holes. 

In recording the blast waves from a horizontal cylindrical charge the gauges were placed at the same 
depth as the charge along the perpendicular to its midpoint, and for a vertical cylindrical charge they were 
also placed along the perpendicular to it at the same depthas its midpoint. 

The experimental data were processed by geometrical similitude principles, whereby the similar 
time, depth, and distance are chosen in the form 

Kiev. Trans la ted  from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No= 4, pp. 88-93, 
July-August ,  1974. Original ar t ic le  submitted July 30, 1973o 

O19 76 Plenum Publishing Corporation, 22 7 West 17th Street, New York, N. Y. 10011. No part o f  this publication may be reproduced, 
stored m a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming, 
recording or otherwise, without written permission o f  the publisher. A copy o f  this article is available from the publisher for $15.00. 

507 



4"*_, t~, sec- kg "1/2 

# 

/r 

0 
O.Y 

S 
& 

7 Z# 

. , /  

/ 

&, m- kg'V~ 
Z Z,# 

Fig .  1 

t_ ~ = tOat- lOat* H+ -- H B g ~ '  t+~ g g '  g ~ '  R+= g c  (1) 

where  t_ and t+ a r e  the t imes  (msec) of a r r i v a l  of the d i s -  
turbance and of maximum s t r e s s  at a given point,  and R 
is the d is tance  (m) f rom the charge  to the m e a s u r e m e n t  
s i t e .  

All  the expe r imen ta l  r e su l t s  a r e  pIotted below in 
app rop r i a t e  coord ina tes  with a l lowance for  the scaIe  
effect in p r o c e s s i n g  of the data by the method of l ea s t  
s q u a r e s .  

It has been shown expe r imen ta l ly  [6] that  a b las t  
wave in comple te ly  w a t e r - s a t u r a t e d  soi l  has a shock 
c h a r a c t e r  a t  any d i s tance  f rom the b l a s t  source ,  i . e ,  as  
the wave front  app roaches  a given point in the soil  mass  
the p r e s s u r e  at  the front  jumps ins tantaneously  to a f inite 
vaIue (r= % and then decays  a lmos t  exponent ia l ly .  

F o r  soi l  in the given phys ica l  s ta te ,  upon denotation of a c y l i nd r i c a l l y  s y m m e t r i c  charge  in an un- 
bounded medium,  the s t r e s s  in tens i ty  at the wave front  decays  with d is tance  only as  a r e s u l t  of g e o m e t r i c a l  
sp read ing  of the front  without p l a s t i c  deformat ion  l o s s e s .  Any d e p a r t u r e  of the wave damping f rom that  
just  s ta ted ,  l ike  the decay of any b l a s t  wave front ,  i . e . ,  the oc c u r r e nc e  of a d i spa r i t y  in the propagat ion  
ve loc i t i e s  of the wave front  and the s t r e s s  max imum,  ind ica tes  energy  l o s s e s  in p la s t i c  deformat ion of the 
s o i l .  

It has been e s t ab l i shed  expe r imen ta l l y  that  with even a s l ight  f ree  po ros i t y  of the soi l  (less than 2% 
by volume) ,  a t  c e r t a in  d i s t ances  f rom the b l a s t  s o u r c e  the wave front  of the e l a s t i c  d i s tu rbances  will  
s e p a r a t e  f rom the m a x i m u m - s t r e s s  f ront ,  i . e . ,  the b l a s t  wave wiI1 lo se  i ts  shock c h a r a c t e r .  The e x p e r i -  
menta l  cu rves  in Fig.  1 c h a r a c t e r i z e  the a r r i v a l  t ime  a t  a given point in the soil  m a s s  of the wave f ronts  
of the e l a s t i c  d is turbanc~ (curve 1) and s t r e s s  maximum (curve 2) in w a t e r - i m p r e g n a t e d  sandy loam,  
along with t h e i r  coun te rpa r t s  in pure  loam (curves 3 and 4), r e s pe c t i ve l y ,  with an undis turbed densi ty  of 
1.96 g / c m  3 and a vo lumet r i c  m o i s t u r e  content of 14% in the detonation of a ve r t i c a l  cy l indr i ca l  charge .  
The curves  a r e  d e s c r i b e d  m a t h e m a t i c a l l y  by a power  law of the form 

t_ ~ t+ ~ = a iR_  b~ (2) 

The values  of the coeff ic ient  a i and power  exponents bi a r e  as fol lows:  
Impregnated sandy loam 

al a2 a5 as bz b,, b~ b6 
i . 1 5  i . 1 5  i . i 6  t . 24  t . 0  t . t 2  i . 0  1.1 

Ambient moisture loam 

aa a4 aT as ba b~ b~ bs 
2.59 4.74 3.06 4.54 1 t.58 t t.19 

The subsc r i p t s  a t tached  to the coeff ic ients  and exponents indicate  the curve numbers  in F ig .  1. The sub-  
s c r i p t s  5-8 r e f e r  to hor izonta l  cy l ind r i ca l  cha rges  in impregna t ed  sandy loam (5, 6) and natural  loam (7,8). 

As the data of Fig .  1 show, along with the pe rcep t i b l e  decay of the b las t  wave front  for  the given 
types  of so i l s ,  a l a r g e  d i spa r i t y  is a l so  noted in the absolu te  values  of t and t+ in connection with the 
d i f ferent  m o i s t u r e  contents of the app rox ima te ly  equa l -dens i ty  so i l s .  

The propagat ion  speeds  of the e l a s t i c  f ront  ( D )  and s t r e s s  max imum (D+) fo r  a cy l ind r i ca l  b l a s t  
wave in both types of so i l s  as  a function of the r e l a t ive  d is tance  R+ a r e  s a t i s f a c t o r i l y  de sc r ibed  by equa-  

t ions of the form 

D_, D+ = m~R+ ~ (3) 

The numer i ca l  values  of the coeff ic ients  mi and exponents ni a r e  as  follows: 

Impregnated sandy loam 
/7$1 /Zig /~5 D~6 n l  //2 //5 I/6 

870 850 265 730 0 0.t2 0 0.i 
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Ambient moisture loam 
P~3 ?Y~4 ?n7 1~8 n3  Yt4 1~,7 r/8 

386 i93 340 i85 0 0.58 0 0.19 

The s u b s c r i p t s  for  the type of soi l  and type of charge  a re  
analogous to those used above.  

Thus,  in the range of r e l a t ive  d i s tances  f rom the 
b las t  source  for  the given cu rves ,  i r r e s p e c t i v e  of the type 
of soi l  o r  i ts deg ree  of impregna t ion ,  the b l a s t  wave front  
and m a x i m u m - s t r e s s  fronts  p ropaga te  at dif ferent  speeds .  
It has been demons t r a t ed  e xpe r i m e n t a l l y ,  on the o ther  
hand, that  fo r  r e l a t ive  d is tances  suff icientIy c lose  to a 
cy l indr ica l  charge  (R+ < 0.1), i r r e s p e c t i v e  of the f r ee  
po ros i ty  of the medium,  a b las t  wave with a shock front  

p ropaga t e s  in it [7]. The d is tances  at  which the front  decays ,  d e c r e a s e s  as  the f ree  po ros i t y  i n c r e a s e s  and 
i n c r e a s e s  with the degree  of impregna t ion  of the so i l .  

The dependence of the i n c r e m e n t  or+ of the normal  r ad ia l  s t r e s s e s  at  the b las t  wave front  on the 
r e l a t i ve  d is tance  is shown in Fig .  2 fo r  the detonation of v e r t i c a l  (curve 3) and hor izonta l  (curve 2) charges  
in w a t e r - i m p r e g n a t e d  soi l  and for  the detonation of a v e r t i c a l  cy l indr i ca l  charge  in the compar i son  loamy 
soi l  (curve 1). The decay of the s t r e s s e s  in the cy l indr ica l  b l a s t  waves  is  given by an equation of the form 

a+ = k~R+ -~ (4) 

The numer i ca l  values  of the coeff ic ients  k i and exponents #i a r e  as follows: 

kz k2 ka ~tz tt2 ~t3 
9.75 i440 i14.8 2.t7 4.8 3.76 

The subsc r i p t s  c o r r e s p o n d  to the curve numbers  in F ig .  2~ 

As Fig.  2 ind ica tes ,  the damping of the b las t  wave f rom a hor izonta l  cy l indr i ca l  charge  with d is tance  
fo r  one given type of soi l  is  m o r e  rap id  than fo r  a ve r t i ca l  cy l indr ica l  charge .  This d i f ference  is explained 
by the influence of the f ree  su r f ace ,  in that  the s t r e s s  in tens i ty  at  the wave front  a t  equal r e l a t ive  d i s tances  
f rom the b l a s t  sou rce  d e c r e a s e s  with sha l lower  p lacement  of the charge  re l a t ive  to the f ree  su r f ace .  

The va r ia t ion  of the s t r e s s e s  at  the wave f ront  at  a ce r t a in  d is tance  (R+ = 1.96) from hor izonta l  
cy l i nd r i ca l  charges  p laced  at  d i f ferent  depths in w a t e r - i m p r e g n a t e d  soiI is  shown in F ig .  3. It is seen that  
the s t r e s s e s  i n c r e a s e  ins igni f icant ly  as  the re la t ive  depth is  i n c r e a s e d  within the in te rva l  H+ < 0.45; in the 
in te rva l  0.45 -< H+ -< 0.75 the maximum s t r e s s  at the wave front is seen to i n c r e a s e  sharp ly ;  for  H+ > 0.75 
the or ig ina l  dependence is obse rved ,  i . e . ,  a fu r the r  i n c r e a s e  in the p lacement  depth of the charge  y ie lds  
only a s l ight  i n c r e a s e  in the s t r e s s e s ,  which tend in the l imi t  to a definite value c h a r a c t e r i s t i c  of the given 
soi l  type,  i ts  ini t ia l  phys ica l  cons tants ,  and the r e l a t ive  dis tance from the b l a s t  source .  

The depth H+ = 0.75 is the min imum p lacement  depth for  a hor izpi l ta l  cy l indr i ca l  h igh-exp los ive  
charge ,  c h a r a c t e r i z i n g  the optimum reg ime  for  the t r a n s f e r  of explosiveTs energy  into the b las t  wave.  

Sufficiently long ve r t i ca l  cy l ind r i ca l  charges  detonated under  typica l  undergound conditions a r e  
s i m i l a r  to hor izonta l  cy l indr i ca l  charges  p laced  at  the depth H+ = 0.75. The ra te  of damping of the b las t  
waves  from such charges  in one type of soil  is t he re fo re  roughly the same .  F o r  a sha l lower  p lacement  
depth r e l a t ive  to the f ree  su r face  the in tens i ty  of the b las t  waves from hor izonta l  cy l indr i ca l  charges  at  
equal r e l a t i v e  d i s tances  is  lower  than fo r  ve r t i c a l  cy l indr i ca l  charges~ 

It follows f rom a compar i son  of curves  1 and 3 in Fig.  2 that for  different  mo i s tu re  contents and 
di f ferent  s t r uc tu r a l  bonds in the soi l  the maximum s t r e s s e s  at  the b las t  wave front  a t  ide~ztical r e l a t i ve  
d i s t ances  f rom the b l a s t  sou rce  can va ry  by an o r d e r  of magnitude o r  m o r e .  

The samping  of the b las t  wave in tens i ty  is a function of the energy  spent in volume deformat ion  of 
the given type of so i l .  At the b l a s t  wave front  a local  m i c r o d e f o r m a t i o n  of the soi l  takes  p lace ,  which is 
fe l t  in a cons t r i c t ion  of the a i r - f i l l e d  f ree  po re s  and in a breakdown of the r ig id  cementa t ion  bonds and 
force  f ie ld a s s o c i a t e d  with in te rac t ion  of the w a t e r  s t r a t a .  The energy  l o s s e s  and intensi ty  decay a t  the 
b l a s t  wave front t he re fo re  depend on the mo i s tu re  content of the soi l ,  i . e . ,  on how highly developed a r e  the 
ind ica ted  types  of s t r u c t u r a l  bonds the re in .  
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For  a specific soil  type the la t te r  c r i t e r ion  depends mainly on the degree  of impregnation or  f ree  poros i ty  
of the soil.  

The var ia t ion of the propagation speed of a modera te - in tens i ty  blast  wave front  (D_) is shown in 
Fig. 4 fo r  various f ree  poros i t ies  (~l) in sandy loam (curve 3). Also shown for  compar ison a r e  the 
analogous var ia t ions in pure loam (curve 1) and sand (curve 2) according to the data of [5, 8, 9]. In the 
interval  f rom ~l(~ to ~l (1) the propagation speed of the front drops abruptly due to the emergence  of the 
f r ee  poros i ty  and the increased  compress ib i l i ty  of the sandy loam. In the interval  f rom ~l(l) to ~l (2) the 
compress ib i l i ty  of the sandy loam dec reases  due to the capi l lary re in fo rcement  effect ,  and the propagation 
speed of the front  inc reases  accordingly.  

The dec rease  of D_ a f t e r  the sandy loam reaches  a f ree  poros i ty  ~l = oq (2) is at t r ibutable to reduction 
of the mois tu re  menisci  and of the capi l lary  tension fo rces .  The behavior  of D_ for  a f ree  porosi ty  ~l > ~l (~) 
is de termined  by the development of rigid cementat ion bonds and lower  compress ib i l i ty  of the sandy loam. 

In heavy sandy loams the percentage  content of finely d i sperse  f ract ions  inc reases ,  and the rol~ of 
the capi l lary  forces  iS diminished so the behavior  of D_ = D_(~i) cor responds  quali tat ively to curve 1 in 
Fig.  4. In light sandy loams the cementat ion bonds for  a f ree  porosi ty  ~l > ~l (s) a re  poorly developed, 
and the propagation speed of the front  is s imi l a r  to the analogous dependence for  sand (curve 2). 

1. 

2~ 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

L I T E R A T U R E  C I T E D  

A. A.Vovk, G. I. Chernyi,  and A. G. Smirnov,  Strain of Compress ible  Media in Dynamic Loading [in 
Russian],  Naukova Dumka, Kiev (1971). 
A. A. Vovk, V. I. Kononenko, I. A. Luchko, and V. A. Plaksii ,  " P a r a m e t e r s  of shock waves in deton- 
ations of horizontal  cyl indrical  charges  in loam,"  Zh. Pr ik l .  Mekhan. Tekhn. Fiz . ,  No. 3 (1969) 
G. I. Lyakhov and Z. V. Narozhnaya, "Exper imenta l  studies of blast  waves in clay oil," Zh. Pr ik l .  
Mekhan. Tekh. F iz . ,  No. 2 (1961). 
S. S. Grigoryan,  G. M. Lyakhov, V. V. Mel'nikov, and Go V. Rykov, "Blas t  waves in fo res t  soil ,  ~ Zh. 
Pr ik l .  Mekhan. Tekh.  Fiz . ,  No. 4 (1963). 
Go M. Lyakhov and N. I. Polyakova, Waves in Dense Media and Loading on St ruc tures  [in Russian], 
Nauka, Moscow (1966). 
G. M. Lyakhov, Fundamentals  of Blast Dynamics in Soils and Fluid Media [in Russian], Nedra,  
Moscow (1964). 
B. D. Khris toforov,  " P a r a m e t e r s  of shock waves in the detonation of a spherical  charge in porous 
NaC1, n Fiz .  Gore , i~  Vzryva,  7, No. 4 (1971). 
M. P. Lysenko,  Composition and Physicomechanica l  P roper t i e s  of Soils [in Russian], Nedra, Moscow 
(1972). 
Yu. I~ Gr imza ,  "Results  of exper imenta l  studies to de termine  the propagation speed of longitudinal 
waves inso i l samples , "  in: Soil Dynamics [in Russian], No. 44, Goss t ro i izdat ,  Moscow (1961). 

510 


