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Effe ts  de  v ib r a t io n s  s ur  le  s a ble  e t  me s ur e  de s  p r o p r ié té s  d y n a m iq ue s

Z. B A Z A N T ,  d r . s c . ,  Profe s sor o f  Foundat io n  Engine e ring , T e chnical Unive rs ity , Prague , Cze chos lov ak ia  

A .  D V O R A K ,  c .s c . ,  Prague , Cz e chos lov ak ia

S U M M A R Y

P a r t  A  gives  the  re sults  o f  a  s tudy  on  the  e ffects  o f  wave  
p r op a ga tio n in  s a tura te d s and, c r e a t ing  d y na m ic  s ta bility , c o m 
p ac tio n, o r  lique fac t io n.

P a r t  B conce rns  d y na m ic  tests o f  the  s ubs oil. Os cilla t ions  
o f a concre te  bloc k and o f the  s u r r o und ing  g r o und  caus e d by 
the  im p a c t  o f  a h a m m e r  ma ke  it  pos s ible  to  ca lculate  the  e las tic ity 
mo d ulus , d a m p ing , a nd abs or ption.

s o m m a i r e

La  pa r t ie  A  d o nne  les  rés ulta ts  de  l ’é tude  de  la  p ro p ag a tion  des  
onde s  dans  u n  s able  s a turé  p r odu is ant  la  s tabilité  d y na mique , 
le  compa c tage  o u  la  liq ué fa c tion  du  s able .

L a  pa r tie  B d onne  le s  rés ulta ts  d ’essais  dy na mique s  s ur  le  sous-  
s ol. L ’a u te ur  dé mo nt r e  q u ’o n  pe u t ca lcule r  le  m od ule  d ’élas tic ité , 
l ’amor tis s e me nt e t l ’a bs or ption e n ut ilis ant  les  v ibra t ions  d ’un 
bloc  de  bé ton e t d u  s ol e nvir o nna nt  causées  p a r  le  choc  d ’un  
mouto n.

A. v i b r a t i o n  o f  s a t u r a t e d  s a n d  

Pre v ious  Re s earch

V ib r a t io n  p r o d u c e s  fo u r  e ffe c ts  in  s a tu r a te d  s a n d :  d y n a m ic  

s t a b ility , c o m p a c t io n , liq u e fa c t io n , a n d  m o t io n  o f  s a nd. 

T h e s e  e ffe c ts  a r e  a t t a in e d  in  th e  o r d e r  na m e d  a s  a c c e le r a t io n  

inc r e a s e s  f r o m  ze r o  to  a  va lu e  o f  s e ve r a l g r a v ity  a c c e le r a t io ns . 

U n t il n o w  th e  s tud ie s  (m o s t ly  fo r  d r y  s a n d ) c o m p r is e d  th e  

lim it  o f  d y n a m ic  s ta b ility , d e fine d  b y  c r it ic a l a c c e le r a t io n  

(M a s lo v ,  1 9 5 7 ) ,  c o m p a c t io n  (M o g a m i a n d  K u b o ,  1 9 53 ; 

B a r k a n , 1 9 5 9 ) ,  liq u e fa c t io n  ( Iv a n o v ,  1 9 6 2 ) , a n d  m o t io n  

(K r o ll,  1 9 5 4 ) . Ne ve r th e le s s  th e  r e s ults  w e r e  s o m e t im e s  

c o n t r a d ic to r y . T h e  a t t e m p t  o f  th e  a u t h o r  (B a z a n t ,  1 9 6 1 ) 

t o  s olve  th e  e ffe c ts  o f  v ib r a t io n s  in  a  th e o r e t ic a l w a y  w a s  n o t  

c o n fir m e d  e x p e r im e n ta lly .  I t  w a s  fo u n d  t h a t  c o m p a c t io n  is  

n o t  th e  fu n c t io n  o f  e ith e r  v e lo c it y  f  X  A ,  o r  a c c e le r a t io n  

X A ,  w h e r e  /  is  fr e q u e n c y , A  is  a m p lit u d e  (B a z a n t ,  1 9 6 4 ).  

It  is  ne ce s s a r y  to  t a ke  in t o  a c c o u n t  s im u lt a n e o u s ly  th e  

a c c e le r a t io n ,  fr e q u e n c y , h e ig h t , a n d  v o lu m e  o f  th e  v ib r a t in g  

s a n d .

Wav e  Propagation in  S aturate d S and  

V ib r a t io n  o r ig in a t in g  a t  th e  b o t t o m  o f  a  la y e r  o f  s a n d  

p r o p a g a te s  f r o m  u n d e r ly in g  t o  o v e r ly in g  g r a ins  a n d  a ls o  

th r o u g h  w a te r . Ve r t ic a l v ib r a t io n  o f  th e  b as e  c a us e s  r a is in g  

o f  th e  fir s t  la y e r  o f  g r a in s  in  th e  fir s t  p h a s e ; th e  u p p e r  la y e r s  

d o  n o t  m o v e  a n d  c o m p r e s s io n  o f  th e  s a nd  r e s ults . T h e n , 

s ucc e s s ive ly  a ll th e  la y e r s  r is e . In  th e  s e c o nd  p h a s e  th e  bas e  

b e g ins  t o  fa ll a n d  th e  fir s t  la y e r  o f  g r a in s  fo llo w s . U p  t o  th is  

t im e  th e  u p p e r  la y e r s  a r e  r is in g  a n d  c o ns e q u e n t ly  d ila ta t io n  

o f  s a nd  d e ve lo p s .

A lt e r n a te  c o m p r e s s io n  a n d  d ila ta t io n  c a n  be  ne g lig ib le  

fo r  s m a ll a c c e le r a t io n  a n d  d y n a m ic  s ta b ility  is  r e ta ine d . 

T h is  s h o u ld  be  th e  c as e  fo r  m a c h in e r y  fo u n d a t io n s . G r e a te r  

a c c e le r a t io n  ca us e s  c o m p a c t io n . T h is  h o ld s  fo r  o r d in a r y  

v ib r a t in g  e q u ip m e n t .  F o r  inc r e a s in g  a c c e le r a t io n  fu r th e r  

liq u e fa c t io n  o f  s a n d  r e s u lt s , a  t r a ns ito r y  s ta te  fo llo w e d  b y  

la r g e  c o m p a c t io n . T h is  p r in c ip le  is  us e d  in  v ib r o flo ta t io n .

F o r  a c c e le r a t io n  a t t a in in g  s e ve ra l g r a v it y  a c c e le r a t io ns , 

m o t io n  o f  s a n d  e ns ue s ; th is  is  th e  s te a dy  s ta te  e n d in g  o n ly  a t  

th e  e n d  o f  th e  v ib r a t io n . V ib r a t o r y  m o t io n  o f  s a n d  is  us e d  

fo r  h a n d lin g  o p e r a t io ns  o n  v ib r a to r y  c o nve y o r s  a n d  fo r  

m ix in g  p ur p o s e s  in  v ib r a t in g  m ix e r s .

W a v e  p r o p a g a t io n  a d d s  to  th e  s ta t ic  s ta te  o f  s tre s s  p u ls a 

t in g  d y n a m ic  s tre s ses  in  g r a in s  a n d  w a te r . T h e  e ffe c t ive  

d y n a m ic  n o r m a l s tre s s  is  g iv e n  b y

V<\  =  +  °\ l —  « S  -  w d> ( 1 )

w h e r e  s u b s c r ip t  s  d e no te s  s ta t ic  v a lu e  a n d  d  d y n a m ic  va lue .  

F r o m  th e  M o h r  e n ve lo p e  S  fo r  s ta t ic  c as e  (F ig .  1 ) w e  

o b t a in  th e  s ta t ic  t a n g e n t ia l s tre s s

r s =  <rs'  t a n  <j), (2 )

w h e r e  a- / =  <rs — wK. Str e s s  c o n d it io n s  fo r  th e  d y n a m ic  

c as e  c a n  be  d e r iv e d  (B a z a n t , 1 9 6 4 ) ,  un d e r  th e  a s s u m p t io n  

th a t  th e  M o h r  e nve lo p e  D  a t  c o n s ta n t  a c c e le r a t io n  a  is  c u r ve d  

( L ’H e r m it e ,  1 9 4 8 ; K u t z n e r , 1 9 6 2 )  (F ig .  1 ) a n d  t h a t  th e

f i g .  1. M o h r ’s d iagr ams  o f 
s a tura te d s and fo r  s ta tic  a nd  

d y na m ic  case .
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a ng le  o f  s h e a r ing  r e s is tance  <f> d oe s  n o t  a lt e r  d u r in g  v ib r a 

t io n  a n d  f r o m  th e s e  w e  o b ta in  th e  d y n a m ic  ta n g e n t ia l s tre s s

Ta =  f ' . i  ta n  ( 3 )

D is s ip a t io n  o f  w a v e  e ne r g y  is  ne g le c te d  a n d  it  is  a s s um e d  

th a t  th e  w a ve  e ne r g y  is  s uffic ie nt  fo r  u n d a m p e d  w a ve  p r o p a 

g a t io n  in  th e  w h o le  h e ig h t  o f  th e  la y e r , a  c a s e  s t r ic t ly  h o ld in g  

fo r  e a r th q u a k e  e ffe c ts . C o n s e q u e nc e s  o f  the s e  a s s um p t io ns  

a r e  g iv e n  b e lo w .

Dy nam ic  S tability

S a n d , w h ic h  is  s u ffic ie n t ly  de ns e  fo r  a  g ive n  a c c e le r a t io n , 

c a n n o t  b e  c o m p a c t e d  b y  v ib r a t io n , b e c a us e  its  d ila t a t io n  

d u e  t o  w a v e  p r o p a g a t io n  is  s o s m a ll t h a t  th e  g r a in s  c a n n o t  

m o ve . S u c h  s a n d  has  d y n a m ic  s ta b ility . F o r  a  g iv e n  u n it  

w e ig h t  e x pre s s e d b y  d r y  d e n s ity  y d, it  is  p o s s ib le  t o  d e te r 

m in e  th e  c r it ic a l a c c e le r a t io n  a,., w h ic h  is  th e  u p p e r  lim it  o f 

a c c e le r a t io n ,  c r e a t ing  in  s a n d  o n ly  e la s t ic  m o v e m e n t s  a n d  

th e r e fo r e  r e ta in in g  th e  s a n d  in  a  c o n d it io n  o f  d y n a m ic  

s ta b ility .
C r it ic a l a c c e le r a t io n  a,. w a s  m e a s ur e d  o n  a  v ib r a t in g  ta b le  

m o v in g  v e r t ic a lly , o n  w h ic h  a  gla s s  c o n t a in e r  fille d  w it h  

s a tu r a te d  s a n d  w a s  a t t a c h e d . A ft e r  v ib r a t io n  the  fina l v ib r a 

t io n  d r y  d e ns ity  y d v  w a s  m e a s u r e d , a n d  th e  a c c e le r a t io n ,  

th r o u g h  w h ic h  it  w a s  o b ta in e d , w a s  c o ns id e r e d  as  c r it ic a l 

a c c e le r a t io n  av. T h is  w a s  c o n fir m e d  b y  r e p e a te d  v ib r a t io ns , 

w h ic h  p r o v e d  t h a t  th e  s a nd  o f  d e ns ity  y dv  h a d  r e a c h e d  

d y n a m ic  s ta b ility . T h is  d y n a m ic  s t a b ility  h o ld s  fo r  ve r t ic a l 

v ib r a t io n  a n d  fo r  s a nd  s e d im e n te d  in  th e  s a m e  w a y  as  in  th e  

gla s s  c o n ta in e r . F o r  a n o t h e r  d ir e c t io n  o f  v ib r a t io n  a n d  

a n o t h e r  k in d  o f  s e d im e n ta t io n , e ve n if  y (U. w a s  r e a c h e d , a  

c e r ta in  c o m p a c t io n  c a n  b e  e x p e c te d  b u t  it  is  r e la t ive ly  s m a ll.

Str e s s  c o n d it io n s  fo r  d y n a m ic  s ta b ility  w e r e  s tu d ie d  p r e 

v io u s ly  (B a z a n t ,  1 9 6 4 ) .  T h e y  r e q u ir e

o-p - » 0 . (4 )

<t p is  e x p a n s io n  p r e s s u re , w h ic h  is  d e fine d  b y

- ° - p  =  o \ i — M(1 ( 5 )

w h e r e  trA is  th e  d y n a m ic  to ta l s tre s s  a n d  w() th e  d y n a m ic  

e xce s s  p o r e  p re s s ur e  o ve r  h y d r o s ta t ic  p r e s s u r e  ws. o-p b e c o m e s  

ne g a t iv e  b e c a us e  wd >  cr(] a n d  s o it  c a n  be  t e r m e d  e x p a ns io n  

p re s s ur e .
V a r ia b le s  o f  th e  p r o b le m  w e r e  o b ta in e d  fr o m  th e  a s s u m p 

t io n  th a t  ac is  a  fu n c t io n  o f  th e  d y n a m ic  e ffe c tive  s tre s s  g ive n  

b y  E q  ( 1 ) ,  w h ic h  c a n  b e  w r it t e n  as  th e  s u m  o f  th e  s ta t ic  

e ffe c t ive  s tre s s  a n d  e x p a n s io n  p r e s s u re , c r e a te d  in  s a tu r a te d  

s a nd  d u r in g  v ib r a t io n :

cra'  =  a- J — o- „. ( 6 )

S ta t ic  e ffe c t ive  s tre s s  is  a  fu n c t io n  o f

<  =  / ( y dv, Tw> H ) ,  ( 7 )

w h e r e  H  is  th e  h e ig h t  o f  th e  v ib r a t in g  s a nd  la y e r , a n d  e x p a n 

s io n  p re s s u re

<rp =  f ( y a v, y „ , A , g , V ) ,  (8 )

w h e r e  A  is  th e  a m p litu d e . Ex p a n s io n  p re s s ur e  w a s  s up p o s e d  

to  be  a  fu n c t io n  o f  th e  w a v e  e q u a t io n , w h ic h  g o ve r ns  th e  

o ne - d im e ns io n a l w a v e  p r o p a g a t io n  in  th e  p r is m  o f  s a n d  o f 

v o lu m e  V . T a k in g  fu r th e r  in t o  a c c o u n t  th e  v a r ia t io n  o f  w a ve  

v e lo c ity  w it h  fr e q u e n c y  f  (s o- ca lle d d is p e r s io n )  a n d  c o ns id e r 

in g  th e  n a t u r a l fr e q u e n c y  / ,„  th e  g e n e r a l fo r m  o f  th e  c r it ic a l 

a c c e le r a t io n  (o r  c o m p a c t io n )  fu n c t io n  w a s  fo u n d  t o  be

/ (?d v , Tw, A / „ , A ,g ,  H , V ) = 0 .  ( 9 )

A p p ly in g  th e  d im e n s io n a l a na ly s is  th e  d im e ns io n le s s  fu n c t io n  

o f five  va r ia b le s  w a s  o b ta in e d

f ( y dv / y *, f / f n, ° c / g , W / v ,  A / H )  = 0  (1 0 )

w h e r e  y dv/ y w is  th e  r e la t iv e  d r y  d e ns ity , / / / „  r e la t ive  fr e 

q ue nc y , a j g  r e la t ive  c r it ic a l a c c e le r a t io n , H- '/ V  fo r m  
fa c to r ,  A / H  r e la t ive  a m p litu d e .

A s s u m in g  A / H  to  b e  ne g lig ib le , it  is  p o s s ib le  to  d e te r 

m in e  th e  r e la t ive  c r it ic a l a c c e le r a t io n  a j g  fr o m  F ig . 2  as  th e

H/Z f/fn =Z674cf/cm1
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f ig .  2. Re la t ive  c r it ica l acce le ra tion.

fu n c t io n  o f  (y dv/ y w, / / / , „  H z/ V ) .  T h e  ir r e g u la r  s h a p e  o f  

c u r ve s  is  ine v it a b le ,  b e c a us e  fo r  e a c h  c o m b in a t io n  o f  a m p li 

t u d e  a n d  fr e q u e n c y  th e  v a lu e  o f  ne g le c te d  t r a ns ve r s a l a n d  

to r s io na l w a ve  p r o p a g a t io n  c h a ng e s .

T h e  s a n d  te s te d h a d  g r a in  s ize s  o f  0 .2  to  0 .5  m m , tf> =  3 5 °,  

y s =  2 .6 7 4  g / c u .c m . ,  in it ia l y d  =  l . 4 7  g / c u .c m . ,  n =  4 5  

p e r  c e n t , R d  =  0 .1 9 , f n =  3 7  cps .

Com pac t ion

F r o m  F ig . 2  it  is  a ls o  p o s s ib le  t o  p r e d ic t  th e  va lue  o f  c o m 

p a c t io n .  S a n d  und e r g o e s  c o m p a c t io n  u n t il y dv, c o r r e s p o nd in g  

to  a  g ive n  a c c e le r a t io n  a, is  r e a c h e d . V ib r a t io n  d e n s ity  y dv 

c a n  be  fo u n d  f r o m  F ig . 2  a s s u m in g  «  =  « c. It  is  o f  c o ur s e  

ne ce s s a ry  t o  t a k e  in t o  a c c o u n t  th e  r e la t ive  fr e q u e n c y  f / f n 
a n d  fo r m  fa c to r  H :i/ V  d e p e n d in g  o n  th e  h e ig h t  H  a n d  v o lu m e  

V  o f  th e  v ib r a t in g  s a nd  la y e r . Ac c u r a c y  o f  th e  c o m p a c t io n  

p r e d ic t io n  f r o m  F ig . 2  is  e s t im a te d  t o  b e  ±  0 .0 2  y dv/ y w.

L ique fac t ion

T h e  s tre s s  c o n d it io n  fo r  liq u e fa c t io n  is

( l l )

i.e ., th e  d y n a m ic  e ffe c tive  s tre s s  s h o u ld  be  ze r o . T h is  h o ld s  

a ft e r  E q  (6 ) fo r

o-s'  =  o- p. ( 12)

L iq u e fa c t io n  is  o th e r w is e  d e ve lo p e d , if  a c c e le r a t io n  r e a c h e s  

th e  v a lu e  o f  th e  liq u e fa c t io n a l a c c e le r a t io n  az, w h ic h  c aus e s  

th e  e x p a ns io n  p re s s u r e  crp t o  a n n u l th e  g iv e n  s ta t ic  e ffe c t ive  

s tre s s  o-s'. L iq u e fa c t io n  c a n  th e n  be  c h a r a c t e r ize d  b y  Eq

( 10) a ls o , b e c a us e  it  is  th e  fu n c t io n  o f  th e  s a m e  va r ia b le s  

as  th e  d y n a m ic  s ta b ility . L iq u e fa c t io n  fo llo w s  a ft e r  los s  o f  

d y n a m ic  s t a b ility  a n d  th e r e fo r e  o c c ur s  fo r  ay >  a,.. G e n e r a lly  

o n ly  th e  u p p e r  la y e r  o f  s o il m a y  be  in  th e  c o n d it io n  o f  liq u e 

fa c t io n , a s  liq u e fa c t io n  is  th e  fu n c t io n  o f  e ffe c t ive  s tre s ses  
w h ic h  a r e  inc r e a s in g  w it h  d e p th .

Re s u lt s  o f  te s ts  o f  liq u e fa c t io n  a r e  g iv e n  in  F ig . 3 fo r  th e  

s a m e  s a n d  as  us e d  in  te s ts  o f  F ig . 2 . L iq u e fa c t io n  w a s  s tu d ie d  

b y  th e  a u t h o r  e s p e c ia lly  a s  th e  e ffe c t  o f  e a r t h q u a k e s  (B a z a n t , 
1 9 6 5 ).
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f ig .  3 . Relalive liquefactional 

acceleration.

Mode l Law s

M o d e l la w s  r e q u ir e  th e  s a m e  d e ns ity , fr e q u e n c y , a n d  

a c c e le r a t io n  in  m o d e l p r o t o ty p e s . D im e n s io n s  o f  th e  s a n d  

la y e r  s h o u ld  b e  g e o m e t r ic a lly  s im ila r . T h e  ne g le c te d  r a t io  

A / H  w o u ld  r e q u ir e  g e o m e t r ic  s im ila r ity  o f  a m p litu d e s , w h ic h  

it  is  n o t  p o s s ib le  to  fu lf il, be c a us e  a c c e le r a t io n  d oe s  n o t  a lt e r .

B. DYNAMIC INVEST IGAT IONS OF  SOILS AND ROCKS 

BY IMPACT  OF T HE T EST ING BODY 

Dy n a m ic  te s ts  o f  th e  s ub s o il a r e  u s u a lly  p e r fo r m e d  b y  

m e a n s  o f  a  v ib r a t o r  w h o s e  r e v o lu t io n s  a n d  e c c e n t r ic  fo r c e  

a r e  a d ju s ta b le .  S u c h  te s ts  a r e  e x p e ns ive  a n d  r e q u ir e  a  t r a in e d  

s ta ff. T h e r e fo r e  a  s im p lifie d  m e th o d  o f  d y n a m ic  te s t in g  w a s  

inve s t ig a te d . Re c t a n g u la r  c o nc r e te  b lo c k s  w it h  bas e s  2 ,5 0 0  

s q .c m . a n d  5 ,0 0 0  s q .c m . a r e  th r o w n  in t o  o s c illa t io ns . T h e  

o s c illa t io ns  in  th e  v e r t ic a l d ir e c t io n  a r e  p r o d u c e d  b y  a x ia l 

im p a c t  o f  a  w o o d e n  h a m m e r . W o o d  is  m o r e  s u ita b le  t h a n  

s te e l w h ic h  ca us e s  c o ns id e r a b le  lo c a l d e fo r m a t io n  o f  th e  

c o nc r e te . T h e  h o r iz o n ta l b lo w  is  p e r fo r m e d  b y  a  s te e l 

c y lin d e r , s us p e nd e d  o n  a  r o p e  a n d  a c t in g  like  a p e n d u lu m  

( F ig .  4 ) .  T h e  s tr o ke  o f  th e  h o r iz o n t a l h a m m e r  a n d  lo c a l 

d e fo r m a t io n  in d u c e d  b y  im p a c t  a r e  r e la t ive ly  s m a ll a llo w in g  

th e  us e  o f  a  s te e l b o d y .

T h e  r e lia b ilit y  o f  m e a s ur e m e n t s  c a n  be  im p r o v e d  if  a t  le as t 

tw o  d iffe r e n t  s ize s  o f  te s t ing  b lo c ks , tw o  h a m m e r s  o f  d iffe r e n t  

w e ig h ts  (2 0  a n d  3 0  k g ) ,  a n d  fo u r  h e ig h t s  o f  d r o p  (1 0 ,  2 0 , 

3 0 , 5 0  c m )  a r e  us e d . T h e  h e ig h t  o f  r e b o u n d  is  a ls o  r e c o r d e d  

in  o r d e r  to  d e t e r m in e  th e  c o e ffic ie nt  o f  im p a c t .

T h e  v ib r o g r a m s  g ive  th e  d is p la c e m e n t  a m p litu d e s  a n d  

fr e q u e n c y  o f  o s c illa t io ns . T h e  in it ia l wa ve s  a r e  u s u a lly  

d is to r t e d  fo r  r e a s o ns  t o  be  e x p la in e d  b e lo w . It  is  th e  m id d le  

a n d  fina l p a r t  o f  th e  r e c o r d  f r o m  w h ic h  th e  fr e q u e n c y  o f 

fr e e  o s c illa t io ns  a n d  th e  d a m p in g  r a t io  a r e  d e r ive d.

T h e  c o m m o n  s o lu t io n  o f  th e  im p a c t  is  us e d  fo r  c a lc u la 

t io ns . T h e  b lo c k  is  c o ns id e r e d  as  a b o d y  w ith  o ne  de g re e  o f  

fr e e d o m  s u p p o r te d  b y  e la s t ic  s ub s o il. W it h  W  as  th e  w e ig h t  

o f  th e  b lo c k  a n d  C  as  th e  s p r in g  c o ns ta n t ,  th e  d is p la c e m e n t  

is  y0 =  W / C .  T h e  fr e q u e n c y  o f  fr e e  o s c illa t io ns  n0 =  

( C / m ) H / 2 ir  =  (C g / W y A / 2 ir  =  (g / y 0)Y*v  ** 5 / y 0^  w h e r e  

y0 is  g iv e n  in  c m . T h e  c o ns ta n t  C  a n d  e la s t ic ity  m o d u lu s  E  

m a y  be  c a lc u la te d  fr o m  th e  m e a s ur e d  fr e q u e n c y  n0 a n d  

k n o w n  w e ig h t  W.

T h e  p r o b le m  m a y  be  s im p lifie d  fo r  fu r th e r  c o n s id e r a t io n s

h

f i g .  4. Dynamic test on a  concrete 
block in a trial gallery with vibro- 

graphs and steel ham m er for hori
zontal impact.

T h e  d is p la c e m e n t s  o f  th e  b lo c k  a n d  o f  th e  s u r r o u n d in g  

g r o u n d  s u r fa c e  d u e  to  o s c illa t io n s  a r e  r e c o r d e d  b y  vibro-  

g r a p h s . O n e  o r  tw o  o f  th e m  a r e  fix e d  o n  th e  t o p  o f  th e  

b lo c k , s e ve ra l o th e r s  a r e  p la c e d  o n  th e  g r o u n d  s u r fa c e . In  

o r d e r  to  o b t a in  d is t in c t  fr e e  o s c illa t io ns  o f  th e  b lo c k , the  

h a m m e r  m u s t  n o t  d r o p  a g a in  a fte r  th e  fir s t  r e b o u n d . T h is  

r e q u ir e m e n t  m a y  b e  fu lf ille d  e ith e r  b y  a  m e c h a n ic a l de v ic e  

o r  s im p ly  b y  c a tc h in g  th e  h a m m e r  b y  the  h a n d  a t  th e  in s t a n t  

o f  r e b o u n d .

f i g .  5. Dynamic test in vertical direction. Numbers 

correspond to  Table I. a, Records o f the oscilla
tions o f the block: l, quartzite (obliquely to  the 
foliation); 2, quartzite, after the shear test; 3, sandy 
gravel; 4, dry sandy loam ( /c >  l ) .  b, Course of 

displacements of the block and o f the surface, 

c, Oscillogram o f the impact: l, closing; 2, open
ing o f the electricity circuit; t, time of the impact;

T, time marking.
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as  a n  im p a c t  o f  tw o  fr e e  b o die s — h a m m e r  a n d  b lo c k — w it h  

w e ig h ts  B  a n d  W. T h e  ve lo c ity  v o f  th e  b lo c k  a fte r  the  im p a c t  

o f  the  h a m m e r  w it h  a  ve lo c ity  v , is  g ive n  b y  th e  k n o w n  

fo r m u la  v =  v , (1  4-  k ) (B  4-  fV ). T h e  c o e ffic ie nt  k  c a n  be  

o b ta in e d  fr o m  th e  r e la t io n  k  =  ( h ' / h ) X  w h e r e  h a n d  W are  

th e  h e ig h t  o f  d r o p  a n d  r e b o u n d  r e s p e c t ive ly . T h e  fo r c e  P  

e ffe c te d  b y  im p a c t  o n  th e  bas e  o f  th e  b lo c k  is  a t  its  m a x im u m  

s im ulta ne o u s ly  w it h  the  m a x im u m  d is p la c e m e n t  a. T h e  

a c c o m p lis h e d  w o r k  is A x =  P a / 2. S inc e  P  =  a W / y n, it  fo l 

lo w s  th a t  A x =  fV a2/ 2 y 0. T h e  e ne r gy  o f  th e  d r o p  is  A 2 =  

m v 2/ 2 =  W v2/ 2 g .  F u r t h e r  A 1 =  A 2 o r  W a2/ 2 y 0 =  W v2/ 2 g  

a n d  a =  v (y 0/ g ) l/=.
T h is  e x p re s s io n e na b le s  the  m e a s ur e d  d is p la c e m e n t  a m p li 

t ud e s  to  be  c h e c k e d , p a r t ic u la r ly  if  th e  h e ig h t  o f  d r o p  is 

g r a d u a lly  inc r e a s e d . In  th is  c a s e  th e  fir s t  a m p lit u d e  is  d e c i 

s ive . T h e  p r o c e d u r e  a ls o  a llo w s  th e  e s t im a t io n  o f  th e  v o lu m e  

o f  s ub s o il inv o lv e d  in  o s c illa t io ns .
T he s e  c o ns id e r a t io ns  a r e  v a lid  in  th e  cas e  w h e r e  th e  t im e  

o f im p a c t  is  ne g lig ib le  as  c o m p a r e d  w it h  th e  fr e q u e nc y  n 0,

i.e ., if  th e  o s c illa t io ns  o f  the  b lo c k  s ta r t  a ft e r  th e  im p a c t  h as  

b e e n  fin is h e d . T h e  im p a c t  t im e  w a s  m e a s ur e d  b y  e le c t r ic  

c o n t a c t . O n e  o u t p u t  w a s  o n  the  h a m m e r , th e  s e c o nd  o ne  o n  

th e  b lo c k . T h e  c o n ta c t s  we r e  fo r m e d  b y  tw o  c o p p e r  s he e ts . 

As  a n  a lt e r n a t ive  a  s t r ip e  o f  c o n d u c t iv e  p a in t  (C ze c h o s lo v a k  

p a te n t )  p r e p a r e d  fr o m  s ilve r  p ig m e n t  wa s  a p p lie d  o n  the  

b lo c k . T h e  o s c illo g r a m  o f  th e  im p a c t  in  F ig . 5c  w a s  r e co r d e d  

w it h  a  r u n n in g  s pe e d o f  7  m / s e c . T h e  t im e  o f  th e  im p a c t  is 

a b o u t  0 .0 0 2  sec. w h ic h  w a r r a n t s  the  a b o ve - m e n t io ne d  c a lc u 

la t io n  fo r  n0 <  5 0  to  7 0  c ps . Oth e r w is e  a  d is t o r t io n  o f the  

fir s t  o s c illa t io n  la ke s  p la c e . T h e  e c c e n t r ic ity  o f  th e  h o r iz o n ta l 

im p a c t  s h o u ld  be  s m a ll e n o u g h  so th a t  it  c o u ld  be  ne g le c te d , 

w h ic h  s im p lifie s  th e  c a lc u la t io n .

T h e  d e t e r m in e d  m o d u li o f  e la s t ic ity  a n d  d a m p in g  r a t io s  

a r e  c o m p ile d  fo r  ve r t ic a l im p a c ts  in  T a b le  I.  A t  te s t  1 th e

T A B L E  I .  M O D U L I O F  E L A S T IC IT Y  A N D  D A M P IN G  R A T IO S  

F O R  V E R T IC A L  IM P A C T S

E
N° Soil or  rock kg / c m 2 X 10"3 Ï3 11

1 Quar tzit e , dir e c tion
oblique  to  fo lia t ion 56- 79 0 .06 1 - 0 .0 9 8

2 Quar tzit e , dir e c tion 
oblique  to  fo lia t ion, 
base  dis tu rbe d  by 
s hear  tes t 2 .8 - 1 1 .2

3 De ns e  s andy grave l 1 .0 8 - 2 .1 2 0 .05 - 0 .1 0
4 We a the re d c laye y s late 0 .52 - 1 .0 5 0 .06 4 - 0 .1 0
0 We athe re d c laye y s late , 

w ith a m a t  of s and
3 cm thick 0 .55 - 1 .0 2 0 .08 1 - 0 .1 1 8

6 S and y  loam, cons is te ncy
index 7C >  1 0 .4 0- 0 .9 0 0 .04 3 - 0 .0 8 0

7 S and y  loam (7C >  1), 
w ith a ma t  of s and
3 cm thick 0 .43 - 0 .9 2 0 .05 4 - 0 .1 1 2

m o d u li c o r r e s p o nd  w it h  s ta tic  m o d u li o f  d e fo r m a t io n  M .  8 is 

th e  lo g a r it h m ic  d e c r e m e n t  o f  d a m p in g . T h e  m a t  o f  s a n d  h a d

n o  p e r c e p t ib le  in flu e n c e  o n  va lue s  o f  E, w h e r e as  D  w a s  

inc r e as e d fr o m  18 to  4 0  p e r  c e n t.

S o m e  c h a r a c te r is t ic  r e c or d s  o f  ve r t ic a l o s c illa t io n s  o f  th e  

b lo c k  (F ig .  5 a ) s h o w  la r g e r  d is p la c e m e n t s  a n d  lo w e r  fr e 

q u e n c y  o f  v ib r a t io n s  fo r  a m o r e  c o m p r e s s ib le  s ub s o il. T h e  

c o ur s e  o f  ve r t ic a l a m p litu d e s  o f  th e  b lo c k  a n d  o f  th e  s u r 

r o u n d in g  g r o u n d  s u r fa c e  a r e  s h o w n  in  F ig . 5 b. T h e  w e ig h t  

o f  th e  w o o d e n  h a m m e r  is  3 0  kg , th e  h e ig h t  o f  d r o p  is  2 0  c m . 

T h e  o s c illo g r a m  o f  th e  ve r t ic a l im p a c t  o f  th e  30- kg w o o d e n  

h a m m e r  o n  the  b lo c k  is s h o w n  in  F ig . 5c . T h e  im p a c t  la s te d  
a p p r o x im a t e ly  0 .0 0 2  sec.

T h e  h o r iz o n ta l d is p la c e m e n ts  o f  th e  g r o u n d  s u r fa c e  a r e  

la r ge s t  a t  th e  b lo c k  w a ll o p p o s ite  th e  p la c e  o f  im p a c t ;  s m a lle r  

d is p la c e m e n t s  a r e  a t  th e  s ide s  a n d  in  fr o n t  o f  th e  b lo c k , 
w h e r e  the  h a m m e r  is  a c t ing .

T h e  d e s c r ib e d  te s ts  a r e  ve r y  s im p le  a n d  th e  d y n a m ic  

m o d u li o f  e la s t ic ity  r o u g h ly  c o r r e s p o nd  to  th e  s ta t ic  one s .
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