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H.J. K R IE G E L , Research Engineer

H.H. W lESNER, Research Engineer, V E B  Bougnind, Berlin (GDR)

SYNOPSI S.  Th e  o b s e r v a t i o n s  of  s e t t l e me n t  o n  d e p t h  g a uge s  u n d e r  s l a b  f o u n d a t i o n s  of  t a l l  

bui l di i i gs ,  s i l os ,  a n d  c h i mn e y s  s howe d,  d e p e n d i n g  o h  t he  pr e va i l i ng]  s ubs o i l  c ond i t i ons ,  a  

d e c r e a s e  of  d e f o r ma t i o n s  wi t h  de pt h ,  wh i c h  d i f f e r e d  f r o m t he  r e s u l t s  of  c o n v e n t i o n a l  c o m­

p u t a t i o n  me t hods .  Th e  i n f l ue nc e  of  n o n - l i n e a r  s t r e s s - s t r a i n  b e h a v i o u r  i s  r e g a r d e d  a s  be i n g  

t he  c a u s e  f or  i t .

Th e  p a p e r  d i s p l a y s  s ome  r e s u l t s  o f  s e t t l e me n t  nf e a s ur e me nt  o n  s t r uc t u r e s  ove r  g l a c i a l  d e ­

p o s i t s  a nd  d e mo n s t r a t e s  a l s o  t he  n o n - l i n e a r  s t r e s s - ^s t r a i n b e h a v i o u r  of  t he s e  s o i l s  b y  me a ns  

of  t r i a x i a l  t e s t s .  Me d i u m s a nds  a nd  b o u l d e r - c l a y  we r e  i r Y^ s t i g a t e d  a nd,  a s  a  c ompa r i s on ,  

t h e  u e a u l t s  of  l a b o r a t o r y  i n v e s t i g a t i o n  on  a  mu d  a r e  gi ve n.

I HTEODUCTI ON

Th o u g h  s e t t l e me n t  o b s e r v a t i o n s  on  s t r u c ­

t u r e s  a r e  i n  us e  f o r  de c a de s  wi t h  r e ga r d  

t o  v e r i f y i n g  a n d  c o n f i r mi n g  t he  a da p t e d  

c a l c u l a t i o n  mode l s ,  o n l y  a  f e w me a s u r e me n t s  

on  d e p t h  ga uge s  u n d e r  s t r uc t ur e s '  h i t h e r t o  

ha ve  b e e n  known.  I n f o r ma t i o n  a bout  t he  

d e c r e a s e  of  d e f o r ma t i o n  wi t h  d e p t h  i s ,  h o w­

e ve r ,  i mpor t a n t  f o r  a n  i n t e r p r e t a t i o n  of  

s t r uc t u r e  s e t t l e me nt s .  We  k n o w s o f a r  o n l y  

s ome  Sovi f et  p a p e r s  a bou t  me a s u r e me n t s  un d e r  

l o a d i n g  p l a t e s  a nd  t e s t  f o u n d a t i o n s  of  

l i t t l e  d i me n s i o n  ( Konowa l ow 1964» Sve c  a nd  

Ka s a k o w 1 965  et  a l l )  a nd  und e r  t wo  c h i mn e y  

f o u n d a t i ons  a s  we l l  a s  unde r  t he  Mo s c o u  

t e l e v i s i o n  t owe r  ( J e gor ow 1961 , Vi k o w a nd  

Ma k a r o w 1964,  Ni k i t i n  e t  a l l ,  1970) .

■ The ga uge  me a s u r e me n t s  c o n f i r m t he  s pe c i f i c 1-  

a t i o n  of  s e ve r a l  na t i ona l  s t a nda r ds ,  t ha t  

f r om c e r t a i n  de p t hs  on d e f o r ma t i o n  mi gh t  be;  

ne g l e c t e d .  As  f o r  a  d e f i n i t i o n  of  t he s e  

de pt h,  d i f f e r e n t  c on c e p t i o n s  a r e  s t i l l  t o
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b e  f ound.

Fu r t he r mor e ,  ga uge  me a s u r e me n t s  s how,  t ha t  

t h e  d e c r e a s e  of  d e f o r ma t i ons  wi t h  de pt h ,  

wh e n  me a s u r e d ,  d i f f e r s  f r o m t he  d e c r e a s e  

c o mp u t e d  b y  me a n s  of  t h e  mod e l  of  l i ne a r -  

e l a s t i c  ha l f - s pa c e .  Th i s  i s  a t t r i b u t e d  i  

l i t e r a t u r e  t o  a  n u mb e r  of  c a us e s ,  t wo  of  

whi c h ,  a p p e a r i n g  s upe r i o r ,  ma y  be  quot e d:

-  Î Dhe s t r a i n  b y  t he  s t r uc t u r e  ha§  t o  o ve r ­

c ome  a  s o i l  s pe c i f i c  s t r uc t u r a l  s t r e n g t h  

b e f o r e  r e s u l t i n g  i n  de f o r ma t i o n s  ( St e i n-  

f e l d  1968,  Ke z d i  1968,  Po c a e ve c  1971)

-  The  s t r e s s - s t r a i n  r e l a t i ons  of  t he  s ub ­

s o i l  b e i n g  non- l i ne a r ,  a no t he r  s t r e s s -  

d e f o r ma t i o n  c o n d i t i o n  f o r ms  t h a n  i f  b e i n g  

l i ne a r - e l a s t i c  ( . Vi nokur ov 1968,  Sh i r o k o v  

et  a l l  1971) .

The  r e s u l t s  of  s e t t l e me n t  me a s u r e me n t  

Si n c e  1964 t he  VEB Ba u g r u n d  ha s  t a k e n  

me a s u r e me n t s  on  s t r uc t u r e s  wi t h  l a r ge  

f ounda t i ons .  Th e  r e s u l t s  of  t he s e  me a s u r e -
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me nt s ,  h owe ve r ,  ha ve  not  ye t  b e e n  e v a l u a t ­

e d  u p  t o  t he  l a s t  de t a i l .

Am« n g  q t hg r s ,  t we l ve  ob j e c t s  on  g l a c i a l  

v a l l e y  s a nds  a n d  on  b o u l d e r  c l a y  we r e  e x ­

a mi ne d ,  ma i n l y  s t r uc t u r e s  on  s l a b  f o u n d a ­

t i ons .  Th e  d i me n s i o n s  of  t he  f o u n d a t i o n  

s l a bs  a r e  b e t we e n  2 R = 6 m a nd  L x B ■>=

30 x 60 m.

Th e  i n s t a l l a t i o n  d e s i g n  of  t he  ga uge s  c o n ­

s i s t s  of  r ods  wi t h  we l de d  b a s e  p l a t e , wi t h  

a  p e d e s t a l  c o n c r e t e d  upon ,  a n d  i n  a  p r o ­

t e c t i v e  p i pe .  Af t e r  f i n i s h i n g  t he  f o u n d a ­

t i o n  s l a b  b o r e h o l e s  we r e  s unk  t h r o u g h  c u t ­

out s ,  wh e r e  ga uge - r ods  we r e  f o r c e d  i nt o 

s of t  c o n c r e t e  p l a c e d  i nt o be f o r e .  Th e  p r o ­

t e c t i v e  p i pe s  e x t e nd  d o wn  t o  a bout  50- 80 c m 

a boVe  t hé  f ôo t  a nd  s h i e l d  t he  ga uge  r ods  

f r o m t he  s u r r o u n d i n g  s ubs oi l .  Ga uge  de pt hs  

v a r y  b e t we e n  2 . 5  m a n d  30 m und e r  t he  f o u n d ­

a t i on .  As  a  r u l e  3 - 4  ga uge s  we r e  p r o v i d ­

e d  p e r  obj e c t .

I n . a d d i t i o n  t o  t he  obs e r va t i on- wi t h ,  b e n c h  

ma r k d ' b y 1 hi gt H- pr e c i s i on n i v e l l i z a Mo r f ,  t he  

r e l a t i v e  d i s p l a c e me n t  b e t we e n  ga uge  a nd  

f cni f t dat i ' on s l a b  wa s  me a s u r e d .  The  a t t a i ne d  

a c c u r a c y  of  me a s u r e me n t  f o r  t he  d e t e r mi n a ­

t i o n  b t  r e l a t i ve  d i s p l a c e me n t s  wa s  b e t we e n  

± 0. 1 a n d  0 . 2  mm.

Fi gs .  1 a n d  2 s h o w t he  ga uge  s e t t l e me n t s  

of  t wo ob j e c t s  on  t he  s a nd  of  t he  ma r g i n a l  

v a l l e y  p a s s i n g  t h r o u g h  Be r l i n .  Th e  s a nd  

s hows  a  t h i c k n e s s  of  40 -  50 m a n d  i s  of  

me d i u m de ns i t y .  The  n o u - u n i f o r mi t y  c o ­

e f f i c i e n t  of  t he  me d i u m s a nd  i s  U =

= 1, 5 t o 2, 5-

Fi gs .  3 a n d  4 s h o w ga uge  s e t t l e me n t s  of  2 

ob j e c t s  on  b o u l d e r  c l a y  i n  t he  No r t h  of  t he  

GDE.  Th e  l a ye r s  of  g l a c i a l  t i l l  a r e  mor e  

t h a n  30 m t h i c k  a n d  o n l y  i n t e r r u p t e d  p a r ­

t i a l l y  b y  s a nd  l a ye r s  of  l i t t l e  t h i c kne s s  

( 1 m) . Th e  p l a s t i c i t y  i n d e x  of  b o u l d e r  

c l a y  i s  b e t we e n  I p  = 0 . 0 6  a nd  0 . 10 ,  t he  

c o n s i s t e n c y  i n d e x  a bout  1^ = 1. 0,  a n d  t he  

v o i d  r a t i o  b e t we e n  e = 0 . 2 5  a nd  0 . 35-

Fi g .  1

b B* W3 , 0 Ê-23, 0 *2, 09 

D*  13, 0m

- A q - 6,75 kp/cm*, s-S0,0mm*

- - - - - A q -6,75 kp/cm*,• s - H,0mm 0
- - - - - & q -5, 75kp/cm*t s - 32,5mm 0
- - - - - A q -5,00 kp/cm1, s - 21,5 mm c

- - - - A q -2,00 kp/cm3, s-ft,0  mm 0
- - - - Af -  1,00kp/cm2,-s -  7,0mm 0

* consolidated 

o unconsolidated

Ç- Ço +à ç * 2 , 5 +Aq O( p / c mi]

Ga u g e  s e t t l e me n t s  un d e r  a  
t a l l  ho t e l  b u i l d i n g  on  s a nd

to 5/s

Fi g .  2

L- B- 29, 5: 19, 1- 1. 52 

D  •  1, 9m

- - - - - - A  q  -  2, 10k p/ an2, s - 25 , 5m m  *

- - - - - - A  <7 = 1 £ 0 k p l c m* , s - 1 9 , 5 mm 0
- - - - - - A q - 1 0 0  kp/ cm*- ,  s =1 0 , 5  m m  0

- - - - - - A  q - H5 0 k p / c m\ s= 5 , 5 mm 0

*  c ons ol i dat e d

o  unc ons ol i dat e d

q0 + A ç  = 0, 25 * A q

Ga uge  s e t t l e me n t s  u n d e r  a  
t a l l  r e s i d e n t i a l  hou s e  on  s a nd
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L - B - 25, 6- 20, 0*1. 28 

D-  3 , 3 m

- - - - - - A  q  -  2,55kp!cm2j s  -  1 8 , 0 mm °

- - - - - - A  q  -  1£5kplcm3-, s  -  11 , 0 mm °

- - - - - - A  q  -  i b Ok p l c m1! s = 7 , 0 mm °

- - - - - - A q - Of i Ok p l c m7-, s -  <>S mm°

o  unc ons ol i dat e d  

q-  q0 +Aq =0 , 7 5 +Aq  [ k p l c m2]

Fi g .  3 Ga uge  s e t t l e me n t s  un d e r  
a  t a l l  r e s i d e n t i a l  hous e  
on  b o u l d e r  c l a y

to J/s

2R- 9,3m 

D-2,7m

- - -  A q -1,75kplcm2¡ 3 - 7,0mm"

- - - - - Aq -  1,75 kp!cm 2j s - 5,5mma

- - - - - A q -  1,50kp!an*i s-Wmm°

- - - - - A q-VSkplan’ i s-3,5mm°

* consolidated 

o unconsolidated

q-qb+Aq-Qltf+Aqtkp/cm3]

On  t he  f i gu r e s  t he  r e l a t i o n  be t we e n  ,,:; auge

s e t t l e me nt  s  a nd  t he  c o r r e s p o n d i n g  s l a b

s e t t l e me n t  s  i s  t r a c e d  on t he  a bs c i s s a  f or

t he  r a nge  of  c on t a c t  p r e s s u r e  Aq,  a nd  t he

r e l a t i o n  of  ga uge  de p t h  z t o t he  f o u n d a t i o n

d i a me t e r  2R or  t o t he  l e a s t  f o u n d a t i o n

wi d t h  B on  t he  or d i na t e .  q„  i s  t he  c o n t a c t■̂o
p r e s s u r e  a l r e a d y  e x i s t i n g  at  t he  b e g i n n i n g  

of  me a s u r e me n t s .  Th e  i nd i c a t i o n  " u n c o n ­

s o l i da t e d"  me a n s  t ha t  me a s u r e me n t  ha s  be e n  

p e r f o r me d  d u r i n g  t he  i n s t a l l a t i on ,  a nd  

t h e r e f o r e  s e t t l e me n t s  a r e  s t i l l  t o  be  e x ­

pe c t e d .

Di me n s i o n l e s s  p l o t t i n g  a l l ows  a  good  c o m­

p a r i s o n  of  d e c r e a s i n g  d e f o r ma t i o n s  wi t h  

dept h, ,  i nde pe nde n t  f r o m s i z e  of  t h e  f o u n d ­

a t i o n  a nd  s e t t l e me n t  v a l u e . Sa nds  a n d  

b o u l d e r  c l a y  s h o w d i f f e r e n t  b e ha v i ou r .  Sa nds  

i nd i c a t e  t h r e e  d i s t i nc t  r a nge s :  up  t o  

z / B = 0 . 25  l i t t l e  r e l a t i v e  de f o r ma t i ons ,  

f r o m z / B = 0 . 2 5  t o  0 . 50  h i g h  r e l a t i ve  de ­

f o r ma t i ons ,  a nd  f r o m z / B = 0 . 5  on  l i t t l e  

r e l a t i ve  de f o r ma t i o n s  a ga i n .  I n  b o u l d e r  

c l a y ,  howe ve r ,  o n l y  2 d i s t i nc t  r a nge s  

c o u l d  b e  ma de  out :  up  t o  z / B = 0 . 2 5  h i g h  

r e l a t i v e  d e f o r ma t i ons ,  f r o m z / B = 0 . 2 5  on  

n e a r l y  u n i f o r ml y  l i t t l e  r e l a t i ve  d e f o r ma ­

t i ons .

Th e  d e p t h  of  t he  d e f o r ma t e d  z one  c o u l d  not  

be  d e t e c t e d  c l e a r l y ,  a s  t he  ga uge s  we r e  not  

r e a c h i n g  d o wn  t o t h i s  b o u n d a r y  a e p t h  i n 

mos t  c a s e s .  Fr o m a n  e x t r a p o l a t i o n  of  c u r ve  

de ve l opme n t  a n d  f r o m a  c o mp a r i s o n  wi t h  t he  

ob j e c t s ,  whe r e  t he  b o u n d a r y  de p t hs  we r e  

me a s u r e d  ne a r by ,  we  c a n  e s t i ma t e  t ha t  f r om 

z / B = 2 on  no d e f o r ma t i o n s  oc c ur .  The  

b o u n d a r y  d e p t h  of  s a nds  i s , a s  a  r u l e , l e s s  

t h a n  t ha t  of  b o u l d e r  c l a y .

Ta b l e  I  s umma r i z e s  t he  d i s p e r s i o n  r a nge  of  

t he  r e l a t i o n s  b e t we e n  t he  l a ye r  s e t t l e me n t s  

As  a nd  t he  t o t a l  s e t t l e me n t  s  f o r  a l l  

e v a l u a t e d  ob j e c t s .

Fi g .  4  Ga u g e  s e t t l e me n t s  un d e r
a  c h i mn e y  on  b o u l d e r  c l a y
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Co mp a r i s o n  of  ga u g e  v a l u e s  a n d  c o mp u t a t i o n  va l ue s ,  
o b t a i n e d  b y  s t a nda r d  p r o c e s s e s

T a ble  I

As / s

Va l u e s  f o r  s a nd+ Val j ues  f o r  * Co mp u t a t i o n a l  
b o u l d e r  c l a y  v a l u e s  f o r

E = c ons t a n t

0 t o 0 . 2 5 0, . 10 t o 0.30 0 . 2 5 t o 0 . 45 0 . 1 5 t o 0 . 20

0 t o 0 . 50 0, . 50 t o 0 . 6 5 0 . 30 t o 0 . 60 0.30 t o 0 . 45

0 t o 0 . 75 0, . 60 t o 0. 80 0 . 40 t o 0 . 70 0 . 4 5 t o 0 . 55
0 t o 1 . 00 0, • 70 t o 0.90 0 . 55 t o 0, . 75 0 . 5 5 t o 0 . 6 5
0 t o 1 . 50 0 . 80 0 . 75 t o 0 . 90 0.70 t o 0 . 8 5

p
Not e s :  + Sc a t t e r  f o r  t he  me a s u r i n g  r a nge  q  = 1. 0 t o  6 . 7  k p / c m

* Sc a t t e r  f o r  t he  me a s u r i n g  r a nge  q  = 0 . 9  t o  3. 0 k p / c m2

I n  m e  l a s t  c o l u mn  of  t a b l e  I  s ome  c o mp u t a ­

t i o n a l  v a l ue s  a r e  i nd i c a t e d ,  wh i c h  r e s u l t  

f r o m s t a n d a r d  c a l c u l a t i o n  p r o c e s s e s  a s  

SNi P I I - B. 3 - 62 ,  DI N 4019,  a nd  TGL 11464,  

vol .  1,  f o r  f o u n d a t i o n  d i me n s i o n s  L/ B < 2,  

a s s u mi n g  a  c ons t a n t  d e f o r ma t i o n  modul e .  As  

a l l  ob j e c t s  c a n  be  a s s u me d  t o  h a v e  a  h o mo ­

ge nous  s ubs o i l  f o r  t he  i n v e s t i g a t e d  de pt h ,  

a  c o mp a r i s o n  i s  pos s i b l e .

Th i s  Co mp a r i s o n  s hows  t ha t  t h e  d i f f e r e nc e s  

of  t he  d e f o r ma t i o n  p r o c e s s  a r e  c l e a r  f o r  

s a nds  f r o m z / B = 0 . 2 5  on;  f o r  b o u l d e r  c l a y,  

howe ve r ,  c omp u t a t i o n a l  v a l u e s  r a nge  wi t h i n  

t he  s c a t t e r  of  me a s u r e me n t  i n  t he  de pt hs  

z / B = ' 0. 25 t o  1 . 5

The  r e s u l t s  of  me a s u r e me n t  s how,  mor e ove r ,  

t ha t  t he  l o a d i n g  va l ue  of  l a r ge  f ounda t i ons  

ha s  o n l y  l i t t l e  i n f l ue nc e  on  t he  d e f o r ma ­

t i o n  p r o c e s s  a n d  t he  d e p t h  of  t he  d e f o r ma t ­

e d  z one .  On l y  f o r  me a s u r e me n t  r a nge s  f r om 
P 2

Aq  = 1 . 0 k p / c m t o  Aq  = 6 . 75  k p / c m ( t he

d e f o r ma t i o n  p r o c e s s  on  f i g.  1)  a  de pe nde nc e  

i s  t o  be  s e e n.  On  t he  o t he r  ha nd ,  ga uge  

me a s u r e me n t s  u n d e r  l oa d i ng  p l a t e s  a nd  t e s t  

f o u n da t i ons  wi t h  l i t t l e  d i me ns i ons  i n d i c a t ­

e d  mu c h  mor e  i n f l ue nc e  of  t he  l oa d i n g  u p o n  

t he  d e p t h  of  t he  de f o r ma t e d  z one .  Ko n o wa l o w 

( 1967) ,  f o r  i ns t a nc e ,  s t a t e s  a  l i ne a r  d e ­

p e n d e n c e  on  c on t a c t  p r e s s u r e  b y  a n  e mpi r i c ­

a l  f o r mul e  d e v e l o p e d  f r o m hi s  me a s u r e me n t s .

La b o r a t o r y  r e s u l t s

Th e  d e f o r ma t i o n  b e h a v i o u r  of  s o i l s  wi t h  

non - l i n e a r  s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  

c a n  be  s i mu l a t e d  i n  t he  l a b o r a t o r y  i n  a  

l i mi t e d  wa y  onl y .  I t  s e e ms  i mpor t a n t  t ha t  

t he  c omp o n e n t s  of  n o n - d i l a t a t i o n a l  s t r a i n  

a nd  v o l ume  s t r a i n  c a n  be  d e t e r mi n e d  s e p-  

a r a t e d l y  o n  e v a l u a t i n g  t h e s e  e x p e r i me n t s .

Th e  t r i a x i a l  t e s t  on  c y l i n d r i c a l  s a mpl e s  i s  

s u i t a b l e  f o r  i t ;  f i r s t  t h e  s a mpl e  i s  c o n ­

s o l i da t e d  u n d e r  h y d r os t a t i c  c o n d i t i o n s  up  

t o ci m = ü ?.+^ 2.+° ,3 a n d  t h e n  t he  de v i a t o r i c  

s t r es i ;  i s  r e c o r d e d  u n d e r  t h e  c o nd i t i ons  

a m =  c ons t a n t .  Fi g .  5 s hows  t he  r e s u l t s  of  

t h i s  e xpe r i me n t  on  a  b o u l d e r  c l a y  i n  a  

p l o t t i ng ,  a s  s u g g e s t e d  b y  La d a n y  ( 1969) .

I n  c o n n e c t i o n  t o  t he  s t r e s s - s t r a i n  r e l a t i ons  

of  t he  l i ne a r - e l a s t i c  a n d  t h e  e l a s t i c - i s o -  

t r o p i c a l  ha l f - s pa c e ,  t he  d e f o r ma t i o n  b e ­

h a v i o u r  i s  t o  be  d e s c r i b e d  b y  t he  modul e s  

of  c o mp r e s s i b i l i t y  K a nd  t he  modu l e s  of  

s he a r  d e f o r ma t i o n  G.  Now,  howe ve r ,  b o t h  

v a l ue s  do not  r e p r e s e n t  s o i l  s pe c i f i c -  c o n ­

s t a nt s ,  but  a r e  f unc t i ons  of  t he  e f f e c t i ve  

t h r e e - d i me n s i o n a l  s t r e s s - c ond i t i on .

Fr o m t he  l i ne a r  a nd  s qua r e  i nva r i a n t s  of  

t he  s t r e s s  c o n d i t i o n  a nd  s t r a i n  c o n d i t i o n  

f o l l ows
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e, /s,

Fi g .  5 De f o r ma t i o n  b e h a v i o u r  of  a  b o u l d e r  c l a y  i n  a  t r i a x i a l  t e s t

_ Ot +Og +Oy
Urn — ■ ~

( 1 )

= g [ ( ®1 - a z ) 2 + ( a£«P. 3) 2 + ( Oî - a- i  ) 2 ]

(2)
e = s i +e 2+ e 3

ei = | [ ( e 1- e 2) z +  ( e 2- e 3) 2 +  ( e 3- e - , ) 2 ]

Fo r  t he  t r i a x i a l  t e s t  t h e s e  r e l a t i o n s  a r e  

^  r e du c e d  t o

01 = 7 5

g = 8 -| +  2 c  3

C1 = ? 3  ( S1_G3)

Fo r  l i ne a r - e l a s t i c  ma t e r i a l  c o n s t a n t s  r e ­

s ul t  f r o m t he  f o l l o wi n g  f o nnu l e s

K = 2fi. = c ons t a n t
e  ( 3)

G = —  = c ons t a n t

I  t hus  E = 3 K+Ga n d  m = 2  3 K- 2 G •

Fo r  s o i l s  Wi t h  n o n - l i n e a r  s t r e s s - s t r a i n  

c h a r a c t e r i s t i c ,  K a n d  G c a n  be  d e f i n e d  

a n a l ogous  t o  t he  f o r mu l e s  3 a s  t a ng e n t  i n ­

c l i n a t i o n  or  s e c a nt  i n c l i n a t i o n  of  t he  r e ­

l a t i o n s  CTb = f i ( e  . f f l )  w

a i  = f 2 ( e i ;  a m) ( 5)

Wh e t h e r  t o  c h o o s e  t he  i n c l i n a t i o n  of  t a nge n t  

or  of  s e c a nt ,  de pe nds  on  t he  p r oc e s s  of  

s o l v i n g  n u me r i c a l l y  t he  h a l f - s p a c e  p r o b l e m 

a t  n o n - l i ne a r i t y .

Wi t h  t he s e  t r i a x i a l  t e s t s  we  i n t e n d e d  t o  ob ­

t a i n  t h e s e  r e l a t i ons .  Tr i a x i a l  t e s t s  o n  t he  

c o n d i t i o n s  d e s c r i b e d  a bove  c o mp r e h e n d  o n l y  

s p e c i a l  c a s e s  of  t he  pos s i b l e  e x i s t i n g  s t r e s s  

p a t h s  a n d  s t r e s s  c o n d i t i o n s  i n  s i t u ,  bu t  

t h e y  gi ve  a l r e a d y  a  g o o d  v i e w i nt o t h e  d e ­

f o r ma t i o n  b e h a v i o u r  of  t he  s o i l s  d u r i n g  

t h r e e - d i me n s i o n a l  s t r e s s  a n d  c a n  be  r e g a r d ­

e d  a s  r o u t i n e  i n s p e c t i o n  u s e f u l  i n  p r a c t i c e .

Fo r  t h r e e  s o i l s  t he s e  r e l a t i ons  h a v e  b e e n  r e ­

p r e s e n t e d :  a  me d i u m s a nd  of  me d i u m de ns i t y ,
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a  b o u l d e r  c l a y ,  b o t h  f r o m t he  s u b s o i l  und e r  

t he  o b s e r v e d  ob j e c t s ,  a nd a  mu d  h a v i n g  b e e n  

t e s t e d  a s  ba s i s  f o r  a  c a u s e wa y  o ve r  a l l u v i ­

a l  ma r i ne  de pos i t s .  Th e  mud h a s  b e e n  a d d ­

e d  a s  a  c o mp a r i s on ,  b e i n g  a n  e x t r e me l y  s of t  

s oi l ,  s e ns i t i ve  t o  de f o r ma t i on .

Th e  c l a s s i f i c a t i o n  p a r a me t e r s  of  t he  s o i l s  

c a n  be  s e e n  f r o m t he  c a p t i ons .

Ex a mi n i n g  t he  v o l ume  c h a nge  be ha vi our '  we
AVa s s u me d  t ha t  v o l u me  c h a n g e  e = = c o n ­

s i s t s  of  a  c ompone n t  e „ , wh i c h  de pe nds  on 

o a , a nd  a  c o mp one n t  e^ ,  de pe nde n t  p a r t i c -

u l a r l ’J- o n  CTi . e = e„ + e ,  c  d ( 6 )

e c  wa s  f ou n d  on  t he  c o n d i t i o n  a i =o 2=o 3 . An  

i s o t r op i c  d e f o r ma t i o n  b e h a v i o u r  wa s  a s s ume d,  

wh i c h  wa B c o n f i r me d  a p p r o x i ma t e l y  on  e v a l u ­

a t i o n  b y  a  c o mp a r i s o n  of  Ei  a nd e c / 3-  e d  ha s  

b e e n  d e t e r mi n e d  on  t he  c o n d i t i o n  of  crm=c on-  

s t a n t , i .  e .  wi t h  i n c r e a s i n g  o’i , g 3 wa s  r e ­

du c e d  c o r r e s pon d i n g l y .  The s e  wa ys  of  s t r e s s  

a r e  not  i d e n t i c a l  wi t h  t ho s e  i n s i t u  u n d e r  

l o a d  c ha nge .  Wh e n  c h o o s i n g  o t h e r  t e s t  c o n ­

d i t i ons ,  a s  f o r  i ns t a nc e  de v i a t o r i o  s t r e s s  

a t  a 3 = c o n s t a n t , t he  c o mp o n e n t s  ec  a n d  e ^  

canno' t  be  d i v i d e d  a nymor e  c l e a r l y .

Fi g .  6 e = = f ( o' m, cTi )  f or  a  b o u l d e r  
c l a y
Co e f f i c i e n t  of  
n o n - u n i f o r mi t y U

d6 ( / d10 = 60

Pl a s t i c i t y  i nde x  I  = 0 . 0 8

Co n s i s t e n c y
i nd e x

Vo i d  r a t i o  a t  
t e s t  b e g i n n i n g

I c = 1. 0 

e = 0. 30

Fi g .  6 s hows  t he  d é pe nda nc e  of  v o l ume  c ha nge  

e  o n  a m a nd  a i  f or  a  b o u l d e r  c l a y.  The  l e f t  

s i de  of  t he  f i gu r e  s hows  t he  r e l a t i o n

ec = f ( cr n ) f o r  a i  = 0 , t he  r i gh t  s i de  

s hows  t he  r e l a t i o n s  e = f ( o i )  f o r  a B = c o n ­

s t a nt .  The  d a s h e d  c ur ve s  on  t he  l e f t  s i de  

f o r  oi  = c ons t a n t  d e mo ns t r a t e  t he  e f f e c t  

of  c ons t a n t  Oi  a t  d i f f e r e n t  a n  on  t he  v o ­

l ume  c ha nge s .  Fi g .  , 7a shov/ s  t he  c ha nge  of  

vo l ume  f or  a  me d i u m s a nd  of  me d i u m de ns i t y ,  

Fi g .  7b f or  a  mud.

Fr o m t he  f i gu r e s  f o l l ows  t ha t  t he  b o u l d e r  

c l a y  a nd  t he  me d i u m s a nd  of  me d i u m de ns i t y  

r e a c t  b y  l o o s e n i n g  f r o m a  s pe c i a l  l i mi t  of

Oi ,  whi l e  t he  mud  s hows  o n l y  a  s l o wi ng  d e ­

c r e a s e  i n  vo l ume .

Fi g- .  7&

e = ~  f ( a m. Oi )  f o r a  me d i u m s a nd

Co e f f i c i e n t  of  n on -  
u n i f o r mi t y U _ d 6 0 ^ d 1 0 ~2 ’2

De n s i t y  i nde x  a t  t e s t  
b e g i n n i n g I =0. 373

Vo i d  r a t i o  a t  t e s t  
b e g i n n i n g e a =0. 640

Vo i d  r a t i o  i n  l oos e s t  
s t a t e emax=° - 744

Vo i d  r a t i o  i n  de ns e s t  
s t a t e e mi n=° - 4 6 5

e = = f ( a ra, Oi )  f or a  mud

Pl a s t i c i t y  i nde x Xp =1. 06

Co n s i s t e n c y  i nde x *C =0. 185

Vo i d  r a t i o  a t  t e s t  
b e g i n n i n g e a =4. 0- 4 . 5

Wa t e r  c on t e n t  a t  t e s t  
b e g i n n i n g

w
a =1. 57

Li me  c on t e n t 87  ^

Con t e n t  of  or ga ni c  
c o n s t i t u e n t s 1 . 6; o

Th e  t r a n s i t i o n  t o  l oos e n i n g  i s  O i. /o m = 0 , 7 

t o  0 . 8  f o r  b o u l d e r  c l a y ,  Oi / a m = 0 . 5  t o  0.6

e*€i +2Ss
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f o r  s a n d  of  me d i u m de ns i t y ,  a n d  t he  t r a n s i ­

t i o n  t o  t h e  e nd i ng  of  v o l u me  d e c r e a s e  f o r  

mud  cr i / o  ¡a = 0 . 8 .

Up  t o  t he s e  l i mi t s  l i ne a r  dé pe n d a n c e  c a n  be  

s u ppos e d  b e t we e n  e ^  a n d  Oi ,  e c  c a n  be  a p ­

p r o x i ma t e d  f o r  oi  = 0 b y  a  p o we r  f u n c t i o n  

of  o m. Th u s  f o r  t he  e q u a t i o n  4  t h e  f o l l o w­

i ng  a p p r o x i ma t i o n  r e s u l t s  up  t o  t he  l i mi t  

me n t i o n e d  a bove :

Bo u l d e r  c l a y  e=0. 014-  a rP ' ^  + 0 . 0 0 3 0  ai  

me d i u m s a nd  of  a ve r a ge  d e n s i t y  ( 7)

e=0 .00 36 o m0 ' 5 + 0 . 0 0 0 9  Oi  

mu d  e =0 . 126 a n0 *5 + 0 . 0 6 Oi

Fo r  l i n e a r - e l a s t i c  ma t e r i a l  a  l i n e a r i t y  

e x i s t s  b e t we e n  Gm a nd  e ,  t he  mo d u l e  of  c o m­

p r e s s i b i l i t y  K c o r r e s p o n d s  t o  t he  i n c l i na ­

t i o n  of  t h i s  s t r a i gh t  l i ne .  At  n o n - l i n e a r i ­

t y  K c a n  be  d e f i n e d  a n a l ogous  or  a s  a n  i n ­

c l i n a t i o n  of  t he  t a ng e n t  f o r  Oi  = c o ns t a n t  

or  a s  a n  i n c l i n a t i o n  of  t he  s e c a n t  f or  a n 

a s s u me d  s t r e s s  r a nge  Aa m a nd  AOi ,  a n d  t hus  

i s  a  f u n c t i o n  of  a ra a n d  a i .  Th e  d e f i n e d  

t e s t  c o n d i t i o n s  a l l o w a  d e t e r mi n a t i o n  f o r  

i n c r e a s i n g  a m a n d  a t  onl y.

b o u l d e r  c l a y

Th e  n o n - d i l a t a t i o n a l  s t r a i ns  a d e qua t e  t o  

e q u a t i o n  5 i s  t o  be  s e e n  on  t he  f i gu r e s  8 

t o  10.  Th e  s e t s  of  c u r v e s  f o u n d  f r o m t he  

me a s u r e me n t s  c a n  be  a p p r o x i ma t e d  ma t h e ­

ma t i c a l l y  b y  me a n s  o f  t he  s o - c a l l e d  " s p l i ne  

f unc t i on"  or  b y  p r e d e t e r mi n i n g  a  f un c t i o n

of  t h e  hype r bo l i c  t ype .  The  hype r bo l i c
A =• •

f u n c t i o n  oi  = — ——  wa s  a s s ume d .  Sovi e t  
B + Si

Fi g .  10 oi  = f ( oi  , om) f or  a  mud

p u b l i c a t i o n s  a l r e a d y  a p p l i e d  t h i s  f u n c t i o n  

Sh i r o k o v  et  a l l  1971) ,  t hus ,  t he  r e s u l t s  c a n  

be  oompa r e d .  Th e  f o l l o wi n g  a p p r o x i ma t i o n  

f o r mu l e s  of  e q u a t i o n  5 r e s u l t  f r o m t h i s  f or  

t he  i n v e s t i g a t e d  s oi l s :

b o u l d e r  c l a y  <u  =

me d i u m saf t d of  a ve r a g e  d e n s i t y  0 l ~ ^ * QQ^ g ^  

( 1 . 64c n+0. 1) e imu d  <Ji
( 0 . 085a m+0. 03) +Ei ( 8 )

Fo r  l i ne a r - e l a s t i c  ma t e r i a l  t he s e  r e l a t i ons

wou l d  be  s t r a i gh t  l i ne s  of  t he  f o r m Oi =Ge i ,

of  wh i c h  t he  i n c l i n a t i o n  c o r r e s p o n d e n d s  t o

t he  s pe c i f i c  modu l e s  of  s he a r  de f o r ma t i on .

An a l o g o u s  t o t h i s  G c a n  b e  de f i ne d  i n  t h i s

c a s e  of  n o n - l i n e a r i t y  a s  a n  i nc l i n a t i o n  of

t he  t a nge n t  or  a s  a n  i nc l i na t i on  of  t he

s e c a nt  of  a n  a s s u me d  s t r e s s  i n t e r vd l  Ao n

a nd  Aa i . Fr o m t he  de r i v a t i o n  of  t he  f unc -  
A e it i on  Oi  = 

doi

B + Ei

AB A- Oi
( 9)de i  ( B+£ i )2 B 

r e s u l t s  f o r  Ei  = 0 t he  modu l e s  of  s he a r  d e ­

f o r ma t i o n  a t  t he  b e g i n n i n g  of  t he  s he a r

6 j ( k p l c m' )

- GWG, . 4

0,01 0,02 403 m  e,

Fi g.  9 oi  = f ( üi , o' m) f o r  a  me d i u m s a nd  

G jC k p /cm 1)

3

2 

1
— «a

-  _  , g.
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s t r e s s  Gq = A/ B a nd  wi t h  6 ■* »  at  t he  l i mi t  

o f  t he  a c c e p t a b l e  s he a r  s t r e s s  Ge  = 0.  Th i s  

l i mi t  i s  . a t t a i ne d wi t h  Oi  = A a n d  i s  d e ­

p e nde n t  on  o m, a de qa a e e  t ro e qu a t i o n  8 . .

I n  t he  f i gu r e s  8 - 1 0  s ome  l i ne s  of  e qua l  

p r i n c i p a l  s t r e s s  r e l a t i ons  Oi / a 3 = c ons t a n t  

a nd  t he  l i ne ^ f o r  £ 3 = 0  a r e  p l o t t e d  wi t h  a,  

v i e w t o a d d i t i o n a l  knowl e dge .

CONCLUSI ONS

K a nd  G a r e  va r i a b l e s ,  s o E i s  va r i a b l e ,  

t oo .  K a n d  G a r e  not  r e l a t e d  i nva r i a b l y ,  

t h e r e f o r e  Po i s s o n ’ s  c o e f f i c i e n t  i s  a l s o  not  

a  c ons t a n t .

Th e  r e l a t i o n  b e t we e n  t h e  t wo  s pe c i f i c  d e ­

f o r ma t i o n  c o mp one n t s ,  c ha nge  of  v o l ume  a nd  

c ha nge  of  s ha pe ,  de pe nds  ma i n l y  o n  t h e  r e ­

l a t i o n  b e t we e n  c 1 a n d  a ».  A3 t h i s  r e l a t i o n  

h a s  a n o t h e r  va l ue  a t  e v e r y  po i n t  i n  t he  sub-* 

s o i l  u n d e r  a  l o a d i n g  s ur f a c e ,  a n d  a s  i t  

c ha n g e s  d u r i n g  t he  l oa d i n g  p r oc e s s ,  t he  r e ­

l a t i o n  b e t we e n  t he  c ha n g e s  of  v o l ume  a n d  t he  

c ha n g e s  o f  s hape  c a nno t  ha ve  a  c ons t a n t  

va l ue .  Th e r e f o r e  t h e  me a s u r e  of  d e f o r ma ­

t i o n  c a n n o t  be  d e s c r i b e d  b y  a  s i ngl e  va l ue  

e a c h  l a ye r ,  b e i n g  c o ns t a n t  or  on l y  d e p e n ­

de n t  o n  t he  hyd r o s t a t i c  s t r e s s  c o mpone n t .

Th e  f i g u r e s  1<1 -  13 s h o w f o r  i ns t a nc e  t he  

d e pe nde nc e  of  a  modu l e  of  d e f o r ma t i o n  

Eg  = Aa- i / Ae 1 , d e f i n e d  a n a l ogous  t o  t h e  o d o ­

me t e r  modu l e ,  o n  t he  s t r e s s  i n t e r va l  Aoi  

a n d  o n  t he  p r i n c i p a l  s t r e s s  r a t i o  01/ 0 3 .

Th e  v a l ue s  we r e  de f i n e d  b y  c o n v e r s i o n  f r o m 

t h e  t r i a x i a l  t e s t s .  Th e  s o - c a l l e d  odo me t e r  

r a nge  £ 3 = 0  r e p r e s e n t s  o n l y  a  s pe c i a l  c a s e  

of  t h e  p o s s i b l e  s t r e s s  c ond i t i ons .

Ma t h e ma t i c a l  s o l u t i o n s  f o r  t h e  s t r e s s - s t r a i r i  

c o nd i t i on ,  b a s e d  u p o n  t he  c o n v e n t i o n a l  c a l ­

c u l a t i o n  p r o c e s s e s  f o r  t he  l i ne a r  e l a s t i c  

ha l f - s pa c e ,  a r e  no mor e  p o s s i b l e ,  wh e n  a s ­

s umi ng  n o n - l i n e a r  s t r e s s - s t r a i n  c ond i t i ons .

Nu me r i c a l  p r oc e s s e s ,  h o we ve r ,  l i ke  t h e  me t h o d  

of  d i f f e r e n c e s  a nd  t he  f i n i t - e l e me n t - me t h o d ,  

a l l o w c o mp r e h e n s i o n  of  t he  s t r e s s e s  a n d  t he  

de f o r ma t i o n s  o n  t h e  b a s i s  of  t h e  d e s c r i b e d  

l a b o r a t o r y  r e s u l t s  b y  i t e r a t i o n  a n d  g r a dua t e
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De pe n d e n c e  of  t he  de f or ma t i on,  

mo d u l e  Es  = on  Aa-i  a nd  cr- i / oj  

f o r  a  mu d

a pp r ox i ma t i o n .  So l u t i o n s  b y  t he  me t h o d  of  

d i f f e r e n c e s  u n d e r  l i mi t i n g  a s s u mp t i o n s  l i ke  

m = c ons t a n t  or  K = c ons t a n t  h a ve  b e e n  

p u b l i s h e d  b y  Vi n o d u r o v  ( 1968)  a n d  Sh i r o k o v  

( 1971) .  T h e s e  r e s u l t s  s how,  t ha t  on  t he s e  

a s s i a mpt i ons  a l r e a d y  p e r mi t  g o o d  a g r e e me n t  

be t we e n  c a l c u l a t i o n  a n d  me a s u r e me n t ,  a nd  

t ha t  t he  d i s t r i b u t i o n  of  c o n t a c t  p r e s s u r e  a s  

we l l  a s  t h e  s e t t l e me n t  n e a r  t he  f o u n d a t i o n  

c a n  a l s o  b e . c o mp r e h e n d e d  r e a l i s t i c a l l y .

The  c a l c u l a t i n g  o p e r a t i o n ,  howe ve r ,  f o r  

t h e s e  me t h o d s  i s  v e r y  e x t e ns i ve  a n d  c a n  o n l y  

be  ma n a g e d  b y  e l e c t r on i c  c a l c u l a t i o n  t e c h ­

n i que .  Fo r  t he  pu r p o s e  of  r e s e a r c h  t h i s  e x ­

p e n d i t u r e  c a n  be  a c c o u n t e d  f or ;  f o r  ge ne r a l  

p r a c t i c e  i t  i s  n e c e s s a r y  t o  f i n d  b e t t e r  wa ys ,  

e xc e pt  f o r  s pe c i a l  c a s e s .

Fo r  p r e - c a l c u l a t i n g  t he  a ve r a ge  s e t t l e me n t  

of  s t r uc t u r e s  a n d  t he  t i l t i n g  of  s t r uc t u r e s  

we  s e e  a  p o s s i b i l i t y  t o  c o mp r e h e n d  t he  s t r e s s -  

s t r a i n  c o nd i t i ons  a t  g i v e n  r a nge s  of  l oa d ­

i ng,  g i ve n  f o o t i n g  d i me n s i o n s  a nd  f o u n d a t i o n  

de pt hs  f o r  f r e que n t  s ubs o i l  c ond i t i o n s  b y  

t he  F- E- me t hod ,  t o c omp a r e  t h e m wi t h  t he  r e ­

s u l t s  of  t he  c o n v e n t i o n a l  p r o c e s s e s  a nd  t o  

a da pt  t he s e ,  c o n s i d e r i n g  t he  l oa d i n g  c a s e  

h i s t o r y  a nd  t he  l oa d i n g  wa ys .  To  t h i s  e f ­

f e c t  t h e  a bove  me n t i o n e d  s e t t l e me n t  o b s e r v a ­

t i o n s  a r e  b e i n g  e v a l u a t e d  a t  p r e s e n t .
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