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KINEMATICALLY AND STATICALLY PLAUSIBLE CALCULATIONS 

CALCULS DE PLAUSIBILITE CINEMATIQUE ET STATIQUE

Knud Mortensen

Civil Engineer 

Danish Geotechnical Institute, Copenhagen, Denmark

SYNOPSIS: The terms kinematically plausible (KP) and statically plausible (SP) are defined. Geotechnical calculation methods are usually either KP or SP, 

but very rarely KP as well as SP. However, this may be achieved by a successive procedure, alternating between KP- and SP-calculations. The result is named 

a KSP-solution being KP as well as SP.

For a raft foundation the procedure demonstrates, how decreased unit bearing resistance of the soil and/or decreased bending resistance of the raft increase 

the max settlements, which finally become infinitely great at Ultimate Failure. This means that the procedure is able to describe a continuous transition from 

the Serviceability Limit State with characteristic parameters to the Ultimate Limit State with design parameters.

For an em bedded w all It is shown how the vertical bearing resistance is influenced by 

the stress history of the soil prior to and after the installation, 

the relative compressibility of the wall 

the installation and the loading history of the wall.

the strength of the soil, which may exert less influence than some of the other factors.

D E F IN IT IO N S  SP - c or r e c tion

K P - a n a ly s e s

Su c c e s s iv e  c a lc u la t io n s  

KS P - c a lc u la t io n

An a ly s e s  o f  e a r th  p r e s s ur e  p r o b le m s , b e a r in g  c a p a c it y  p r o b le m s  o r  s t a b ilit y  

p r o b le m s  a r e  c o n s id e r e d  kinematically  admissible
A p p ly in g  m o d e m  c o m p u t e r  t e c h n iq u e , h o w e v e r , a ll 4  s t age s  m a y  u s u a lly  be  

c a r r ie d  o u t  s im u lt a n e o u s ly .

i f  th e  s t r a in s  r e s pe c t  a s s u m e d  s tr e s s - s tra in r e la t io n s h ip s  fo r  s o il a n d  

s tr uc tu r e  a n d

i f  the  c o n t a c t  a r e a s  o f  th e  s tr uc tur e  a n d  o f  th e  s o il c o n fo r m . T h e  d e fle c t io n s  a n d  m o v e m e n t s  o f  th e  s t r uc tu r e  a n d  th e  s o il s u b je c t  to  th e  

c o n t a c t  pr e s s ure  are  d e te r m in e d  c o r r e s p o n d in g  to  t r a d it io n a l s tr e s s - s tra in 

r e la t io n s h ip s  fo r  s o il a n d  s t ruc ture . C o n fo r m it y  o f  th e  t w o  c o n t a c t  a r e as  (s o il 

a n d  s tr uc t ur e ) d e t e r m in e  a  KP - d is t r ib u t io n  o f  th e  c o n t a c t  pr e s s ure  (KP- CP) 
c o r r e s p o n d in g  to  a  s ta te  o f  e q u ilib r iu m .

K P - c a lc u la t io n

In  r e a lity  th e  a s s u m e d  s tr e s s - s tr ain r e la t io n s h ip  r e fle c ts  th e  tr ue  r e la t io n s h ip  

o n ly  to  a  c e r t a in  de gr e e . F ur th e r m o r e  s o m e  o f  th e  m e t h o d s  o f  a n a ly s is  

a p p lie d  in  p r a c t ic e  d o  n o t  inv e s t ig a te  th e  s t r a in s  in  e ve r y  d e ta il a n d  m a y  

c o r r e s p o n d in g ly  le a d  to  d iffe r e n t  r e s u lts .

S P - c o r r e c t io n

T o  a llo w  fo r  the s e  a p p r o x im a t io n s  it  s e e ms  m o r e  a d e q u a te  to  us e  th e  te r m 

kinematically  plausible (KP- ) a n d  r e la t e  th e  p la u s ib ilit y  to  th e  a s s u m p t io n s  

a n d  th e  m e t h o d  o f  a n a ly s is  a p p lie d  ( the o r y  o f  e la s t ic ity  o r  p la s t ic it y , 

c o e ffic ie n t  o f  s u b g r a d e  r e a c t io n  e tc .) .

T h is  KP - CP  is  m a d e  S P  b y  a d d in g  o r  s u b t r a c t in g  c o n t a c t  pre s s ure s  w he r e  

ne ce s s a r y  to  r e s pe c t  th e  fa ilu r e  c o n d it io n s  in  th e  s o il a n d / o r  th e  s t r uc tur e , 

g e n e r a lly  b y  a s s u m in g  lo c a l y ie ld in g  o f  th e  s o il a n d / o r  th e  s t r uc tu r e . T h e  

r e s u lt in g  SP - d is t r ib u t io n  o f  th e  c o n t a c t  pr e s s ure  (SP- CP) ,  h o w e v e r , g e n e r a lly  

do e s  n o t  r e p re s e n t a  s ta te  o f  e q u ilib r iu m , w he r e a s  it  m a y  o ft e n  b e  c o n s id e r e d  

KP- , be c a us e  the  y ie ld in g  lo c a lly  c a n c e ls  th e  s tr e s s - s tr ain c o n d it io n s  a s s um e d  

in  th e  KP - c a lc u la t io n .

S P - a na ly s e s

S u b s t it u t in g  th e  te r m s  "s t r a in s " b y  "s tr e s s e s " a n d  "s tr e s s - s tr a in r e la t io n s h ip s " 

b y  "fa ilu r e  c o n d it io n s " th e  p r e v io u s  p a r a g r a p h  a ls o  d e fin e s  statically  

admissible a na ly s e s  a n d  e x p la in s  w h y  it  is  m o r e  a d e q ua te  to  us e  th e  te r m 

statically  plausible  (SP- ) a n d  r e la te  th e  p la u s ib ilit y  to  th e  fa ilu r e  c o n d it io n s  

a n d  th e  m e t h o d s  o f  a n a ly s is  a p p lie d  ( M o h r - C o u lo m b  c o n d it io n , F inite -  

d iffe r e nc e - c a lc u la t io n s , E x t r e m e  m e t h o d s  e tc .).

S u c c e s s iv e  C a lc u la t io n s

I f  th e  S P - CP  is  no t  (s u ffic ie n t  ) KP- , i.e . i f  a  n e w  KP - a n a ly s is  in d ic a t e , th a t  

th e  t w o  c o n t a c t  a r e as  s u b je c t  to  S P - CP  d o  n o t  c o in c id e , t h is  m a y  be  a c h ie ve d  

b y  a  KP - c o r r e c tion  le a d in g  to  K P - C P ’, w h ic h  a g a in  m a y  b e  SP - c or re c te d to  

S P - C P ’ e tc .,  i.e . b y  a  s uc c e s s iv e  p r o c e d u r e  a lt e r n a t in g  b e tw e e n  KP-  a n d  SP-  

c a lc u la t io n s .

It  is  im p lie d  th a t  th e  c o n d it io n s  o f  e q u ilib r iu m  - a t  le as t  in  p r in c ip le  - s h o u ld  

be  fu lf ille d  fo r  b o t h  k in d s  o f  a na ly s e s .

P R O P O S E D  S U C C E S S IV E  P R O C E D U R E . K S P - c a lc u la t io n

In  p r in c ip le  th e  p r o p o s e d  s uc c e s s ive  p r o c e d ur e  c o ns is ts  o f  4  s tage s : T h e  Final r e s ult  o f  the  p r o c e d ur e  d e s c r ib e d  a b o v e  w it h  o r  w it h o u t  s uc c e s s iv e  

c a lc u la t io n s  is  a C P , w h ic h  in  s o il a n d  s tr uc ture

KP - c a lc u la t io n
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r e s pe c ts  th e  a s s um e d  s tr e s s - s tra in r e la t io n s h ip s  o u t s id e

y ie ld in g  e le m e n t s

re s pe c ts  th e  fa ilu r e  c o n d it io n s

m a k e s  th e  c o n t a c t  a r e a s  c o in c id e ,

w he r e a s  g e n e r a lly  it  d o e s  n o t  fu lf ill t h e  c o n d it io n s  o f  e q u ilib r iu m .

T h is  m a y  be  o b t a in e d  b y  d is r e g a r d in g  in  th e  fir s t  KP - c a lc u la t io n  th e  

c o n d it io n s  o f  e q u ilib r iu m  in  s u c h  a  w a y  th a t  the y  are  fu lf ille d  a fte r  th e  fin a l 

KP-  o r  SP - c o m e c tio n . T h e  f in a l r e s u lt  w ill t h e n  be  KP-  as  w e ll a s  SP-  a n d  is  

c o n s e q u e n t ly  n a m e d  a kinematically , statically  plausible  (KSP- ) solution.

B e lo w  th e  p r o p o s e d  s uc c e s s ive  p r o c e d ur e  ha s  b e e n  a p p lie d  to  a  r a ft  

fo u n d a t io n  a n d  a n  e m b e d d e d  w a ll.

R A F T  F O U N D A T IO N

A  r a ft  fo u n d a t io n  h a v in g  th e  w id t h  B  a n d  a n  a ve r a g e  lo a d  p,,, is  c o ns id e r e d .

T o  s im p lify  th e  d e s c r ip t io n  it  h a s  b e e n  g e n e r a lly  a s s um e d  th a t  b e n d in g  

m o m e n t s  are  n o t  tr an s fe r r e d  fr o m  th e  r a ft  t o  th e  s upe r s t ruc t ur e , th a t  n o  w a te r  

p re s s ure s  o c c u r  a n d  - e x c e p t  in  fig . 5 . - t ha t  th e  m a jo r  p a r t  o f  th e  to t a l lo a d  

ac ts  a s  t w o  id e n t ic a l line - lo a d s  a lo n g  th e  e dg e s  o f  th e  r a ft , i.e . t h e  w e ig h t  o f  

th e  r a ft  a n d  th e  lo a d  a c t in g  d ir e c t ly  o n  th e  fre e  s u r fac e  o f  the  r a ft  c o ns t itu t e  

a  m in o r  pa r t  o f  th e  to ta l lo a d  pm*B .

A s  lo n g  as  y ie ld in g  d o e s  n o t  o c c u r  th e  r e la t ive  s t iffne s s  o f  th e  r a ft  m a y  be  

d e fin e d  as  S T  =  (E s* Is) / (E g*B 3) ,  w he r e  s a n d  g  r e fe r  to  s t r uc t ur e  a n d  g r o u n d , 

r e s p e c tiv e ly , E  are  m o d u li o f  e la s t ic ity  a n d  I m o m e n t  o f  in te r t ia .

S t if f ,  U n y ie ld in g  R a f t

F ig .  1 . S t iff ,  u n y ie ld in g  r a ft . KP-  a n d  SP - c ontac t  pre s s ure s .

F ig . 1 s h o w s  a  r a ft  fo u n d a t io n , c o m p le t e ly  r ig id  c o m p a r e d  to  th e  

c o m p r e s s ib ilit y  o f  th e  s o il ( 1 / ST =0 ).

KP- calculation: B y  th e  th e o r y  o f  e la s t ic ity  th e  w e ll k n o w n  c o n t a c t  pr e s s ur e  

(C P ) , m a r k e d  K P  in  f ig  1, is  fo u n d  w it h  a 0 =  p m*2 / it  in  th e  c e n te r  a n d  o „  

=  ~  a lo n g  th e  e dg e s . T h e  s e t t le m e n t is  t h e o r e t ic a lly  S0 =  ~

A  K P - c a lc u la t io n  a s s u m in g  a  coefficient o f subgrade reaction

k  =  < V 5 m, (1 )

w h e r e  5m is  a  m o r e  r e a s o n a b ly  e s t im a te d  s e t t le m e nt, w ill r e s u lt  in  th e  s a m e  

KP - CP .

SP- correction: C o n t a c t  p re s s ure s  e x c e e d in g  the  b e a r in g  r e s is tan ce  o f  th e  s o il 

ar e  c u t  o ff. I f  a s  a n  e x a m p le  the  s o il is  c la y  w it h  a n  u n d r a in e d  b e a r in g  

c a p a c it y =  l , 5 * p m th e  SP - CP  w ill be  as  s h o w n  s h a d e d  in  f ig . l ,  m a r k e d  

"C la y .S P ".  I f  th e  r a ft  r es ts  o n  s a nd  w it h o u t  a n y  q - c o n t r ib u t io n , th e  SP - CP  

w ill in  p r in c ip le  be  as  m a r k e d  "S a n d .S P ". W it h  a q - c o n t r ib u t io n  th e  c u t- o ff 

lin e  w ill r e pre s e n t a  c o r r e s p o n d in g ly  g r e a te r  b e a r in g  r e s is ta nc e .

Ho w e v e r , in  a n y  ca s e  th e  KP - CP  is  r e duc e d  a n d  th e  SP - CP  is  th e r e fo r e

KSP- calculation: A s s u m in g  th e  c o e ffic ie n t  o f  s u b g r a d e  r e a c t io n  (1 )  t o  be  

u n c h a n g e d  o u t s id e  t h e  a r e as , w he r e  th e  s o il y ie ld s , a  n e w  KP - CP  m a y  be  

fo u n d  b y  m u lt ip ly in g  th e  KP - v a lu e s  b y  a  fa c to r  > 1 , d e t e r m in e d  b y  th e  

c o n d it io n  o f  v e r t ic a l e q u ilib r iu m  a fte r  th e  SP - c o r r e c tio n . T h e  c o r r e s p o n d in g  

KS P - CP s  a re  s h o w n  in  fig . 2.

insufficient for  vertical e quilibr ium.

F ig .  2 . S t iff ,  u n y ie ld in g  r a ft  a n d  y ie ld in g  s o il. KS P - c o n t a c t  pre s s ure s  o  fo r  

d iffe r e n t  b e a r in g  c a p a c it ie s  o f  th e  s o il.

Gr e a te r  b e a r in g  c a p a c ity  o f  th e  c la y  w o u ld  in  th e  e la s t ic  r a ng e  r e s u lt  in  a  C P  

c lo s e r  to  th e  KP - v a lu e s , w he r e a s  s m a lle r  b e a r in g  c a p a c it ie s  w ill h a v e  th e  

o p p o s it e  e ffe c t .  T h e  s e t t le m e nts  m a y  be  d e t e r m in e d  as  o / o 0*8 m fo r  th e  

u n y ie ld in g  a re a s  a n d  a re  s e e n  to  inc r e a s e  w it h  de c r e a s in g  b e a r in g  r e s is tance .

T h e  s m a lle s t  b e a r in g  c a p a c ity  c a p a b le  o f  e n s u r in g  v e r t ic a l e q u ilib r iu m  is  p „  

c o r r e s p o n d in g  to  a  u n ifo r m ly  d is t r ib u te d  C P  a n d  th e  r a ft  a c t in g  a s  a  b lo c k  

fo u n d a t io n .

F r o m  th e  v a r ia t io n  in  th e  C P s  it  fo llo w s  th a t  th e  b e n d in g  m o m e n t s  in  the  

u n y ie ld in g  r a ft  de c re as e , i f  th e  b e a r in g  r e s is ta nce  o f  th e  s o il inc r e as e s .

S t if f ,  Y ie ld in g  R a f t  O n  C la y

I f  th e  r a ft  in  s p ite  o f  th e  g r e a t  s t iffne s s  is  n o t  a b le  to  r e s is t  th e  b e n d in g  

m o m e n t s  c o r r e s p o n d in g  to  th e  C P s  fr o m  fig .2 , t h e  r a ft  s ta r ts  y ie ld in g . 

A s s u m in g  th e  c o e ffic ie n t  o f  s ub g r a d e  r e a c tio n  (1 ) is  u n c h a n g e d  fo r  th e  n o t  

y ie ld in g  p a r t  o f  th e  s o il, the  KS P - CP  m a y  be  d e t e r m in e d  b y  v a r y in g  th e  

a n g le  o f  r o ta t io n  in  th e  y ie ld in g  h in g e s  o f  th e  r a ft  a n d  f in d in g  th e  v a lu e  

r e s u lt in g  in  v e r t ic a l e q u ilib r iu m  in  the  KSP- s ta te .

T h e  KS P - CP s  a re  fo r  th e  c lay - ca s e  s h o w n  in  fig . 3 fo r  d iffe r e n t  v a lu e s  o f  the  

y ie ld in g  m o m e n t s  o f  th e  r a ft .

n ».3  S t iff ,  y ie ld in g  r a ft  a n d  y ie ld in g  s o il. KS P - c o n t a c t  pre s s ure s  a  fo r  

d iffe r e n t  b e n d in g  r e s is ta nc e  o f  the  r a ft .

W it h  th e  C P  m a r k e d  M „  th e  r a ft  is  ju s t  a b o u t  to  s ta r t  y ie ld in g , b u t  the  

s e t t le m e n t is  s t ill 8m fo r  th e  e n tir e  r a ft . F o r  the  s m a lle r  b e n d in g  r e s is t ance s
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th e  s e t t le m e nts  m a y  fo r  the  n o t  y ie ld in g  pa r ts  o f  th e  s o il be  d e t e r m in e d  by  

m u lt ip ly in g  8m w it h  th e  r a t io  a / o 0, w h e r e  a 0 c o r r e s p o nd s  to  M 0 in  fig .3 . It  

ap pe a r s , t h a t  th e  s e t t le m e nts  a t  th e  e dg e s  inc r e as e  w it h  de c r e a s in g  b e n d in g  

r e s is tan ce  o f  th e  r a ft  r e a c h in g  in f in it e  fo r  M s M ^ ,  w h ic h  r e pre s e n ts  th e  

U LS - in v e s t ig a t io n  p r e s c r ib e d  in  th e  D a n is h  Co d e  o f  P r a c tic e  fo r  F o u n d a t io n  

S tr uc tu r e s , Da n s k  In g e n i0 r fo r e n in g  (1 9 8 4 ).

L im it  S t a t e  De s ig n

If  L im it  S ta te  De s ig n  is  a p p lie d , th e  U lt im a le  L im it  S ta te  (U L S )  a n d  the  

S e r v ic e a b ilit y  L im it  S ta te  (S L S )  a re  a n a ly s e d  s e par a te ly .

As  e x a m p le s  th e  t w o  r a fts  in  fig . 4  a n d  S h a v e  b e e n  c o ns id e r e d . In  th e  e la s t ic  

s ta te  th e  r a ft s  a r e  a s s um e d  to  be  c o m p le t e ly  r ig id . In  fig . 4  th e  lo a d  a c t in g  

d ir e c t ly  o n  th e  r a ft  in c lu d in g  th e  s e lf- w e ig h t is  n e g lig ib le , i.e . t h e  lin e  lo a d s  

r e pre s e n t th e  to ta l lo a d , w he r e a s  in  fig . 5  th e  to ta l lo a d  is  u n ifo r m ly  

d is t r ib u te d . T h e  c o m b in e d  e ffe c t  o f  th e  p a r t ia l c o e ffic ie n t s  o n  th e  s e lf- w e ig h t 

a n d  th e  liv e  lo a d  is  a s s um e d  to  be  a  d e s ig n  lo a d  =  l , 2 * p m. T h e  r e m a in in g  

p a r t ia l c o e ffic ie n t s  ar e  ta k e n  as  1,4 o n  the  b e n d in g  r e s is ta nce  M k o f  th e  r a ft  

a n d  1,5 o n  th e  b e a r in g  r e s is t ance  o t  o f  th e  s o il.  a k is  a s s um e d  to  be  =  3 *p m.

U L S  w ill be  0 , i.e . in  th is  cas e  th e  S L S  w ill b e c o m e  d e c is iv e . In  fig . 5  CP-  

d is t r ib u t io n s  fo r  d iffe r e n t  c ha r a c te r is t ic  b e n d in g  r e s is ta nc e s  M  ar e  s h o w n . F o r  

M  <  M ,  y ie ld in g  tak e s  p la c e  in  s e ve r a l p o in t s  a n d  th e  CP - d is t r ib u t io n  

a p p r o a c h e s  pm. F o r  M ,  <  M  <  M o  th e  r a ft  y ie ld s  in  th e  c e n tr e . T o  a v o id  

y ie ld in g  (w it h  p a r t ia l c o e ffic ie n t  1 ), t h e  r e q u ir e m e n t  is  M  >  M „  =  

0 ,0 2 6 *p m*B 2.

F le x ib le  R a f is

I f  t h e  e la s t ic  d e fo r m a t io n s  o f  th e  r a ft  s h a ll be  ta k e n  in t o  a c c o u n t , t h e  KP-  

calculation m a y  as  a  fa ir  a p p r o x im a t io n  be  c a r r ie d  o u t  b y  a s s u m in g  th e  s a m e  

c o e ffic ie n t  o f  s ub g r a d e  r e a c tio n  (1 ) as  p r o p o s e d  fo r  a  s t if f  r a fL T h e  

s ub s e q u e n t  SP- correction a n d  KSP- calculation m a y  be  c a r r ie d  o u t  as  

d e s c r ib e d  a bo ve . It  m a y  h o w e v e r  b e c o m e  ne c e s s a ry  to  ta ke  in t o  a c c o u n t  the  

c h a ng e s  in  e la s t ic  d e fo r m a t io n s  o f  th e  r a ft  c a us e d  b y  th e  t r a n s it io n  fr o m  KP-  

C P  to  SP - CP . I f  s o , successive calculations  m a y  b e  r e quir e d .

B E A R IN G  R E S IS T A N C E  O F  A N  E M B E D D E D  W A L L

G e n e r a l

A s  a n o t h e r  e x a m p le  th e  v e r t ic a l b e a r in g  r e s is ta nce  o f  a n  e m b e d d e d  w a ll 

in s t a lle d  in  u n lo a d e d  fr ic t io n a l s o il w it h  c o n s ta n t  u n it  w e ig h t  y  a n d  c o n s ta n t  

a n g le  o f  in t e r n a l fr ic t io n  <>=30° is  c o ns id e r e d .

h  (Ü

F ig .  6 . Nota tions

F ig .  4 . CP - d is t r ib u t io n  in  th e  U lt im a t e  L im it  S ta te  a nd  in  the  S e r v ic e a b ilit y  

L im it  Sta te .

F ig . 4  s h o w s  th e  CP - d is t r ib u t io n  in  th e  U L S  a n d  th e  S L S . T h e  c o r r e s p o n d in g  

b e n d in g  m o m e n t s  M / (p m*B 2) a re  0 ,0 9 0  a n d  0 ,0 9 7  r e s pe c tive ly . U L S  

d e te r m in e s  th e  ne ce s s a ry  c h a r a te r is t ic  b e n d in g  r e s is ta nc e  M k/ (p m*B 2) =  

1 ,4 *0 ,0 9 , i.e . t h e  c o m b in e d  e ffe c t  o f  the  p a r t ia l c o e ffic ie n t s  o n  th e  lo a d , the  

b e a r in g  r e s is t a nce  a n d  th e  b e n d in g  r e s is ta nce  is  in  th is  cas e  s u ffic ie n t  to  

p r e ve n t  y ie ld in g  in  th e  ch a r a c te r is t ic  s ta te  (S L S ) .  C o n s e q u e n t ly , the  U L S  w ill 

in  m a n y  cas e s  b e c o m e  d e c is iv e  fo r  th e  d e s ig n .

F ig .  5 . CP - d is t r ib u t io n  in  the  S e r v ic e a b ilit y  L im it  S ta te  fo r  d iffe r e n t  va lu e s  

o f  the  c ha r a c te r is t ic  b e n d in g  r e s is t an c e  M .

In  cas e  o f  c o n d it io n s  as  s h o w n  in  fig . 5 th e  r e quir e d  b e n d in g  r e s is tan ce  in  the

F ig .  7 . E x t r e m e  e a r th  pr e s s ur e s  fo r  u n lo a d e d , fr ic t io n a l (<(i=30o) s o il fo r  

v a r y in g  w a ll fr ic t io n  r = ta n 8Aa n $.

F ig . 6  s h o w s  th e  no t a t io n s  us e d  a n d  fig . 7  th e  e x tr e m e  e a r th  pre s s ure s  fo r  

u n lo a d e d  fr ic t io n a l s o il w it h  0 = 3 0 °  a n d  v a r y in g  d ir e c t io n . T h e  e a r th  pr e s s ur e s  

are  c a lc u la t e d  as  de s c r ib e d  in  Mo r t e n s e n  (1 9 9 2 ). 4  t y p ic a l fa ilu r e  fig u r e s  are  

s h o w n , a b o v e  th e  d ia g r a m  fo r  e m a x , b e lo w  fo r  e m in , o n  th e  r ig h t  h a n d  s ide  

fo r  p o s it iv e  w a ll fr ic t io n  a n d  o n  the  le ft  h a n d  s id e  fo r  n e g a t iv e  fr ic t io n . U p p e r  

le ft  a n d  lo w e r  r ig h t  c o n t a in  d is c o n t in u it y  lin e s . T h e  r e s ults , h o w e v e r , a re  o n ly  

s lig h t ly  d iffe r e n t  fr o m  the  fin d in g s  a c c o r d in g  to C o u lo m b  ( 0 ,7 7  a n d  0 ,7 2  

a g a ins t  c o s 2(j>=0,75), he nc e  K = c o s  2<)> is  c o ns id e r e d  s u ffic ie n t ly  ac c ur a te  for  

p r a c t ic a l c a lc u la t io n s .

It  s h o u ld  be  no t e d , th a t  the  c o n n e c t in g  v e r t ic a l lin e s  fo r  r = l a nd  -1 a ls o  

r e pre s e n t s ta te s  o f  fa ilu r e  ( s lid in g )  a n d  tha t  th e  d e lim it e d  a r e a  c o n t a in s  a ll 

SP- e a r th  pr e s s ur e s , w he r e a s  p o in t s  o u t s id e  th is  s ta ble  a re a  r e pr e s e n t s t a t ic a lly

- 1 - 0 .5  0  0 .5  1

r ■ t a n  6  /  t a n  <p
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T h e  s tr e s s - s tr a in r e la t io n s h ip  In  th e  c o it a c t  a r e * is  in  th e  e la s t ic  s ta te  a s s u m e d  

to  b e  g o v e r n e d  b y  c o e ffic ie n t s  o f  s u b g r a d e  r e a c t io n  k  d e fin e d  as

k = A *Y*z / h .  (2 )

w h e r e  th e  d im e n s io n le s s  c o n s ta n t  A  d o e s  n o t  n e c e s s a r ily  h a v e  t h e  s a m e  v a lu e  

in  h o r iz o n t a l d ir e c t io n  g o v e r n in g  e  a n d  in  v e r t ic a l d ir e c t io n  g o v e r n in g  f.

T h in ,  C o m p r e s s ib le  W a l l

In s ta lla tio n  U nloading

impos s ible  states.

1 0  - 1 1  0  - 1 1  o  - 1

K ^ f / lg ' h  t a n p )  a n d  u / u mox

F ig .  8 . W a ll fr ic t io n dur ing  ins ta lla t io n by  pre s s ing and s ubs e que nt 

u n lo a d in g  o f  a th in , compre s s ible  wa ll

In s t a lla t io n

P r io r  t o  in s t a lla t io n  t h e  e a r th  p r e s s ur e  is  a s s u m e d  t o  c o r r e s p o n d  to

K 0 =  l- s in 0  =  0 ,5 . T h e  w a ll is  s o  t h in  th a t  it  ca us e s  (p r a c t ic a lly )  n o  

d is p la c e m e n t  o f  th e  s o il.

KP- calculation: e  is  u n c h a n g e d  (K = 0 ,5 )  as  m a r k e d  K P  in  fig . 8a  be c a us e  n o  

h o r izo n t a l d is p la c e m e n t  tak e s  p la c e .

SP- correction: W it h  p o s it iv e  w a ll fr ic t io n  K  m u s t  be  inc r e a s e d  to  c o s 2<| >=0,75 

to  b e c o m e  S P  as  m a r k e d  S P  in  fig . 8a.

KSP- calculation: T h e  SP - va lu e  b e c o m e s  K P  b y  c o n s id e r in g  th e  h o r izo n t a l 

d is p la c e m e n t  o f  th e  s o il (=0 ) as  th e  s u m  o f  a n  e la s t ic  m o v e m e n t  a w a y  fr o m  

the  w a ll d u e  to  th e  inc r e a s e d  h o r izo n t a l s tr e s s  a n d  a  p la s t ic  y ie ld  in  the  

o p p o s it e  d ir e c t io n , be c a us e  it  is  a n  a c tiv e  s ta te  o f  fa ilu r e . T h e  v e r t ic a l 

e q u ilib r iu m  is  e s t a b lis h e d  s im p ly  b y  in c r e a s in g  th e  lo a d  o n  th e  lo p  o f  the  

p ile , i.e . th e  in s t a lla t io n  fo r c e  ( a n d  la te r  o n  th e  b e a r in g  r e s is ta nce ) 

c o r r e s p o nd s  to  K = c o s 2$.

Unlo a d ing

I f  the  p ile  is  e x t r e m e ly  r ig id  th e  s h e a r  fo r ce s  w ill d is a p p e a r  a t  u n lo a d in g  a nd  

the  h o r izo n t a l s tr e s s e s  r e m a in  u n c h a n g e d .

A  c o m p r e s s ib le  p ile  o n  th e  o th e r  h a n d  e lo n g a te s  a t  u n lo a d in g :

KP- calculation: T h e  r e s u lt  d e p e n d s  o n  th e  r e la t ive  s t iffne s s  o f  th e  w a ll,  w h ic h  

m a y  be  e x pre s s e d  as  S T =  E *A J(k *h2), A ,  b e in g  th e  a re a  p e r  u n it  le n g t h  o f  

the  w a ll.  T h e  ne c e s s a r y  d iffe r e n t ia l e q u a t io n s  s h a ll n o t  be  d e s c r ib e d , b u t  th e  

KP - r e s u lt  m a y  b e  as  s h o w n  in  fig . 8b  w it h  e q u a l a r e as  b e tw e e n  f= 0  a n d  th e  

KP - c ur ve  o n  b o t h  s ide s  o f  0 .

SP- correction: W it h  n e g a t iv e  w a ll f r ic t io n  th e  KP - v a lu e s  fo r  th e  u p p e r  p a r t  

o f  the  w a ll m u s t  be  r e d uc e d  t o  K '= - c o s 2^=- 0 ,7 5  as  s h a d e d  a n d  m a r k e d  SP-

T h e  S P - CP  c o r r e s p o nd s  to  a  r e m a in in g  v e r t ic a l lo a d  o n  t h e  w a ll,  i.e . th e  

v e r t ic a l e q u ilib r iu m  is  n o t  s a t is fie d  fo r  th e  u n lo a d e d  w a ll.

KSP- calculation. T h is  m a y  b e  a c h ie v e d  b y  a s s u m in g  in  t h e  K P - c a lc u la t io n  

a  lo w e r  p o s it io n  o f  th e  p o in t  o f  n o  r e la t ive  m o v e m e n t  as  s h o w n  in  f ig . 8c . 

B y  fu r th e r  lo a d in g  a n d  p u llin g ,  th e  fr ic t io n a l r e s is t an c e  c o r r e s p o n d s  to  K ' =

0 ,7 5  a n d  - 0,75 w it h  u n c h a n g e d  h o r iz o n t a l s tr e s se s .

T h ic k  W a lls .

T h e  w a ll is  a s s u m e d  t o  be  s o t h ic k  t h a t  d is p la c e m e n t  d u r in g  in s t a lla t io n  

ca us e s  t h e  d e v e lo p m e n t  o f  e m a x .

I f  the  w a ll is  s o  r ig id , th a t  th e  e lo n g a t io n  is  n e g lig ib le  (  1 / S T = 0 ), th e  s he a r  

s tre s se s  f  w ill v a n is h  d u r in g  u n lo a d n in g  a n d  e  w ill a ft e r  u n lo a d n in g  a n d  

d u r in g  r e lo a d in g  c o r r e s p o nd  to  K = 3 , w h e r e a s  p u llin g  a n d  la t e r  r e lo a d n in g  

w ill c o r r e s p o n d  to  K = 0 ,7 5 .

If ,  o n  th e  o t h e r  h a n d , th e  w a ll is  r e la t iv e ly  c o m p r e s s ib le  s o  th a t  th e  v e r t ic a l 

d e fo r m a t io n s  o f  t h e  s o il be c o m e s  n e g lig ib le  (S T = 0 ) ,  t h e  e v o lu t io n  pr ogre s s e s  

as  s h o w n  in  fig . 9 , w he r e  o n ly  th e  f in a l KSP - r e s u lt s  a r e  s h o w n .

U n lo a d in g  R e lo a d in g  P u llin g  R e lo a d in g

in  fig. 8b.

: n

3 0 6 0  0  - 1 1 0

K'= f / l ^ h  t a n f l

F ig .  9 . W a ll fr ic t io n  d u r in g  in s t a lla t io n , u n lo a d in g ,  r e lo a d in g , p u llin g  a n d  

r e lo a d in g  a  c o m p r e s s ib le , t h ic k  w a ll.

It  ap pe a r s  th a t  th e  w a ll fr ic t io n  m a y  v a r y  as  fo llo w s :

W a ll T h in

T h ic k

r ig id

T h ic k

c o m p r e s s ib le

D u r in g  in s t a lla t io n 1 3 % 100% 100%

R e lo a d in g  a fte r  u n lo a d in g 1 3 % 5 2 % 2 3 %

A ft e r  t e n s io n  fa ilu r e 13 % 1 3 % 1 3 %

A lt h o u g  th e  c o n d it io n s  c o n s id e r e d  m a y  be  e x t r e m e , th e  r e s u lt s  in d ic a t e  th a t  

the  lo a d in g  h is to r y  a n d  th e  s t ifne s s  o f  the  w a ll m a y  be  m o r e  d e c is iv e  t o  th e  

b e a r in g  c a p a c it y  t h a n  th e  a n g le  o f  in t e r n a l fr ic t io n .

S im ila r ly  th e  s tre s s  c o n d it io n s  p r io r  to  th e  in s t a lla t io n  as  w e ll a s  la t e r  c h a ng e s  

in  th e  s tr e s s  c o n d it io n s  (e .g . b y  c o m p a c t io n , e x c a v a t io n , b o r in g  o f  

n e ig h b o u r in g  p ile s  e t c .) m a y  a ls o  in flu e n c e  th e  be a r in g  c a p a c it y  c o n s id e r a b ly .
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