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S ession  7

Earth Pressure, R etain ing W alls, T unnels and Shafts in  Soils

P o u ssé e  d es terres, m u rs d e so u tèn em en t, tu n n e ls  e t  p u its  d an s les so ls

C hairm an  / P résiden t:  Mr. C . S. Ma c k in t o sh , U n io n  o f  S o u th  A fr ic a

V ice-C ha irm an  / V ice-P résid en t:  M r. E . Nonveil er , J u g o s la v ia

G eneral R ep o rte r  / R a p p o rteu r  g énéra l:  P ro f. A . W . Skempt on , G r ea t B r ita in

O ra l D iscussion  / D iscussion  orale.
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P ro f. A. W. Skem pto n , G re a t B rita in

G en e ra l R ep o r te r  S e s s io n  7 -  R a p p o r te u r  g én ér a l S e s s io n  7

T h e  G e n e r a l  R e p o r t e r

T h e  p erio d  o f  five  yea rs s in c e  o u r la s t C o n fe r e n c e  h a s  see n 
a  n u m b e r o f  c h a n g e s  an d  d e v e lo p m e n ts  in  ea rth  p r essu re p r o ­

b lem s ; in c lu d in g , I a m  g la d  to  sa y , sev er a l v a lu a b le  fie ld  m e a s ­

D r . L . F. C ooling , G rea t B r ita in 
P ro f. K . Terzagh i, U .S .A .

W ritten  D iscussion  / D iscussion  p a r  écrit:

P ro f. R . H a e fe li, S w itze rla n d

M essrs. M . R o ch a , I. L a n g in h a  S era fim  a n d  A . F .S ilve ira ,  P o r tu g a l 
M r. Ch. Sch a erer , S w itze rla n d  
M r. C. F. T rigg , G r ea t B r ita in

u r em en ts, w h ich  h a v e  b e en  p u b lish e d  a s  c a s e  recor d s . M o s t  o f  
th ese d e v e lo p m e n ts  are im p o r ta n t a n d  I h a v e  tr ied  to  o u tlin e 
th em  in m y  g en era l rep ort. T h is  m o r n in g  w e  h a v e , a s  y o u  w ill 
s e e , e lev en  n a m es  o f  p e o p le  w h o  w ish  to  ta k e  p art in  th e  d is ­

cu ss io n  a n d  th ere fo re  I sh a ll re d u ce  m y  o p e n in g  rem a rk s to  a 
m in im u m , m a k in g  a  fe w  c o m m e n ts  o n ly  o n  4  to p ic s :  sh ee t 
p ile s , ea r th  p r essu re d is tr ib u tio n , tu n n e ls  a n d  creep .

I t seem s th a t th e su b ject  w h ich  h a s  a ttra cted  m o s t  a tte n tio n , 
d u rin g  th e  p a s t  5 y ea rs, h a s  b e en  th a t o f  a n ch o red  sh ee t  p ile 
w a lls . A t  th e la s t  co n fe r e n c e  P rof. T sch eb o ta r io ff h a d  p r o p o sed  
a  n e w  d e sig n  p ro ced u re . In  1952 D r . R o w e  o f  G r e a t B r ita in , 
p u b lish e d  a  im p o r ta n t p a p er  o n  th e  su b ject . In  th e  sa m e  yea r 
P ro f. J . V erdeyen  o f  B e lg iu m  a lso  p u b lish e d  a  p a p er , a n d  in 
a  p a p er to  th e C o n fe r en ce  w e  h a v e  M r. B rin ch  H a n sen  o f  D e n ­

m a rk , p u tt in g  fo rw ard  a  fu rth e r p r o ced u re . Im m ed ia te ly  b e ­

fo re  th e  co n feren ce , M r. B risk e  o f  G e rm a n y  h a s  p u b lish ed  a 
co n s id e r a b le  m o n o g r a p h  o n  th e su b je c t , w h ic h  I h a v e  n o t  y et 
h ad  an  o p p o rtu n ity  to  read . N o w  I m a y  re m in d  y o u  th a t th e 
u su a lly  a cc e p te d  m e th o d  o f  d e s ig n in g  sh ee t p ile  w a lls , is  k n o w n  
as th e  fixed  en d  m e th o d , d e scrib ed  in  very  m a n y  p la c e s , fo r 
ex a m p le  in  T e rza g h i’s “ T h e o r e tic a l S o il  M e c h a n ic s ” . In  c o n ­

tras t to  th is  m e th o d  P ro f. T sc h e b o ta r io ff h a s  su g g e ste d  th e  u se 
o f  a  sim p lif ied  e q u iv a le n t b e a m  m e th o d  a n d  D r . R o w e  p r o p o se s 
d e sig n in g , fr o m  th e  s ta b ility  p o in t  o f  v ie w  b y  th e free  en d  
m e th o d , a n d  th en  a p p ly in g  m o m e n t re d u c t io n  fa c to r s  d e p e n d ­

in g  o n  fiex ib lity  o f  th e p ilin g  a n d  a lso  o n  th e  n a tu re  o f  so il .
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I m a y  sa y  th a t , a lth o u g h  n o t  y e t  in  p r in t, P ro f. T e r z a g h i  h as 
to  s o m e  e x te n t  a c c e p te d  R o w e 's ,  p r o c ed u re  a n d  sh o r tly  w ill  be 
p u b lish in g  a  p a p er  w h ich  u n if ie s  R o w e 's  a p p r o a c h  fo r  sa n d s 
a n d  a ll  so il  ty p es. P ro f. V e r d e y e n  su g g e s ts  a  m o d ifie d  p ressu re 
d is tr ib u tio n  fr o m  th a t n o rm a lly  u sed  a n d  M r. B r in c h  H a n s e n  
h a s  p u t fo rw a rd  o n  ex tr em e ly  in te r e s tin g  m e th o d  o f  d e sig n , 
b a sed  o n  p la s t ic  eq u ilib r iu m . N o w  I th in k  th er e is n o  q u e s tio n  
th a t w e  c a n  p o ss ib ly  d e c id e , th is  m o r n in g , w h ic h  o f  th ese 
v a r io u s  n e w  m e th o d s  is th e  b est , a n d  e x p e r ie n ce  in  th e fie ld 
a n d  a ls o  e x p e r ie n ce  in  th e d e s ig n  o ff ice  w ill  b e th e fin a l test 
to  d e c id e  w h ich  o f  th ese  m e th o d s , or  in d e e d  w h eth er  th e o ld  
m e th o d  itse lf , is th e  m o s t  p refera b le . N ev e r th e le s s  I th in k  w e 
c a n  lo o k  fo rw a rd  to  an  in te res tin g  d isc u ss io n  s in c e  m o st  o f  th e 
a u th o rs , w h o m  I h a v e  ju s t  m e n tio n e d , are in  fa ct  ta k in g  p art 
in  th e  d iscu ss io n .

T h e  s e c o n d  to p ic  o n  w h ic h  I w ish  to  c o m m e n t c o n c e r n s 
p ressu re d istr ib u tio n . T h e  ex p e r im e n ts  b y  D r . R o w e  in d ic a te  
th a t th e  d is tr ib u tio n  o f  a c tiv e  p r essu re o n  sh ee t  p ile  w a lls  is in 
a c c o r d a n c e  w ith  th e  c la s s ic a l  th eo ry , p r o v id e d  th a t th e a n ch o r 
is  a llo w e d  to  y ie ld  a  lit tle . T h e  m o v e m e n t w h ic h  h e  fo u n d  in 
h is  te s ts  to  b e  su ff ic ien t to  re d u ce  a n y  o r ig in a l, n o n -lin ea r 
d is tr ib u tio n  to  th e lin ea r fo rm  is very  sm a ll;  so  sm a ll  in  fa c t 
th a t it w o u ld  a p p ea r  fro m  th is  te s ts  th a t w e  c o u ld  sa y  in  p ra c tice 
th a t th is  sm a ll  y ie ld  is a lm o s t  b o u n d  to  o ccu r , a n d  h e n c e  w e 
are b o u n d  to  u se  th e c la ss ic a l lin ea r d is tr ib u tio n  o f  a c tiv e  p res ­

su re . T h is  is  a  to p ic  w h ich  I h o p e  w ill  c o m e  u p  fo r  d e b a te. 
In  a  s im ila r w a y  s o m e  fu ll-sc a le  fie ld  o b se r v a tio n s  m a d e  b y  th e 
B u ild in g  R esea rch  S ta t io n , re p o rted  b y  M r. W a r d  a n d  m y self, 
in  a  d e ep  co ffer d a m  in  so ft  c la y  in  th e T h a m e s  e stu a ry , in d ic a te 
th a t th e  p r essu re  d is tr ib u tio n  fr o m  th e  c la y  o n  th e  p ilin g , m ig h t 
w ell h a v e  b e en  a c c o r d in g  to  c la ss ic a l th eo ry . A lth o u g h  th e 
a c tu a l d is tr ib u tio n  o f  lo a d  in  th e  tru sts w a s  far fr o m  lin ea r w e 
w ere  a b le  to  s h o w  th a t by  ta k in g  in to  a c c o u n t  th e f lex ib ility  o f  
th e  p ilin g  a n d  th e  d e fo r m a tio n s  w h ic h  o cc u rr ed  d u r in g  c o n ­

str u c tio n , th er e w a s  n o  n e e d  to  p o s tu la te  a n y  v a r ia tio n  fro m  
th e  c la ss ic a l p r essu re  d is tr ib u tio n . T h er efo r e it  see m s to  m e 
th a t  w e  m u st r e c o g n iz e  th a t th er e is  a n  in cre a s in g  a m o u n t o f  
e v id e n c e  th a t, in  th e  p a st , rath er t o o  m u ch  a tte n tio n  m a y  h a v e 
b e en  p a id  to  th e  p o ss ib ility  o f  d e v ia tio n s  fr o m  p r essu re d istr i ­

b u t io n s  o f  th e  c la ss ic a l fo rm .

T h e  th ird  to p ic  I w ish  to  m e n tio n  is tu n n e ls . F o r  q u ite  a 
lo n g  tim e  w e  h a v e  h a d  n o  p a p ers  d e a lin g  w ith  tu n n els . I  th ere ­

fo r e  a m  p a rt icu la r ly  g la d  to  se e  th a t sev er a l ex c e lle n t p a p ers 
h a v e  b e e n  r ec en tly  p u b lish ed  in  F r a n c e , a n d  a ls o  in  th e  C o n ­

fe re n ce  P ro ceed in g s . I d r aw  a tte n tio n  p a rt icu la r ly  to  so m e 
ex tr em e ly  in te r estin g  m ea su re m e n ts  m a d e  in  tw o  tu n n e ls  in 
L o n d o n , a n d  rep o rted  b y  D r . C o o lin g  a n d  M r. W a r d ,  w h ich  
sh o w  th a t th e  p ressu re ex er te d  o n  th ese  tu n n e ls  w a s  o f  th e 
ord e r o f  70%  o f  th e  o v er b u rd en  p r essu re; th e  tu n n els  b e in g 
a t  a  d e p th  o f  a b o u t  100  feet . A llo w in g  fo r v a r ia tio n s , it  w o u ld  
se e m  to  m e  th a t o n e  w o u ld  h a v e  to  a ssu m e , fo r  sa fe ty , th e fu ll 
o v erb u rd en  p ressu re . S u c h  m ea su re m e n ts  are in v a lu a b le  a s , 
in  m y  o p in io n , w e  h a v e  n o  re lia b le  th eo r ie s  fo r p r ed ic tin g  su ch  
p r essu res o n  tu n n e ls  in c la y . T h e  F ren ch  p a p ers  w h ic h  I m e n ­

t io n e d  referred  to  m ea su re m e n ts  w h ich  w ere  m a d e  in  ro ck s, 
a n d  w e re  carried  o u t  m o s tly  u n d e r th e  g en e ra l d irec tio n  o f 
M r. M a y e r .  T h ey  se em  to  m e  to  b e  very  im p o r ta n t . T h er e is 
a ls o , in  th a t c o n n e c t io n , a  v a lu a b le  th e o r e tic a l p a p er b y  T e r ­

z a g h i  a n d  R ic h a r d t ,  w h ic h  w ill  b e  fo u n d  in  G e o te c h n iq u e , 
w h ic h  sh o w s  th e  g re a t s ig n if ic a n c e  o f  th e n a tu ra l stresses  e x is t ­

in g  in  th e  ro ck  s tra tu m  b e fo r e  tu n n e lin g .

T h e  la s t  to p ic  I w ish  to  m e n tio n  is “ c r e e p ” . It h a s  b een 
o b v io u s  fo r m a n y  y ea rs th a t cre ep  sh o u ld  b e  q u ite  an  im p o rta n t 
fa c to r  in  ea rth  p r essu re c a lc u la tio n s . Y e t  th ere  h a s  b e en  a

ra th er  c o n s p ic u o u s  a b se n c e  o f  a n y  d a ta  o n  th is su b ject. I refer 
p a rtic u la r ly  to  fie ld  d a ta , b e ca u se , w ith  d u e re sp ec t, I  d o  n o t 
see  h o w  la b o r a to r y  cre ep  te sts  c a n  te ll u s a  grea t d e a l a b o u t 
w h a t is g o in g  to  h a p p en  in  p ra c tice . W e k n o w  to o  lit t le  a b o u t 
th e p r o b lem  y et . M o r e o v e r  in  m a n y  ca se s , an d  I th in k  th a t it 
m a y  b e  in  th e  m a jo rity  o f  ca ses , cre ep  is n o t  ta k in g  p la ce  in  th e 
fie ld  a t a  c o n s ta n t  w ater  co n te n t. Y e t, th e  la b o ra to ry  te sts 
h a v e  b e en  ca rried  o u t  u n d e r th is co n d it io n . F o r  e x a m p le , if 
w e h a v e  a  sh ee t p ile  w a ll , a n d  i f  as is  c o m m o n ly  th e ea se , 
s o m e  fill in g  is p la ced  o n  to p  o f  th e  c la y  to  b r in g  th e g ro u n d  
le v e l u p  to  a  sp e c ified  h e ig h t, th en  d u rin g  th e co u r se  o f  th e fe w  
y ea rs fo llo w in g  c o n s tr u c tio n  th e c la y  w ill  ten d  to  c o n s o lid a te 
a n d  g e t  stro n g er . T h is  m a y  far m o re  th an  o ffse t a n y  cre ep  
e ffe ct. N e v e r th e le ss  th e im p o r ta n c e  o f  cre ep  c a n n o t  be d e n ied  
a n d  th er efo re  I w e lc o m e  p a rt icu la r ly  th e p a p er in  th e c o n feren ce 
b y  P ro f. H a e fe l i  o n  th e p ressu res d e v e lo p e d  o n  th e  a b u tm en t 
o f  o n e  o f  th e  co n c r e te  b r id g es h ere in  S w itze rla n d . T h e  p r es ­

su res d e v e lo p ed  o n  th e a b u tm en t o f  th is  b r id g e h a v e  b een 
m ea su re d  a n d  are ex tr em e ly  h ig h ;  th ese p ressu res  b e in g  d e ­

v e lo p e d  as th e  resu lt o f  cre ep  o f  th e s o il  in  w h ich  th e  a b u tm en ts 
o f  th e  b r id g e are p la ced . I p e rso n a lly  w o u ld  b e  very  in ter ­

e s te d  to  k n o w  w h e th er  th is  p a rt icu la r e x p e r ie n ce  is in a n y  w a y 
e x c e p tio n a l. I f  it is  n o t  e x c e p tio n a l, th en  m u c h  o f  o u r d e s ig n  
c o n c e r n in g  b r id g e  a b u tm en ts  is  w ro n g , b e ca u se  th ese fo rc es 
w h ich  P ro f. H a e fe l i  h a s m ea su re d , as I m en tio n e d , are in fa ct 
very  co n sid e ra b le .

I w ill  n o t  ta k e  u p  a n y  m o re  o f  y o u r  tim e  ex c e p t th a t I w o u ld  
l ik e  to  sa y , as a  G e n era l R ep o r te r , h o w  very  m u c h  in d eed  I 
w a s h e lp ed  in  m y  ta sk  b y  D r . vo n  M o o s ,  a n d  I w o u ld  lik e  to 
ex p r ess m y  g ra titu d e  to  h im .

L e  r a p p o r te u r  g é n é r a l  r é c a p it u le  b r iè v e m e n t  le s  d iv e r s  tr a v a u x  
e x é c u t é s  a u  c o u r s  d e s  a n n é e s  é c o u lé e s  s u r  le s q u e ls  p o r te r a  la  d is ­

c u s s io n ,  à  s a v o ir :  l ’a n c r a g e  d e s  r id e a u x  d e  p a lp la n c h e s ,  la  p o u s s é e  
d e s  te r r e s , le s  t u n n e ls  e t  le  f lu a g e .

Prof. G. P. Tschebotarioff
T h e  G e n era l R e p o r t m e n tio n s  th e  u n d e rsta n d a b ly  p e rs is te n t 

a tte m p ts  o f  sev er a l in v estig a to rs  a im e d  a t c o rre la tin g  th e  la tera l 
p r essu re  o f  p la s tic  c la y  to  its  sh ea rin g  stre n g th , a s  d e term in ed  
b y th e c o n v e n ie n t  a n d  in ex p en s iv e  s h o r t  d u r a tio n  te sts  rap id ly 
ca rr ie d  to  fa ilu re. T h is  a p p ro a ch , w h ich  I c a ll  th e  “ str en g th  
m e th o d ” , in  its p r esen t fo rm  la r g e ly  n e g lec ts  th e effe cts  o f  s lo w  
p la s tic  d e fo r m a tio n s  o f  th e c la y . T h a t th e effects  o f  su c h 
“ c r e e p ”  o n  th e s o lu t io n  o f  o th e r  so il  en g in eer in g  p r o b lem s ca n  
be c o n s id e r a b le , h a s  b e en  r ep ea ted ly  em p h a s iz e d  d u rin g  th is 
C o n fe ren ce .

A n o th e r  m e th o d  o f  d esig n , th e  “ n eu tra l ea rth  p r essu re ra tio 
m e th o d ” ( T s c h e b o ta r io ff .\ 1951 , p p . 4 8 8 ^ 9 2 )  h a s  fo r sta rtin g 
p o in t  “ c o n so lid a te d  p la s tic  e q u ilib r iu m ” c o n d itio n s . R e lev a n t 
d a ta  is as y et  in c o m p le te , b u t a  p ro g ra m  o f  research  is n o w  in 
p ro g re ss  a t P r in ce to n  U n iv ers ity . M ea n w h ile , th e  “ n eu tra l 
ra tio  m e th o d ”  sh o u ld  n o t  b e ig n o red , s in c e  ev en  in  its p resen t 
in c o m p le te  s ta g e  o f  d e v e lo p m e n t th is  m e th o d  in  sev era l ca ses 
h a s  p r o v ed  to  b e in  b etter  a g re em en t w ith  fie ld  m ea su re m en ts 
th a n  th e “ str en g th  m e th o d s ” , fo r  in s ta n c e  th e  m eth o d  a d v o ­

ca te d  b y  P e c k  (19 43). T h is  w a s  th e c a se  o n  th e R o tterd a m  
tu n n e l a p p ro a ch  ( T s c h e b o ta r io f f \ 1951 , p p . 2 8 1 -2 8 6 )  an d  is th e 
c a s e  in C h ic a g o  a s  sh o w n  o n  T a b le  1, w h ich  a m p lifie s  a ta b le 
b y W u  a n d  B e r m a n  (1 9 5 3). T h a t P e c k 's  “ stren g th  m e th o d ” 
w o u ld  g iv e  u n e c o n o m ic a l v a lu e s  a t g rea ter  d ep th s  o f  e x c a v a t io n  
w a s fo r e c a s t  in  1948 b y  P h il ip  B ro w n .  F o r  sh a llo w  d e p th s  it 
is u n sa fe  (B r o w n ,  1948 ; T s c h e b o ta r io f f ,  1951 , p p . 2 7 6 -2 8 1 ) .
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T a b l e  1 C o m p a r i s o n  b e t w e e n  D e s ig n  a n d  M a x im u m  M e a s u r e d  S tr u t  L o a d s  f o r  M a x im u m  D e p t h  o f  E x c a v a t io n  H  =  6 3  F e e t  in 
C h ic a g o  C la y

C o m p a r a is o n  d e s  v a le u r s  m a x im a  -  c a lc u lé e s  e t  m e s u r é e s  -  d e s  e f f o r t s  d a n s  le s  é t a n ç o n s  p o u r  u n e  p r o f o n d e u r  m a x im u m  d e  f o u i l l e  
H  =  63  p ie d s  d a n s  l ’a r g ile  d e  C h ic a g o

S tr u t

N o .

E leva tio n

( f t . )

D esig n  lo a d s  ( 
m e t h o d  (a f te r

K ip s /ft .

ps)  “ S t r e n g t h ”  
P e c k , R e f.  10)

R s =  P J P

M a x .  m e a s u r e d  
S tr u t  lo a d  ( P )

(  K ip s ! ft .)

C o m p u te d  loads 
m e t h o d  ( R e f .7 ,p

K ip s /ft .

(P n)  “ n e u t r a l ”  
4 8 9 ; d  =  0 .31  H )

K  =  P J P

1 +  1 4 .0 _ _ _ _ _

2 0 .0 5 9 .8 3 .6 0 1 6 .3 2 0 .7 1 .2 7

3 9 .5 2 6 .7 1 .3 2 2 0 .2 5 2 1 .4 1 .0 6

4 1 6 .0 3 8 .8 1 .8 0 2 1 .6 2 8 .0 1 .3 0

5 2 5 .0 4 5 .0 1 .1 9 3 7 .9 4 1 .3 1 .0 9

6 3 6 .0 5 5 .0 1 .2 3 4 4 .7 4 2 .5 0 .9 5

T o t a l 2 2 5 .3 1 .5 3 1 4 0 .7 5 1 5 3 .9 1 .0 9

T h e  a g re em en t b e tw ee n  th e “ n e u tr a l r a t io ”  d e sig n  m eth o d  
a n d  fie ld  m ea su re m e n ts  a p p ea rs  to  b e b e st  in  c u ts  in v o lv in g  
s o ft  c la y  a n d  in  d e ep  cu ts  th ro u g h  m e d iu m  c la y — th a t is in 
ca ses  w ith  a  h ig h  v a lu e  o f  th e r a t io  o f  im p o se d  stress to  th e 
str en g th  o f  th e c la y , so  th a t a  p la s tic  s ta te  is cr eated .

T h e  “ n eu tra l m e th o d ”  is c o n s is te n t w ith  a fr eq u e n tly  o b ­

serv ed  tr ia n g u la r sh a p ed  d is tr ib u tio n  o f  p la s tic  c la y  p ressu re , 
b u t th e s tren g th  m e th o d s  are n o t. D e v ia t io n s  fr o m  th e  b a sic 
tr ian g u lar fo rm  sh o u ld  be a ttr ib u ted  to :  (1 ) effe ct  o f  h o r iz o n ta l 
sh ea rin g  stresses  a lo n g  u n d e rly in g  so il  a t th e  le v e l o f  th e e x ­

c a v a t io n  (T sc h e b o la rio ff,  1951 , p . 4 8 9 ), a n d  (2 ) c o n tin u ity  
effe cts  o f  th e p ilin g  its e lf  (S k e m p to n  a n d  W ard, 1952).

T h is  d isc u ss io n  p r o p o ses  fo r  c o n s id e r a t io n  th e  u se  o f  th e 
s im p lif ie d  fixed  earth  su p p o r t “ e q u iv a len t b e a m ” m e th o d  (F ig . 
1 b) as a b asis fo r  d esig n  (T schebo la rio ff, 1951 , p p . 5 0 5 -5 1 0 ) . 
T h is  m e th o d  w a s  d e v e lo p e d  fro m  th e P r in ce to n  te s ts  w ith  
d ifferen t b u lk h ea d  flex ib ilitie s , co v e r in g  70%  o f  w h a t is d e ­

s ig n a te d  o n  F ig . 1 o f  th e  G e n era l R e p o r t  as th e  “ n o r m a l ran ge 
o f  flex ib ility  fo r ste e l sh ee t  p ile  w a lls ” . I t g iv es  a  b en d in g  m o ­

m en t cu rv e o f  th e ty p e  m a rk ed  (2 ) o n  F ig . 1 a.

T h is  m e th o d  h a s  b e en  fo u n d  to  g iv e  v a lu e s  c lo se ly  co r r e s ­

p o n d in g  to  a c tu a l field  c o n d it io n s  b y  O b er b a u r a t D r .-In g . 
W ieg m an n  w h o  h a s  ju s t  c o m p le te d  e x te n s iv e  fu ll-s ca le  m ea su re ­

m en ts  in  th e  h a rb o r o f  B rem en , b o th  in  sa n d  a n d  in  s t if f  c la y . 
T h e  p o in t  o f  co n tra flex u re  w a s lo c a te d  a t th e d red g e lin e ; 
th e  m a x im u m  b e n d in g  m o m e n t c o m p u te d  by  th e  w rite r’s 
m eth o d  a g re ed  w ith in  4%  w ith  th e o n e  a c tu a lly  m ea su re d  
(W ieg m a n n , 1953).

T h e  P r in c e to n 1) 1948 te sts  sh o w e d  th a t g reater b en d in g 
m o m e n t r ed u ctio n s  w e re  p o ss ib le  u n d e r s ta tic  c o n d it io n s  fo r 
m o r e  flex ib le  b u lk h ea d s  (T sch eb o la rio ff, 1949 , F ig . 4 2 ). H o w ­

*) N o t  “ P r in c e to w n ”  te sts  as sta ted  in  th e  G en era l R ep o r t.

ev er , su ch  r ed u ctio n s  w e re  n o t  in c lu d e d  in  th e  w riter ’s d e sig n  
r e c o m m e n d a tio n s  b e c a u se  o f  la c k  o f  fie ld  d a ta  co n c e r n in g  th e 
s ta b ility  o f  th e  red u ctio n  p h e n o m e n a  in  th e  p r esen ce  o f  w a v e 
a c t io n  an d  o f  o th e r  v ib ra to ry  e ffe c ts . S tiffer  sh ee t p ilin g  w a s 
n o t  ex c lu d e d  fr o m  th e w rite r’s d e s ig n  r e c o m m e n d a tio n s  b e ca u se 
su ch  p ilin g  h a d  b een  d e sig n e d  a c c o r d in g  to  th e D a n is h  R u les 
a n d  h a d  w ith s to o d  th e te s t  o f  p r a c tic a l ex p e rien c e.

In  s ta tin g  th a t th e  w riter ’s d e s ig n  r e c o m m e n d a tio n s  are o n  
th e u n sa fe  s id e  fo r s t iff  sh ee t  p ilin g  b o th  th e G e n era l R e p o r t 
an d  Terza g h i (1 9 5 3 , p . 31) refer o n ly  to  R o w e 's  o r ig in a l p ap er

(1 9 5 2 ), a c c o r d in g  to  F ig . 8 o f  w h ich  th e  w riter ’s m e th o d  g a v e 
b e n d in g  m o m e n ts  s o m e  25%  sm a lle r  th a n  th e  D a n is h  R u le s . 
T h e  w riter  h a s  h o w e v e r  sh o w n  (T sch eb o la rio ff, 1952) th a t th is 
is a n  error a n d  th at  th e rever se is tru e— th e D a n is h  R u le s 
g iv e  b en d in g  m o m e n ts  s o m e  25 % sm a ller  th a n  th e  w riter ’s m e ­

th o d . R o w e 's  o r ig in a l F ig . 8 (1 9 5 2) w a s  co rr ected  a c c o r d in g ly  
(T sc he bo la rio ff, 1952).

T h e  w riter ’s s im p lif ie d  “ e q u iv a le n t b e a m ” m e th o d  c a n  b e 
a d a p te d — b y v a ry in g  c o e ff ic ie n t / " '  in :  Ka =  0 .3 3 / " ' ,  as sh o w n  
o n  T a b le  2— to  reflect fie ld  im p o n d e r a b le s  (su c h  a s  sh o c k s) or 
to  increase  b e n d in g  m o m e n ts  o f  cu rv es  ty p e  (2 ) to  c o r r e sp o n d  
to  m o m e n ts  o f  cu rv es  ty p e  (3 ) a n d  ev en  ty p e  (1 )— (F ig . l a ) —  
i f  so  d esire d  fo r stiffer  b u lk h ea d s  o f  th e  re m a in in g  30%  o f  th e 
“ n o rm a l ra n g e o f  f le x ib ility ” .

T h e  p r o c ed u re  su g g e ste d  is sim ila r  o n  a  p o in t  o f  te ch n iq u e 
to  P. W . R o w e 's ,  b u t th e  o rd er o f  o p e r a t io n s  is reversed : 
P . W . R o w e  u sed  cu rv es  o f  ty p e  (1 ) as a  sta rt in g  p o in t  a n d  th en  
red u ced  th e  m a x im u m  b e n d in g  m o m e n ts  to  c o r r e sp o n d  to  
cu rv es (3 ) a n d  (2 )— (F ig . 1 a ).

T a b le  2 is  co n se r v a tiv e  an d  is  b a sed  o n  p r esen t fie ld  d a ta  
(T sch eb o la rio ff, 1951, p p . 5 1 0 -5 1 4 ) . It c a n  ea s ily  b e am p lifie d  
to  reflect resu lts  o f  fu tu re  fie ld  m ea su re m en ts .

P . W . R o w e 's  o u ts ta n d in g  w o rk  is w e lc o m e d  b o th  as a  c o n ­

T a b le  2  R e c o m m e n d e d  V a lu e s  fo r  C o e f f ic ie n t  / ' "  in :  KA =  0 . 3 3 / " '  ( s e e  F ig .  1 b )

V a le u r s  p r o p o s é e s  d u  c o e f f i c i e n t / " '  d a n s  la  fo r m u le :  KÀ =  0 . 3 3 / ' "  ( v o ir  F ig .  1 b )

H lT S h e lte r e d  L o c a tio n S tr o n g  O cea n  W ave A c tio n
6 E l

(p e r  f o o t  o f  w all) C lean  sands S i l t y  sa n d s C lean  sands S i l t y  sa n d s

( F le x i b le ) S a  2 0  in 2/ lb s . 0 .9 1 .4 1 .2 2 .0

( S t i f f ) >  2 0  in 2/ l b s . 1 .2 1 .8 1 .6 2 .6

<  6  i n 2/ lb s .

(V e r y  S t i f f ) <  6  i n 2/ lb s . 1 .4 2 .2 1 .9 3 .2
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firm a tio n  o f  th e  w riter ’s e x p la n a t io n  o f  th e c a u se s  o f  b en d in g 
m o m e n t d ecr ea se w ith  in cr eased  f lex ib ility  a n d  o f  o th er fin d in g s 
(T sc h e b o ta rio ff, 1951 , p p . 2 9 8 -3 0 1 , F ig . 1 0 -4 1 ;  T sch eb o ta rio ff, 
1949 , F ig . 4 9 ), a n d  a s  a  d e v e lo p m e n t o f  th e  w riter ’s o w n  in ­

v e s t ig a tio n s . T h e  w riter  a ccep ts  th e  u se o f  th e  c o e ff ic ie n t “ g ” 
w h ic h  R o w e  in tr o d u ce d  to  d e fin e b u lk h ea d  f le x ib ility . C o n ­

s is te n t u n its  s h o u ld  h o w e v e r  b e  u sed  (T a b le  2).

O n e  s h o u ld  re ca ll T e rza g h i's s ta te m e n t a t th e  1948  R o tte r ­

d a m  C o n fe r e n c e  th a t it  w o u ld  b e p r em a tu re  to  a c c e p t  “ a n y ” 
o f  th e  w r ite r ’s c o n c lu s io n s  . . u n le ss  a n d  u n til th ey  are c o n ­

firm ed  b y  th e  re su lts  o f  p r essu re m ea su re m e n ts  o n  fu ll-s ized  
s h e e t  p ile  b u lk h ea d s  . . . ” . Terza g h i n o w  (1 9 5 3) a c c e p ts  R o w e 's 
fin d in g s , a lth o u g h  R o w e 's  te sts  w e re  p erfo rm ed  a t a  sm a ller 
m o d e l sc a le  th a n  th o s e  a t P r in ce to n , co n firm ed  th e  w rite r’s 
1948  c o n c lu s io n s , a n d  u sed  b en d in g  s tr a in  m ea su r in g  te c h ­

n iq u e s  id e n tic a l to  th o s e  u sed  in 1 9 4 4 -4 8  at P r in c e to n — (n o t 
p r essu re  m e a su r e m e n ts )— to  e s ta b lish  th e  b e n d in g  m o m e n t  re ­

d u c tio n  cu rv es . T h is  r e c o g n it io n  o f  m o d e l te stin g  a n d  o f  n o v e l 
te ch n iq u es  is g ra tify in g . H o w e v e r , th e  su g g e s t io n  to  u se  P . W. 
R o w e 's  b e n d in g  m o m e n t r ed u ctio n  cu rv es  a s  th e d irec t b a sis 
fo r  fie ld  d e s ig n  ca rries th e  rever sa l o f  1948  to o  far to w a rd s  th e 
o p p o s ite  u n ju stifia b le  ex tr em e . T h e se  cu rv es  re flec t p u rely 
la b o r a to r y  s ta t ic  c o n d it io n s  a n d  are n o t  a d a p te d  to  reflect field 
c o n d it io n s . A tte n t io n  is th er efo re  d r aw n  to  th e  m e th o d  p r o ­

p o s e d  b y  th is  d is c u ss io n . S p a ce  lim ita tio n s  p rec lu d e fu rth er 
co m m e n ts , w h ich  w ill  be g iv en  e lsew h er e  ( Tschebotario ff,\ 1954). 
S p a c e  lim ita tio n s  p r ec lu d e fu rth er c o m m e n ts , w h ich  w ill  be 
g iv e n  e lsew h er e  (T sch eb o ta rio ff, 1954). It w ill  b e sh o w n  th a t 
R o w e 's  o w n  d a ta  (1 9 5 2 ) p r o v e s  th a t th e w riter ’s o r ig in a l (19 4 9 
a n d  1951) d e s ig n  p r o p o sa l F ig . 1 b c a n n o t  be “ o n  th e  u n sa fe 
s id e ” — u n d e r s ta tic  lo a d in g —  ev en  fo r  very  s t iff  w a lls  b u ilt  o f 
c u sto m a r y  ste el sh ee tin g  p r ofile s , o f  tim b er , or  o f  g o o d  q u a lity  
re in fo r ced  co n cre te .
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D an s la première partie de sa discussion l ’auteur com pare les 
avantages offerts par sa m éthode du coefficien t de pression neutre 
et la m éthode de résistance pour le calcili de la pression latérale 
des argiles contre des rideaux de palplanches entretoisées. La m é ­

thode de résistance calcule la pression latérale dans les argiles sur 
la base de la résistance au cisaillem ent déterm inée par des essais 
rapides, tandis que la m éthode du coefficient de pression neutre se

a 6
F ig . 1 (a ) In flu en ce  o f  D e g r e e  o f  S h e e t  P ile  F ix a t io n  b e lo w  th e  D r e d g e  

L in e o n  th e  S h a p e  o f  th e  B en d in g  M o m e n t C u rv es 
I n flu en ce  d u  d eg ré  d ’en c a s tr e m e n t a u  p ie d  d es p a lp la n c h e s 
s u r  la  c o u r b e  d es m o m e n ts  fléc h issa n ts 

(b) Tschebotario ff's S im p lified  “ F ix ed  E arth  S u p p o r t”  M e th o d  
fo r  F u ll F ix a t io n  in  S a n d — C u rv e (2 )

L a  m é th o d e  s im p lif ié e  « f ix e  a u  p ie d »  p r o p o s é e  p ar Tschebo ­
ta r io ff  p o u r  e n c a s tr em en t m a x im u m  d a n s  le  s a b le  -  c o u r b e  (2)

rapporte à un état d ’équilibre plastique après conso lid ation . D es 
essais en cette m atière sont actuellem ent en cours à l ’U niversité de 
Princeton.

D ans la deuxièm e partie l’auteur décrit sa m éthode sim plifiée de 
fixation au pied, q u ’il appelle m éthode de poutre équivalente, pour 
le calcul des rideaux de palplanches ancrés. L ’auteur étab lit une co m ­

paraison entre les mesures effectuées dans les chantiers et les résul­

tats obtenus en appliquant d ’autres m éthodes (Rowe, etc.) et, finale­

m ent répond aux critiques qui on t été avancées.

Mr. K. Mortensen
In  h is  G e n era l R e p o r t  D r . S k e m p to n  s tr o n g ly  a d v o c a te s  th e 

d e s ig n  m e th o d  p r o p o se d  b y  R o w e  fo r  flex ib le  a n ch o red  sh ee t 
w a lls . L e t m e sa y  a t o n c e  th a t I co n s id e r  R o w e  s  te sts  th e m o st 
b r illia n t o f  th e ir  k in d , a n d  I w ish  to  co n g r a tu la te  D r . R ow e  o n  
h is  ex c e lle n t w o rk . I th in k , it d e serv es  very  grea t a tte n tio n . 
H o w e v e r , h is  p r o p o se d  d e s ig n  m e th o d  seem s n o t  q u ite  sa t is ­

fa c to r y , n e ith er  fr o m  a th e o r e tic a l p o in t  o f  v ie w , n o r  in  th e 
lig h t  o f  g en era l ex p erien ce .

A s  th e rep o rter  m a y  o r  m a y  n o t  k n o w , th e  s o -c a lle d  D a n is h  
R u le s , w h ic h  h a v e  b e en  u sed  fo r  m o re  th a n  25 y ea rs , ta k e  in to  
a c c o u n t , in  a n  e m p ir ic a l  w a y , th e  sa m e  effects  o f  th e  f le x ib ility  
w h ic h  R o w e  h a s  n o w  s tu d ie d  in  th e  la b o ra to ry .

O f  co u r se , th e  D a n is h  R u le s  c a n  b e cr itic ized  as h a s  b een 
d o n e  b y  Tsch ebo ta rio ff, b u t th e  fa c t rem ain s th at h u n d re d s o f 
k ilo m eters  o f  q u a y  w a lls  h a v e  b e en  b u ilt  a ll  o v er  th e  w o r ld  
a c c o r d in g  to  th is  d e s ig n  m e th o d . A n d  so  far n o  fa ilu r e  h as 
b een  recor d e d  ap a rt fro m  a fe w  c a se s  o f  a n ch o r  y ie ld .

N o w  th e fa c t is  th a t R o w e 's  m e th o d  in p r a c tic a lly  a ll  ca ses 
w ill lea d  to  m o re  ex p e n s iv e  stru ctu res th a n  th e  D a n is h  R u le s , 
m a in ly  b e ca u se  it req u ires a c o n s id e r a b ly  g reater d r iv in g  d e p th . 
A s  n o  fa ilu re d u e to  in su ffic ien t d r iv in g  d e p th  h a s  ev er  b een 
re co rd ed  in th e n u m ero u s  stru c tu res  b u ilt  a c c o r d in g  to  th e 
D a n is h  R u le s , th is  m u st m ea n  th a t R o w e 's  m e th o d  w ith  th e 
sa fe ty  fa c to r s  so  far p r o p o se d  is u n n e cessa r ily  co n se r v a tiv e .

M o reo v er , R o w e 's  m e th o d s , as a ll  e m p ir ic a l m e th o d s , h as 
th e ser io u s  lim ita tio n  o f  b e in g  a p p lica b le  o n ly  to  stru ctu res a n d  
c o n d it io n s  co r r e sp o n d in g  to  th o s e  in v es tig a te d  in  th e  te sts . 
F o r  e x a m p le , R o w e 's  m eth o d  c a n n o t  w ith o u t  a d d it io n a l u n ­

p r o v e n  a s su m p tio n s , b e a p p lied  to  su ch  c a ses  as a sh ee t  w a ll 
u n d e r a  re liev in g  p la tfo r m  or a sh ee t w a ll  w h ich  is fix ed  in a 
c o n c r e te  su p erstru ctu re .

F in a lly  R o w e  o p er a te s  w ith  a llo w a b le  stresses , w h ich  m ea n s 
th a t h e  a p p lie s  h is  sa fe ty  fa c to r  to  th e stre n g th  o f  th e  w a ll

199



m a teria l, w h ere a s in m y  o p in io n  a t le a st  th e m a in  p a rt o f  th e 
s a fe ty  fa c to r  o u g h t  to  b e a p p lied  to  th e so il  c o n s ta n ts , ju s t  as 
it is  d o n e  in  s ta b ility  a n a ly sis .

T h e  th re e m e n tio n e d  d ra w b a ck s o f  R o w e 's  m e th o d , w h ic h  
I c a n  su m m a rize  a s: o v erd e s ig n , lim ita t io n  to  te st c o n d it io n s 
a n d  u n sa tis fa c to ry  a p p lic a tio n  o f  th e sa fe ty  fa c to r , c a n  a ll  b e 
a v o id e d  b y  u s in g  th e n e w  d e sig n  m e th o d  o f  D r . B rinch  H a n sen 
as d e scrib ed  sh o r tly  in P ro ceed in g s  1953 (v o l. II, p. 170) a n d  
m o re  fu lly  in  h is b o o k  o n  E a rth  P ressu re  C a lc u la tio n . H is 
m eth o d  is b a sed  o n  an  ex te n d ed  th eo ry  o f  p la s tic ity  a p p lied 
to  th e s ta te  o f  fa ilu re. W ith o u t  th e u se  o f  a n y  em p ir ica l c o n ­

s ta n ts  it lea d s  in ca ses , w h e re R o w e 's  m e th o d  c a n  b e u sed , 
to  a p p r o x im a te ly  th e sa m e  w a ll  s e c t io n s  a n d  a n c h o r  se c tio n s 
as fo u n d  b y  R o w e, b u t to  th e  sm a ller  d r iv in g  d e p th s  k n o w n  
fr o m  p ra c tice  to  b e su ffic ien t.

I w ish  to  c o n c lu d e  m y  d isc u ss io n  w ith  th e  fo l lo w in g  g en era l 
rem ark s. F o r  a  g iv e n  str u ctu r e su b je c te d  to  ea rth  p ressu res it 
w o u ld  seem  a p p ro p r ia te  to  in v e s tig a te  th e sa fe ty  a g a in st  u lt i ­

m a te  fa ilu re  as w e ll as th e  d e fo r m a tio n s  u n d e r a c tu a l w o rk in g 
c o n d it io n s . S o m e tim e s  th e  d e fo r m a tio n s  w ill  b e  d e c is iv e  a s  is 
o fte n  th e  c a s e  fo r fo u n d a tio n s , a lth o u g h  str a n g e ly  e n o u g h  th e 
p la stic ity  th eo ry  see m s to  b e a lm o st  g en e ra lly  a c c e p te d  here. 
In b u lk h ea d s  far g rea ter  d e fo r m a tio n s  a n d  m o v e m e n ts  c a n  b e 
to le ra te d  w h ich  m ea n s th a t h ere th e  sa fe ty  a g a in st  u ltim a te 
fa ilu re w ill u su a lly  be d ec is iv e , so  th a t o n ly  th e  p la s tic ity  c a l ­

cu la tio n  n e ed s to  b e  carried  o u t.

T h ere fo r e  it  is  su rp risin g  to  se e  th e  e m p h a s is  n o w  b e in g  
p la c e d  o n  em p ir ica l d e s ig n  m e th o d s  fo r  sh ee t w a lls . I t m a y  b e 
d u e  to  th e fa c t th a t u n til q u ite  rec en tly  n o  sa tis fa c to r y  th eo ry 
o f  p la s t ic ity  o r  ru p tu re w a s  a v a ila b le  fo r a n ch o red  b u lk h ea d s . 
H o w e v e r , su ch  a  m e th o d  h a s  n o w  fo r th e  first tim e  b e en  p u t 
fo rw a rd  by  D r . B rin ch  H a n sen . In  m y  o p in io n  th is  th eo ry  is 
th e m o st s ig n if ic a n t a d v a n c e  in  th e o r e tic a l s o il  m e c h a n ic s  in 
re c e n t yea rs. I t  is  a p p lic a b le  to  p r a c tic a lly  a ll  tw o -d im e n s io n a l 
ea rth  p r essu re p r o b le m s a n d  a lso  to  s o m e  s ta b ility  p r o b lem s 
su c h  as ce llu la r  co ffer d a m s. In  a ll  c a se s  w h ere  a  c o m p a r iso n  
h as b e en  p o s s ib le  th is  m e th o d  h a s  led  to  resu lts  in  g o o d  a g ree ­

m en t w ith  p r a c tic a l ex p erien ce . I  a m  th ere fo re  su rp r ised  to  see 
th a t th e  G e n era l R e p o r te r  in  h is  w ritten  re p o rt  d o e s  n o t  ev en  
m e n tio n  th is  co n s id e r a b le  a d v a n c e  in  th e o r e tic a l d e s ig n  p r o ­

ced u r es.

L ’a u te u r  c r it iq u e  la  m é t h o d e  d u  D r  R o w e  p o u r  le  c a lc u l  d e s  r i ­

d e a u x  d e  p a lp la n c h e s  e t  la  c o m p a r e  a u x  e x p é r ie n c e s  o b t e n u e s  p a r 
la  M é t h o d e  D a n o i s e .  S e lo n  l ’a u t e u r , la  m é t h o d e  d u  D r  R o w e  e s t 
t r o p  c o n s e r v a t iv e ,  e s t  l im it é e  a u x  c o n d i t io n s  d e s  e s s a is  e t  le s  fa c te u r s 
d e  s é c u r ité  n e  s o n t  p a s  j u d ic ie u s e m e n t  c h o is i s .  L ’a u te u r  e s t  d ’a v is 
q u e  la  m é t h o d e  p r é c o n is é e  p a r  le  D r  B rin ch  H a n sen  d o n n e  d e s  r é s u l ­

t a t s  s e r r a n t  d e  p lu s  p r è s  le s  r é s u lta t s  o b t e n u s  d a n s  d e s  e x p é r ie n c e s  
p r a t iq u e s .

The General Reporter

A s  to  th e c o n c lu d in g  rem ark s o f  th e  la s t  sp ea k er  m a y  I h a v e 
tim e, fo r  o n e  m in u te , to  e x p la in , th a t th e  a b se n c e  o f  a n y  c o m ­

m en t in  m y  g en e ra l rep ort o n  D r . B rin ch  H a n se n 's  b o o k  is d u e 
to  th e  very  s im p le  fa c t th a t h is b o o k  w a s  p u b lish e d  five  m o n th s 
a fte r  m y  re p o rt  w a s  in  th e  h a n d s  o f  D r . von M o o s . A t  th e  tim e 
I w r o te  m y  re p o rt , I h a d  o n ly  th e  very  b r ie f p a p er  o f  D r . 
B rinch  H a n sen  a v a ila b le . I  a m  su re  th a t n o w  h is  b o o k  is p u b ­

lish ed  w e sh a ll read  it w ith  g rea t in ter est . I w o u ld  lik e  to  a ssu re 
M r. M o rten sen  a n d  m y  o th e r  D a n is h  fr ien d s th a t th er e is n o  
su g g e s tio n  in  m y rep ort o f  a n y  n a t io n a l p r efer en ce  fo r D r . 
R o w e  o f  E n g la n d  to  D r . B rinch  H a n sen  o f  D en m a rk .

L e  r a p p o r te u r  g é n é r a l  r a p p e lle  q u e  l ’o u v r a g e  d u  D r  B rin ch  H a n sen 
n ’e s t  p a s  m e n t io n n é  d a n s  s o n  r a p p o r t  g é n é r a l  p o u r  la  b o n n e  r a is o n  
q u ’i l  a  é t é  p u b l ié  c in q  m o is  a p r è s  la  r é d a c t io n  d u  r a p p o r t  g é n é r a l 
p o u r  la  S e s s io n  7 . D e  p lu s  le  r a p p o r te u r  t ie n t  à  a s s u r e r  M . M o rten sen 
e t  s e s  a u tr e s  a m is  D a n o i s  q u ’il  a c c o r d e  u n e  a t t e n t io n  im p a r t ia le  à 
le u r s  tr a v a u x .

Dr. J. Brinch Hansen

I t  is a  lit t le  e m b a r ra ss in g  fo r m e  to  sp e a k  ju s t  a fte r  M r. 
M o r te n se n 's e n th u s ia s tic  rem ark s  a b o u t  m y  w o r k ; I  c a n  a ssu re 
y o u  th a t I tr ied  to  d isc o u r a g e  h im , b u t a p p a ren tly  w ith o u t 
su c cess.

In  h is  refere n c e to  m y  p a p er  (P r o c e e d in g s  1953 , v o l. II, 
p. 170) P ro f. S k e m p to n  q u e s tio n s  th e  ju s t if ia b ility  o f  u s in g  
K ô tte r 's  e q u a t io n  fo r  a  c ircu lar  s lid in g  su rfac e. I  sh a ll n o t 
w a ste  tim e  h ere p r o v in g  th is  p o in t , b u t i f  P ro f. S k e m p to n  is 
in te r es te d , h e  c a n  fin d  th e  p r o o f  in  m y  b o o k  : E a rth  P ressu re 
C a lc u la tio n .

It is tru e th a t P rof. S k e m p to n  d id  n o t  se e  m y  b o o k  u n til 
q u ite  re c en tly , b u t in  m y  p a p er  to  th e  c o n fe r e n c e  (P r o c e e d in g s 
1953 , v o l. II , p . 170) I h a v e  g iv e n  th e  c a lc u la t io n  o f  an  a n ch o red  
sh ee t  w a ll  a n d  o f  a  ce llu la r  co ffer d a m  as e x a m p le s  o f  th e p r ac ­

tic a l a p p lic a t io n  o f  m y  m e th o d .

W ith  rega rd  to  th e  lin ea r d is tr ib u tio n  o f  th e  a c t iv e  p ressu res 
m e n tio n e d  b y  P ro f. S k e m p to n ,  th is  is  a  n a tu ra l c o n se q u e n c e , 
i f  a n  e x c e ss iv e  d r iv in g  d e p th  a n d  y ie ld in g  a n c h o r s  are u sed . 
H o w e v e r , n o t  a ll  a n c h o r a g e s  y ie ld , a n d  e v e n  w h e n  th e y  d o , th e 
u se o f  a  sm a ller  d r iv in g  d e p th  w ill  a c tu a lly  a lter  th e  p r essu re 
d is tr ib u tio n  a n d  le a d  to  a  ch ea p er  d e sig n .

H o w e v e r , to  m y  m in d  th e  e ssen tia l q u e s tio n  in  ea r th  p ressu re 
d e sig n  is, w h e th er  th e  stru ctu r e s h o u ld  b e d e s ig n e d  s o  th a t cer ­

ta in  p e rm iss ib le  stresses  are n o t  e x c e e d e d  u n d e r a c tu a l w o r k in g  
c o n d it io n s , o r  w h e th er  it sh o u ld  b e  d e sig n e d  s o  a s  to  p o sse ss 
a  ce r ta in  sa fe ty  a g a in st  u lt im a te  fa ilu re.

In  th e first c a s e  it  w o u ld  p r o b a b ly  b e n e cessa r y  to  u s e  a  g o o d  
em p ir ica l or  sem i-e m p ir ica l m e th o d  su ch  as T sc h e b o ta r io ff 's  or 
R o w e 's , b u t in  th e  s e c o n d  c a s e  a  th e o r y  o f  p la s tic ity  su c h  a s  m y 
o w n  m u st b e  e m p lo y e d .

T h e  o n ly  ser io u s  sh o r tc o m in g  o f  a  p la s tic ity  th eo ry  is th a t it 
c a n n o t  d e te rm in e  th e  d e fo r m a tio n s  a n d  m o v e m e n ts  o cc u r r in g 
u n d er a c tu a l w o r k in g  c o n d it io n s . H o w e v e r , to  lim it  th ese  d e fo r ­

m a tio n s  is la r g e ly  a  m a tter  o f  sp e c ify in g  s u ita b le  sa fe ty  fa c to rs , 
a n d  m o r e o v e r , ea r th -r e ta in in g  stru ctu r es c a n  a c tu a lly  u n d e rg o 
ra th er la r g e  m o v e m e n ts  w ith o u t  d e tr im en ta l e ffe cts . T h e r e ­

fo re  I c o n s id e r  th e  p la s tic ity  m e th o d  th e  m o s t  s u ita b le  o n e  fo r 
th e  d e s ig n  o f  m o s t  ea rth  re ta in in g  stru ctu res.

O f  co u r se , n o t  ev er y  p la s tic ity  th eo ry  c a n  b e  u sed , b u t o n ly 
su c h  th eo r ie s  w h ich , a s  m y  o w n , ta k e  d u e  reg a rd  to  th e  e q u a ­

t io n s  o f  eq u ilib r iu m  a n d  to  th e  m o v e m e n ts  o f  th e  stru c tu re  in 
th e  s ta te  o f  fa ilu re.

I ta k e  th is  o p p o r tu n ity  to  r e c o m m e n d  a  c lo se r  c o lla b o r a t io n  
b e tw een  th e sc ien tis ts  e n g a g e d  in  s o il  m e ch a n ic s  a n d  th o se 
s tu d y in g  p la s tic ity  th eo r ie s . I  h a v e  seen  p la s tic ity  sc ien tis ts 
m a k e  m a th e m a tic a l a s su m p tio n s  w h ich  a n y  so il  m e ch a n ic s 
en g in ee r w o u ld  a t o n c e  reject as b e in g  co n tra ry  to  s im p le  e x ­

p erim en ta l fa cts . O n  th e o th e r  h a n d , so il  m e c h a n ic s  en g in ee rs 
h a v e  s o m e tim e s  m a d e  m ista k es  w h ich  c o u ld  im m e d ia te ly  h a v e 
b een  d isco v ered  b y  a p la s tic ity  scien tis t.  A n  ex a m p le  o f  th e 
la tte r  k in d  w a s p o in te d  o u t  by  P ro f. L u n d green  in th e  d isc u ss io n  
o f  th e rep ort o n  his p a p er (P r o c e e d in g s  1953 , v o l. I , p . 40 9) .

M a y  I c o n c lu d e  m y  d isc u ss io n  w ith  a fe w  g en e ra l rem a rk s. 
S u ccess fu l d e v e lo p m e n t o f  a n a tu ra l s c ie n c e  lik e  so il  m ech a n ic s 
is o n ly  p o ss ib le  th r o u g h  a su ita b le  c o m b in a tio n  o f  th eo ry , tests
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a n d  fie ld  e v id en ce . T h ere fo r e , I  h a v e  b e en  c o n s id e r a b ly  su r ­

p r ised  a n d  w o rr ie d  to  se e  a  n u m b er o f  le a d in g  s o il  m e ch a n ic s 
p e o p le  b e c o m in g  in cr eas in g ly  d is in te r ested  in  th eo ry  a n d  a d v o ­

c a t in g  e x c lu s iv e ly  th e  c o lle c t in g  o f  te s t  re su lts , fie ld  ev id e n c e 
a n d  c a s e  h is to r ie s .

A d m itte d ly , a  ce r ta in  a m o u n t  o f  a ll  th is  is  n e cessa r y  b e fo re 
a n y  u se fu l th eo ry  c a n  be d e v e lo p e d , b u t, a fte r  m o r e  th a n  25 
y ea rs , su ff ic ien t m a teria l m u st su re ly  b e a v a ila b le  n o w  for 
fo r m in g  a  n u m b er o f  su ita b le  w o rk in g  h y p o th e se s  a n d  te n ta ­

t iv e  th eo r ie s . W ith o u t  th ese m ea n s o f  co rre la tin g  th e  ex ist in g  
e v id e n c e  a n d  d irec tin g  fu rth er research , w e w ill  s o o n  b e lo s t 
in  a  ju n g le  o f  u n re la ted  fa cts. A t th e b e st, s o il  m e ch a n ic s  w ill 
th en  d e g e n era te  in to  an  em p ir ica l sc ien ce , w h ich  c a n  b e m a s ­

tered  o n ly  b y  a  fe w  su p er-en g in eers.

A s  I s e e  it, th er e is a n  u r g e n t n e ed  ju s t  n o w  fo r a  n u m b e r 
o f  n e w  a n d  a p p ro p r ia te  th eo r ie s . T h e y  m u st b e  te s te d  th o r ­

o u g h ly , o f  c o u r se , a n d  b e re jected  i f  th ey  c a n n o t  b e  b r o u g h t 
in to  su ff ic ien tly  g o o d  a g reem en t w ith  ex p e r im e n ta l a n d  p r a c ­

t ic a l e v id e n c e . H o w e v e r , i f  n o  su c h  th e o r e tic a l a tte m p ts  are 
m a d e , fu rth er  p ro g re ss  in  s o il  m e c h a n ic s  as a  p r ac tica l sc ien ce 
w ill  b e very  s lo w .

L ’a u t e u r  r é p o n d  t o u t  d ’a b o r d  à  d if f é r e n te s  q u e s t io n s  p o s é e s  p a r  
le  r a p p o r t e u r  g é n é r a l .  E n s u i t e  i l  é t a b l i t  u n e  c o m p a r a i s o n  e n t r e  le s 
m é t h o d e s  e m p ir iq u e s  e t  d e m i- e m p ir iq u e s  p o u r  le  c a lc u l  d e  la  p o u s s é e  
d e s  te r r e s  e t  le s  m é t h o d e s  q u i ,  c o m m e  la  s ie n n e ,  s e  b a s e n t  s u r  u n e  
th é o r ie  d e  p la s t ic i t é .  I l  e x p r im e  s o n  r e g r e t  d e  c o n s t a t e r  q u ’u n  g r a n d  
n o m b r e  d ’in g é n ie u r s  n e  m a n i f e s t e n t  p a s  d ’in t é r ê t  p o u r  le s  r e c h e r c h e s  
th é o r iq u e s .

Mr. R. Briske
P r o to ty p e  m ea su re m e n ts  (e .g . th o s e  o f  P ro f. D u k e  in  L o s 

A n g e le s  a n d  D r . W ieg m an n  in  B rem en ) a n d  v a r io u s  m o d e l 
te s ts  (e .g . th o s e  o f  M r. S tro y e r ,  P ro f. S tr e c k ,  P ro f. O hde, P ro f. 
T sc h e b o ta r io ff  a n d  D r . R ow e)  h a v e  s h o w n  in  m y  o p in io n  th a t 
a c tiv e  p r essu re red is tr ib u tio n  is a s ta b le  s ta te  o f  s tress lik e 
flex u r e , b u t n o t  a  “ v a r ia b le  p h e n o m e n o n ” . T h e  e ssen tia l 
re a so n s  are:

F ig . 3

F ig . 2  D e f le x io n  a n d  P re ssu re R e -D is tr ib u t io n  (D r e d g e d  W alt)

D é f le x io n  e t  re d is tr ib u tio n  d es  p r e ss io n s  (r id ea u  d e  p a lp la n c h e s

d ra gu é)

(a) S ta g e  b e fo r e  la s t  d re d g in g  
S ta d e  a v a n t le  d er n ier  d ra ga g e

(è )  S ta g e  a fte r  la st  d re d g in g

S ta d e  a p rès le  d e rn ier  d ra g a g e

(1) D e f le x io n , s ta g e  (a)
D é f le x io n , s ta d e  (a )

(2 ) D e f le x io n , s ta g e  (b)
D é f le x io n , s ta d e  (b)

(3 ) P re ssu r e re -d is tr ib u tio n  d u e  to  (2 )

R e d is tr ib u tio n  d es  p r e ss io n s  d u e  à  (2)

(4 ) P re ssu re  d is tr ib u t io n  d u e  to  q u e s t io n a b le  “ v er tic a l a r c h in g ” 
D is tr ib u t io n  d es  p r e ss io n s  d u e  à u n  « e ffe t  d e v o û te  v e r tic a l»  
d o u teu x

(5 ) T r ia n g u la r  p ressu re d is tr ib u tio n  
D is tr ib u t io n  tr ia n g u la ir e  d es  p re ss io n s

E q u ilib r iu m  b e tw e en  A n c h o r -F o r c e  a n d  B en d in g  M o m e n t 
E q u ilib r e  en tr e  fo rc e  d ’a n cra g e e t  m o m e n t  d e flex io n

(1) D e f le x io n , m o m e n t, a n c h o r -fo rc e  an d  a n c h o r -y ie ld , s ta g e  (b) 
D é fle x io n , m o m e n t, fo rc e  d ’a n cra g e e t  d é p la c e m e n t d ’a n ­

cr a g e , s ta d e  (6)

(2 ) A s  b e fo r e , b u t a fte r  la te r  a n c h o r -y ie ld  d u e  to  cr ee p in g , e tc . 
C o m m e  a v a n t, m a is  a p rès  d é p la c e m e n t d ’a n c ra g e  d û  au  
flu a g e , e tc .

(3 ) B en d in g  m o m e n t a n d  a n c h o r -fo r c e  fo r  tr ia n gu la r p re ssu r e 
d is tr ib u tio n

M o m e n t  d e  f lex io n  e t  fo rc e  d ’a n c ra g e  p o u r  d is tr ib u t io n  tr ia n ­

gu la ire  d es  p re ss io n s

P ressu re red is tr ib u tio n  d u e to  sh ee t p ile  d e fle x io n  o c c u r s  i f 
th e  d e fle x io n  o f  th e  w a ll  co m p a r e d  to  th e to p  y ie ld  (u su a lly  
th is  is  n o t  th e  a n c h o r -p o in t)  is  th e  la s t p r e d o m in a n t d e fo r ­

m a tio n  d u rin g  th e  c o n s tr u c tio n  o f  th e  b u lk h e a d  (F ig . 2 ). T h is 
is  a lso  th e r e a so n  w h y  it o ccu rs  m o re  o fte n  in  d r ed g ed  w a lls 
th a n  in  b a ck fille d  o n e s . P ressu re red is tr ib u tio n  e ffe c ts  a n  in ­

cr ea se o f  th e  a n c h o r -fo r c e  a n d  a  d ecr ea se o f  th e b e n d in g  m o ­

m e n t a n d  to e  re a c tio n s , th e re su lta n t o f  th e  a c tiv e  p r essu re 
cu rv e b e in g  h ig h e r th a n  th e  re su lta n t a t tr ia n g u la r ty p e  p r essu re 
d is tr ib u tio n . T h is  k in d  o f  p r essu re  d is tr ib u tio n  is in  c o n tr a d ic ­

t io n  w ith  th e  so -c a lle d  “ v er tica l a r c h in g ”  ( i.e . p r essu re  c o n ­

c e n tr a tio n  a t th e  to p  a n d  th e  to e  o f  th e  w a ll) a n d  I d o u b t  th a t 
th is  p h e n o m e n o n  is o f  a n y  im p o r ta n c e  in  so ils .

B y  ev er y  su b se q u e n t a lte r a tio n  o f  th e d e fo r m a tio n , th e p r e ­

v io u s  s ta te  o f  p r essu re  d is tr ib u tio n  w ill  b e a n n u lled . I en tir ely 
a g ree  w ith  D r . R o w e  o n  th is  p o in t , as w ell as o n  h is  te sts  on 
flexu re , b u t n o t  o n  h is  c o n c lu s io n  th a t a n y  la ter  a n ch o r -y ie ld  
d u rin g  th e  life t im e  o f  th e  str u ctu r e w ill  c a u s e  th e  b r ea k d o w n  
o f  th e  p r ev io u s  p r essu re re d is tr ib u tio n . V iz ., a  la ter  y ie ld  o f  
th e  a n c h o r a g e  w ill  ef fe ct  an  in cr ea se, or , a t lea st , n o  d e cr ea se 
o f  th e a n ch o r -fo r c e  (F ig . 3). In th is  w a y  p r essu re r ed is tr ib u tio n  
w ill  b e  s ta b iliz e d  fo r a n c h o r -fo r c e  a n d  b e n d in g  m o m e n ts 
d e p e n d  re c ip ro ca lly , i .e . th er e w ill  e x is t  a  s ta b le  eq u ilib r iu m  
b e tw e e n  th e  v a lu e  o f  th e  in cr eased  a n c h o r -fo r c e  a n d  th e d e ­

c re a sed  b e n d in g  m o m e n t. T h u s , e v e n  a  la ter  a n ch o r  y ie ld  w ill 
n o t  effe ct  a n y  d im in u tio n  o f  th e p r essu re  red is tr ib u tio n  i f  th e 
a n c h o r -fo r c e  d o e s  n o t  d ecrease.

S in ce  p r essu re r e d is tr ib u tio n  effects  a n  in cre a sed  a n ch o r- 
fo rce , a n  in cr eased  a n c h o r -fo r c e  effe cts  p r essu re  re d is tr ib u tio n , 
fo r  a c t io n  e q u a ls  re a c tio n . T h er efo r e p r essu re re d is tr ib u tio n s 
m a y  ar ise  th ro u g h  th e p res tr ess in g  o f  th e  a n c h o r a g e  sy stem  u p 
to  th e  v a lu e  o f  th e a n c h o r -fo r c e  to  w h ic h  th e  req u ired  p ressu re 
red is tr ib u tio n  c o rre sp o n d s  (see  F ig s . 2  a n d  3). A t  P ier  C  in 
L o s  A n g e le s  P ro f. D u k e  fo u n d  a  s im ila r k in d  o f  p r essu re re ­

d is tr ib u tio n  w h ic h  w a s  effe c te d  by  an  in cr ea sed  a n ch o r -fo rce 
c a u se d  by  ea r th  lo a d  u p o n  th e  tie -r o d s  d u e  to  th e  se tt lem en t 
o f  d eep er  ea rth  la y ers (F ig . 4 ). B u t I d o  n o t  a g re e w ith  P ro f. 
D u k e  or  P ro f. T sch eb o ta rio ff, w h o  p o in t  o u t  th a t n o  “ a r c h in g ” 
w a s  fo u n d , fo r th is  p r essu re red is tr ib u tio n  d u e to  a n  in cr eased  
a n c h o r -fo r c e  d o e s  n o t  c o n tr a d ic t  in  p r in cip le  a n  “ a r c h in g ” 
ca u se d  b y  a  fin a l p r e d o m in a n t b u lk h ea d  d e flex io n .

P ressu re red is tr ib u tio n  d u e to  d e fle x io n  m u st o ccu r , i f  th e 
y ie ld  p o in t  in  th e  w a ll is  r ea ch ed  first (p la s tic  d e fo r m a tio n ), 
i.e . i f  th e  fa c to rs  o f  sa fe ty  fo r  a n c h o r a g e  a n d  to e  are h ig h e r
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F ig . 4  P re ssu re R e -D is tr ib u tio n  d u e  to  In cre ased  A n c h o r -F o r c e  (P r o to ­

ty p e  M e a su r em e n ts  o f  P ro f. D uke)

R e d is tr ib u tio n  d es  p re ss io n s  d u e  à  la  fo r c e  d ’a n cra g e a u g m en tée 
(m e su re s  fa ite s  su r p r o to ty p e  p ar D uke)

(1 ) A c t iv e  a n d  p a s s iv e  p re ssu r e b e fo r e  p re ssu r e r e -d is tr ib u tio n  
P re ss io n s  a c tiv e s  e t  p a s s iv e s  a v a n t la  r e d is tr ib u tio n  d es p re s ­

s io n s

(2) A c t iv e  p r essu r e re -d is tr ib u tio n  d u e  t o  in c rea sed  a n c h o r -fo r c e  
R ed is tr ib u tio n  a c tiv e  d es p re ss io n s  d u e  à  la fo rc e  d ’a n cra g e 
a u g m en tée

(3 ) D e c r e a s e d  to e  ré a c tio n s  (p a ss iv e  p re ssu re)  d u e  to  a c t iv e  p re s ­

su r e re -d is tr ib u tio n

R é a c t io n  d im in u é e  d u  b ar ra g e (p r ess io n  d e  b u tée ) d u e  à  la 
re d is tr ib u tio n  d es  p r e ss io n s  a c tiv e s

F ig . 5 P re ssu re  R e -D is tr ib u t io n  d u e  to  P la s t ic  D e f le x io n  o f  th e  W a ll 
R e d is tr ib u tio n  d es  p r e ss io n s  d u e  à  la  d é f le x io n  p la s t iq u e  d e  la 

p ar oi

(1 ) D e f le x io n  s ta g e  (a );  s tress  n ea r y ie ld  p o in t

D é f le x io n  s ta d e  (a );  te n s io n  d e  la  lim ite  a p p a re n te  d ’é la s t ic ité

(2 ) P re ssu re d is tr ib u tio n  s ta g e  (a ) , e .g . tr ia n gu la r 
D is tr ib u t io n  d es  p r e ss io n s  s ta d e  (a ) , p .e .  tr ia n g u la ir e

(3) D e f le x io n  s ta g e  (b) ;  p la s t ic  y ie ld  o f  th e  w all 
D é f le x io n  s ta d e  (b); d é fo r m a tio n  p la s t iq u e  d e  la  p ar o i

(4 ) A p p r o x im a te  p re ssu re, r e -d is tr ib u tio n  s ta g e  (b) 
R e d is tr ib u tio n  a p p r o x im a tiv e  d es  p r e ss io n s , s ta d e  (b)

F ig . 6  P re ssu re R e -D is tr ib u t io n  d u e  to  P la stic  Y ie ld  o f  th e  T o e

R ed is tr ib u tio n  d es  p r e ss io n s  d u e  a u  d é p la c e m e n t p la st iq u e  d u

p ie d

(1 ) D e f le x io n  s ta g e  (a );  n o  p a ss iv e  fa ilu r e in fr o n t o f  th e  w all 
D é fle x io n  s ta d e  (a );  p as  d e ru p tu re p a ss iv e  d e v a n t le  p ie d  d e 
la  p ar o i

(2 )  P re ssu re  d is tr ib u t io n  s ta g e  (a ) , e .g . tr ia n gu la r 
D is tr ib u t io n  d es  p re ss io n s  s ta d e  (a ), p .e . tr ia n gu la ir e

(3 ) D e f le x io n  s ta g e  (è ) ;  p la s t ic  y ie ld  o f  th e  to e 
D é f le x io n  s ta d e  (b) ;  d é p la c e m e n t p la s t iq u e  d u  p ied

(4 ) P re ssu re d is tr ib u t io n  a fte r  Brinch Hansen  d u e  to  (3) 
D is tr ib u t io n  d es  p re ss io n s  d ’a p r ès  Brinch Hansen  d u e  à (3 )

(5 ) M o re  p r o b a b le  p re ssu r e d is tr ib u t io n  d u e  to  (3)

D is tr ib u t io n  p lu s  p r o b a b le  d es  p re ss io n s  d u e  à  (3 )

th a n  th o s e  fo r  th e sh ee t p ile  w a ll  (F ig . 5 ). In  a  p a p er  p r esen te d 
to  th e  co n fe r e n c e , D r . B r in c h  H a n s e n  p r o p o se s  a n o th e r  ty p e 
o f  p r essu re  red is tr ib u tio n  fo r  th e c a s e  o f  th e  to e  y ie ld in g  first 
p la stic a lly , i.e . i f  a  p a ss iv e  s ta te  o f  fa ilu re  o c c u r s  a t th e  d r ed g ed  
s id e  o f  th e  w a ll  (F ig . 6 ). B o th  F ig s . 5 a n d  6  s h o w  a  s ta b le  s ta te  
o f  stres ses . H o w e v e r , i f  th e  to e  y ie ld s , a n c h o r -fo r c e  a n d  b e n d ­

in g  m o m e n t  w ill  in cr ea se, s in c e  th e  a c tu a l p r essu re  cu rv e w ill 
e q u a l th a t  u su a l in  o p e n  cu ts . In  h is  p la s tic ity  th eo ry  D r . 
B r in c h  H a n s e n  h a s  n o t  ta k e n  in to  a c c o u n t  th e  e la s t ic ity  la w s 
a p p lic a b le  b e tw een  th e u p p er p a ss iv e  p r essu re  a n d  th e  w a ll 
d e fo r m a tio n . T h u s  a  b u lk h ea d  c o n s tr u c te d  fo r  th e  c a s e  o f 
p a s s iv e  fa ilu re  u su a lly  w ill  b e le ss  e c o n o m ic a l  th a n  o n e  c o n ­

s tr u cted  fo r p r essu re  red is tr ib u tio n  d u e  to  d e fle x io n  to  w h ich  
th e D a n is h  ru les  refer . N e v e r th e le s s  I s h o u ld  lik e  to  p o in t  o u t 
th a t I a g re e in  g en e ra l w ith  D r . B r in c h  H a n s e n  w h o s e  n e w  
th eo ry  as w e ll  a s  th a t o f  P ro f. O h d c  co n firm s th e  ex p e r ie n ce 
o f  th e D a n e s .

F le x u r e  as w e ll as p r essu re re d is tr ib u tio n  o r  b o th  s im u l- 
ta n u o u s ly  m a y  o cc u r ; th e c h o ic e  o f  b u lk h ea d  to  b e c o n str u c te d  
is  an  e c o n o m ic  q u estio n . I w o u ld  lik e  to  se e  D r . R o w e  or P rof. 
T s c h e b o ta r io f f  h is  v a lu a b le  in v e s tig a tio n s  to  c a se s  w h e re p r es ­

su re  red is tr ib u tio n  m a y  o ccu r , a n d  I am  su re  th a t th e  th eo rie s 
o f  P ro f. O h d e  a n d  D r . B r in c h  H a n s e n  as w ell as m y  o w n  c o n ­

s id era tio n s  w ill  be co n firm ed .

L ’a u t e u r  m o n t r e  q u e  la  r e d is t r ib u t io n  d e s  p r e s s io n s  a c t iv e s  a in s i 
q u e  la  f le x io n  d a n s  le s  r id e a u x  d e  p a lp la n c h e s  a n c r é s  n e  s o n t  p a s  
u n  p h é n o m è n e  v a r ia b le  m a is  u n  é t a t  s t a b le  d e  c o n t r a in t e  d u  s o l .

Dr. P. W. Rowe

S h ee t p ile  w a lls  m a y  b e  d e s ig n e d  to  s ta n d  a t  a  c h o s e n  sa fe  
w o rk in g  stress ( “ e la s t ic  m e th o d ” ) o r  to  s ta n d  a t  a  g iv e n  fa c to r 
o f  sa fe ty  a g a in st  u lt im a te  fa ilu re  ( “ p la s t ic  m e th o d ” ). In  th e 
first in s ta n c e  th is  is  a  m a tte r o f  c h o ic e  ra th er th a n  o f  sc ien tific 
fa c t , a s  in  a n y  stru ctu re .

T h e  la r g e  sc a le  e x p e r im e n ts  b y  P ro f. T s c h e b o ta r io f f  are in 
a g reem en t w ith  th e  p r o p o se d  w o rk in g  stress  d e s ig n  u s in g  
m o m e n t/f le x ib ility  cu rv es , a n d  n o  e v id e n c e  o f  d isa g reem en t o f 
a n y  k in d  a r o se  a t th e  C o n fe r e n c e  re g a rd in g  th e  in flu e n ce  o f  
p ile  flex ib ility  in  sa n d s. M r. B r is k e ,  h o w e v e r , c o n s id e r s  th at 
th er e are c a se s  w h e n  fu rth e r m o m e n t  red u c tio n  d u e  to  a c tiv e 
p r essu re red is tr ib u tio n  s h o u ld  b e a llo w e d  w ith  y ie ld in g  a n ch o rs . 
W ith  a  d e ep  a n c h o r  p o in t  th e b e n d in g  o f  th e  w a ll c a u se s  th e 
to p  o f  th e p ile  to  m o v e  a  d is ta n c e  % in to  th e  re ta in e d  sa n d . 
M r. B r is k e  th en  c o n s id e r s , fr o m  th e o r e t ic a l c a lc u la t io n s , th a t 
a n  o u tw a r d  m o v e m e n t  o f  th e  a n c h o r  p o in t  b y  a  d is ta n c e  x  is 
n e ce ssa r y  to  p r o d u c e  a  tr ia n g u la r ty p e  p r essu re  re d is tr ib u tio n . 
T h is  w o u ld  b e tru e i f  sa n d  h a d  a  lin ea r stress stra in  r e la t io n ­

sh ip  a n d  w er e “ e la s t ic ” . In  fa c t very  sm a ll  stra in  rev ersa ls in 
a  sh e a r te s t  red u ce th e sh e a r stress  to  ze r o . T h ere fo r e  d e sig n e rs 
m u st b e g u id e d  m o r e  b y  th e  resu lts  o f  m o d e l te sts .

D e e p  sea ted , p r es tressed  a n c h o r a g e s  m a y  b e  reg a rd ed  as 
req u irin g  th e  la r g e st  o u tw a rd  m o v e m e n t b e fo re  b r ea k d o w n  o f  
th e a c tiv e  p r essu re r e d is tr ib u tio n , a n d  w h e n  th e  d e g r ee  o f  
m o m e n t r e d u c tio n  th a t ca n  b e a llo w e d  in  th e  fie ld  fo r th is  ca se 
is  e s ta b lish e d , it is  ea s ily  in c o r p o r a te d  in  th e  flex ib ility  d esig n  
m e th o d  by re d u cin g  th e  s t iff  w a ll  m o m en t.

D r . B r in c h  H a n s e n  h a s w r itten  a b o o k  o n  E a rth  P ressu re s in 
w h ic h  h e  c a lc u la te s  th e  p o s it io n  o f  th e c en tr e  o f  p r essu re  o f  
a c t iv e  a n d  p a ss iv e  p ressu res  d u e  to  v a r io u s  ty p e s  o f  w a ll  m o v e ­

m en t. T h is  is lik e ly  to  p r o v e  a  v a lu a b le  c o n tr ib u t io n  to  th is 
su b jec t.

T h e  th e o r y  d o e s  n o t a llo w  th e c a lc u la tio n  o f  p r essu res  for 
v a r io u s  d e g re e s  o f  w a ll m o v e m e n t so  th a t it lea d s  lo g ic a lly  to
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th e a n a ly s is  o f  stru ctu res a t fa ilu re o n ly . In  th e a p p lic a tio n  to 
sh ee t  p ile  w a ll d e sig n , th e w a ll  to e  is c o n s id e r e d  to  b e  fa ilin g , 
a n d  th e  s te e l in  th e  w a ll to  h a v e  p a sse d  first y ie ld  g iv in g  a 
p la s t ic  h in g e . U n d e r  th ese c o n d it io n s  th e  a c tiv e  p r essu re re ­

d is tr ib u tio n  is a ssu m e d  n e g le c t in g  th e  ex p a n s io n  o f  th e sa n d  
b e h in d  th e  w a ll  a n d  th e  re su ltin g  c y c lic  s lip s. A  sm a ll fa cto r 
o f  sa fe ty  in  p e n e tr a tio n  is u sed  w h ich  a llo w s  th e  w a ll  to  s ta n d  
a fte r  sev er a l in ch es  o f  o u tw a rd  m o v e m e n t a t  th e  to e . T h e  in ­

f lu en ce  o f  th is  m o v e m e n t a n d  la r g e  w a ll d e fle x io n s  o n  th e 
se tt le m e n t o f  th e b a ck fill is n o t  co n sid e red .

M r. K . M o rte n se n  h a s  critic ise d  th e flex ib ility  d esig n  m eth o d  
o n  th re e p o in ts :

(1 ) I t is  sem i-e m p ir ica l.

(2 ) I t d o e s  n o t  in d ic a te  th e  sa fe ty  a g a in st  u lt im a te  fa ilu re.

(3 ) I t  is u n e c o n o m ic a l.

T h e  rep lie s to  th ese  cr itic ism s  are as fo llo w s:

(1) A n  “ e la s t ic ”  m a th e m a tic a l s o lu t io n  h a s  b e en  m a d e  w h ich  
g iv e s  g o o d  a g re em en t. I t is  h o p e d  to  p u b lish  th is  sh o rtly .

(2 ) B y  u s in g  “ s tr u c tu r a l” cu rv es  to  th e  y ie ld  stress o f  th e 
w a ll, th e u lt im a te  p la s tic  ty p e  o f  d e sig n  is a ch iev ed . In a d d it io n  
th e  u se o f  th e  y ie ld  stress ra th er th a n  so m e  u n k n o w n  stress 
b etw ee n  y ie ld  a n d  u lt im a te , seem s p referab le .

(3 ) T h is  arises m a in ly  b e c a u se  th e  fa c to r  o f  sa fe ty  in p e n e ­

tr a tio n  p r o p o se d  b y  th e  w riter  is la rg er  th a n  th a t u sed  b y  D r. 
B rin ch  H a n sen . T h is  is  a  m a tter  o f  in d iv id u a l d e c is io n , n o t  o f 
s c ie n c e , a n d  c a n n o t  b e a cr it ic ism  o f  th e f lex ib ility  m eth od . T h e 
m e th o d  m a y  s t ill  b e u sed  w ith  a  lo w e r  fa c to r  o f  sa fe ty  in  p e n e ­

tr a tio n . P ro f. Terza g h i  p r o p o se s  a n  e v e n  h ig h e r  sa fe ty  fa c to r 
th a n  th e  w riter.

F in a lly  th ere are th e  fo l lo w in g  c o n s id e r a tio n s  to  b e m a d e in 
th e  c h o ic e  o f  m e th o d .

(1 ) T h e  “ u lt im a te ”  m e th o d  d o e s  n o t  g iv e  a n y  g u id a n c e  as 
to  th e  c h o ic e  o f  ty p e  o f  w a ll , i .e . c o n c r e te , s te e l, o r  m a k e  o f  
ste e l s e c tio n .

(2 ) T h e  “ u lt im a te ”  m e th o d  g iv e s  th e s a m e  d e sig n  fo r a  w a ll 
p e n etr a tin g  a  lo o s e  sa n d  o f  <p =  30° as fo r a  lo o s e  s ilt  a lso 
w ith  fp =  30°. S in ce  th e  c o m p r e ss ib ility  o f  th e silt is very  m u ch 
g rea ter  th e w o rk in g  m o m e n t  w o u ld  in  fa c t b e  larger.

(3 ) T h e  “ u lt im a te ”  m e th o d  d o e s  n o t  in d ic a te  th e d is tr i ­

b u tio n  o f  b en d in g  m o m e n t o v er  th e  w a ll . T h is  w ill  be im ­

p o r ta n t in  th e d e v e lo p m e n t o f  p restressed  c o n c r e te  w a lls .

L ’a u t e u r  r é p o n d  a u x  c r it iq u e s  d e  M M . M o rten sen , B rin ch  H a nsen 
e t  B r is k e  s u r  le s  a v a n t a g e s  r e s p e c t i f s  d e  la  « m é t h o d e  é l a s t i q u e »  e t 
d e  la  « m é t h o d e  p la s t iq u e » .

Mr. S. Packshaw

I s h o u ld  lik e  to  m a k e  a  fe w  b r ie f  rem a rk s a b o u t  m y o w n  
ex p e r ie n ce  in  th e p r a c t ic a l  a p p lic a tio n  o f  D r . R o w e 's  m e th o d s . 
D u r in g  th e la s t  fe w  m o n th s  I u sed  D r . .R o w 's  m e th o d s  o n  a 
n u m b e r  o f  o c c a s io n s  w h e n ev er  th e so il  a p p r o x im a te d  to  sa n d  
o r  o th e r  n o n -c o h e s iv e  m a te ria l. A t  th e  sa m e  tim e  th e d e s ig n  
w a s  a ls o  carr ied  o u t  b y  th e  c o n v e n tio n a l fix ed  ea rth  su p p o r t 
m e th o d  a n d  a  reco rd  o f  th e  resu lts  b y  th e  tw o  m e th o d s  w a s 
k e p t fo r  p u r p o se  o f  co m p a r iso n , b e c a u se  a lth o u g h  th e fixed 
ea r th  su p p o r t m e th o d  is n o t  o n  a  s tr ic tly  c o rre c t  th e o r e tic a l 
b a sis , it h a s  n eve rth e less  b e en  u sed  w ith  a p p a re n tly  sa tis fa c to ry 
resu lts  fo r  very m a n y  y ears, a n d  to  th a t e x te n t it c a n  b e re ­

g a rd ed  a s  a c h e c k  o n  D r . R o w e ’s m e th o d . A s  a  ru le  th e  d if ­

fe re n c e b e tw ee n  th e resu lts  o b ta in e d  b y  th e  tw o  m e th o d s  h a s 
n o t  b e en  very  grea t. H o w e v e r , th e  p ra c tica l a p p lic a tio n  o f  
D r. R o w e’s  m eth o d  h as con firm ed  th a t o n e  o f  its grea t a d v a n ­

ta g es  is th at it e s ta b lish e s  a q u a n tita tiv e  r e la tio n  b e tw een  th e 
flex u ra l p r op er ties  o f  th e w a ll a n d  th e  b e n d in g  m o m e n t w h a t

it w ill  h a v e  to  w ith sta n d . T h e  m e th o d  sh o w s  th a t a t th e  stre sses 
in  tw o  d ifferen t se c tio n s  o f  p ilin g  are n o t  sim p ly  in  in verse p r o ­

p o r t io n  to  th e ir  se c tio n  m o d u li . T h u s  it  o fte n  p erm its th e  d e ­

s ig n er  to  c h o o s e  a  lig h ter  a n d  th er efo re  m o re  flex ib le  sec tio n  
th a n  h e  w o u ld  h a v e  o th e rw ise  d ared  to  u se . I t a lso  d e m o n ­

s tra tes  th e  a d v a n ta g e s  o f  u s in g  s te e l o f  so m e w h a t h igh er 
stre n g th  th a n  th e sta n d ar d  g ra d e, b eca u se it b r in gs  a  lig h te r 
a n d  m o re  f lex ib le  se c tio n  w ith in  th e ra n g e o f  p e rm iss ib le  stress. 
A  d esig n er w h o  is co n c ern e d  w ith  o n ly  o n e  m a teria l, fo r  in ­

s ta n c e  s te el , ca n  s im p lify  th e u se o f  D r . R o w e 's  m e th o d  by 
p rep a rin g  a  set  o f  grap h s a p p lica b le  to  th a t p a r tic u la r  m a ter ia l 
a n d  to  th e ra n g e o f  s e c tio n s  w h ic h  are co m m e r c ia lly  a t h is 
d is p o s a l. A t  p r esen t th e u se  o f  D r . R o w e 's  m e th o d  is  lim ite d  
to  n o n -c o h e s iv e  so ils , b u t I h ear  th a t h e  is c o n t in u in g  h is  re ­

sea rch  w ith  th e  o b je c t o f  o b ta in in g  d a ta  fo r o th e r  ty p es  o f  so il . 
I th in k  th a t w h e n  th is  in fo r m a tio n  is a v a ila b le  it  i s  q u ite  lik ely 
th a t h is m e th o d s  w ill  c o m e  in to  g en era l u se  u n le ss, p e rh a p s, 
all m e th o d s  d e riv ed  fr o m  th e  a n a ly s is  o f  w o rk in g  stresses are 
e v e n tu a lly  d isca rd ed  in  fa v o u r  o f  m e th o d s  b a sed  o n  th e th eo ry  
o f  p la stic ity .

L ’a u t e u r  c o m p a r e  l ’a p p l ic a t io n  d e  la  m é t h o d e  d u  D r  R o w e  e t  d e s 
m é t h o d e s  c o n v e n t io n n e l l e s  d a n s  d e s  c a s  p r a t iq u e s  e t  d a n s  d e s  s o ls  
p u lv é r u le n t s .

L e s  d if f é r e n c e s  q u ’il  a  r e le v é e s  s o n t  lé g è r e s .  C e p e n d a n t  la  m é t h o d e  
d u  D r  R o w e  f o u r n it  d e s  in d ic a t io n s  q u a n t i t a t iv e s  q u i  p e r m e t t e n t  d e  
c o n s t r u ir e  p lu s  é c o n o m iq u e m e n t .

Mr. P. S. Cockle
M y  rem a rk s refer  to  th e  p a p er b y  M essrs . C ooling  a n d  W a rd 

(P ro ceed in g s  1953 , v o l .  II, p . 162) w ith  e sp e c ia l re feren ce  to  th e 
“ E arth  P ressu res o n  T u n n e ls  in C la y ” .

It is  n o te d  th a t a l l  th e ex p e r im e n ts  d esc rib ed  are fo r tu n n e ls 
d r iv en  in  L o n d o n  C la y  b e tw ee n  9 0  a n d  109 fe e t  d e ep  fro m  
g r o u n d  le v e l to  a x is , a n d  th a t S k e m p to n  (Jou r. In st.  C . E . ,  V o l. 
2 0 , N o . 5, 1943) s ta te s  th a t  in  th e  la s t  c a s e  th e  c o m p r e ss iv e 
stren g th  o f  th e c la y  w a s  80  lb s ./sq .in . a n d  (in  th e  G e n e r a l D is ­

c u ss io n ) th a t L o n d o n  C la y  a t d e p th s  o f  a b o u t  100 fee t  h a s  a 
sh ea r  s tr en g th  o f  th e  o rd er  o f  50  lb s ./sq .in .

T h e se  are e q u iv a le n t to  th e v er tica l p r essu res ex erted  b y  fro m  
9 0  to  115 fe e t  o f  o v er b u rd en  a n d  in d ic a te  th a t  a t  d e p th s  eq u a l 
to  o r  g reater th a n  th ese  th e c la y , h a v in g  b e en  lo a d e d  to  m o r e 
th a n  its  u n co n fin e d  c o m p r e ss io n  stren g th  w o u ld  f lo w  in to  a n y  
c a v ity  o r, w e  m a y  su p p o se , g ra d u a lly  a d ju st i t s e lf  to  g iv e  a  u n i ­

fo rm  flu id  p ressu re (w ith  co r r e c tio n  fo r  d e p th -v a r ia tio n ) a ro u n d 
a n y  tu n n e l l in in g  o f  re a so n a b ly  regu lar  p r ofile .

In  a p p rec ia b ly  sh a llo w e r  tu n n e ls  o n  th e  o th e r  h a n d , s o m e 
re sid u a l a rc h in g  w o u ld  rem a in  a n d  th e n o r m a l p ressu re o n  th e 
ex tr a d o s  w o u ld  b e red u c ed . T h e  la te  M r. G. L . G roves  (in  th e 
In st. C . E . J o u rn a l referred to )  h in te d  a t th e  e x is te n c e  o f  a  cri ­

tica l d e p th , sep a ra tin g  th ese tw o  c o n d it io n s .

It is  th u s  q u ite  lo g ic a l , in  v ie w  o f  lo c a l  v a r ia tio n s  in  th e 
str en g th  o f  th e  c la y , th a t C ooling  a n d  W a rd  s h o u ld  o b ta in  
a v e r a g e  p ressu res ra n g in g  fro m  45%  to  100%  a n d  S k e m p to n  
100%  o f  th e fu ll o v er b u rd en  p ressu re.

I t  is  a  p ity  th a t a ll  th ese m ea su re m e n ts  sh o u ld  h a v e  b een  
ta k e n  ju st  a t th is  d e p th ; th e resu lts  are in c o n c lu s iv e  a n d  it is 
su g g e s te d  th at  m u ch  w o u ld  b e  le a rn ed  i f  o p p o r tu n ity  sh o u ld  
ar ise  to  re p ea t th e ex p e r im e n ts  a t d e p th s  o f  sa y , 6 0  a n d  150 
fe e t , to  e s ta b lish  w h e th er  su ch  a cr itica l d ep th  or z o n e , in  re ­

la t io n  to  th e  s tr en g th  o f  th e c la y , a c tu a lly  ex ists .

A s  regard s th e co n s id e ra b le  v a r ia tio n  in th e o b serv ed  p res ­

su res a ro u n d  th e  c ircu m fe re n ce  o f  th e 25 -ft . tu n n els , w h ilst , 
a s  D r . S k e m p to n  su g g e sts , th is  m a y  be d u e  to  th e p r o x im ity
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F ig . 7  A rr a n g em e n t o f  L o a d in g  T e s ts  in R o c k  
D is p o s it i f  p o u r  e s sa is  a u  vér in  en  ga leries

(1) M o rta r 
M o rtier

(2) M e ta llic  c u s h io n s  filled  w ith  o il 
C o u ss in s  m éta lliq u es  re m p lis  d ’h u ile

(3 ) P re ssu re  g au g es 
M a n o m ètre

(4) T im b er  p a c k in g  
P ilo tis

(5 ) B ro a d -fla n g e  s te e l d is tr ib u tio n  jo is ts 
P o u tr e lle s  G rey

(6) H y d r a u lic  ja ck  
V érin

(7 ) M ic r o m e te r  s tic k  fo r m ea su r in g  h e ig h t ch a n g e s  u n d er lo a d  
D is p o s it i f  p o u r  la  m e su re  d es  v a r ia tio n s  d e d ia m ètre

o f  th e  a d jo in in g  tu n n e ls , th er e m a y  b e a n o th e r  c a u s e  a t w o rk . 
I t  is  k n o w n  th a t s o m e  o f  th e tu n n e ls  a t th is  s ite  w e re  d riven 
p a rtly  in  th e L o n d o n  C la y  a n d  p a rt ly  in  th e  S h ep h erd ’s P la id 
C la y  o f  th e  W o o lw ic h  a n d  R e a d in g  b e d s , w h ich  im m ed ia te ly 
u n d e rly  th e L o n d o n  C la y ; th is  c la y  h a s  th e  r ep u ta tio n  o f 
g r e a t h a rd n e ss c o m b in e d  w ith  tr ea ch ero u sn ess  d u e to  s lip p in g 
o n  c le a v a g e  p la n e s , a n d  th e a n g le  fr o m  w h ic h  th e  lo a d  m a y 
c o m e  is q u ite  u n p r ed ic ta b le .

T h e  “ stress c o r r e sp o n d in g  to  o v er b u rd en  p r e ssu r e ”  a p p ea rs 
to  req u ire c lo se r  d e fin it io n , s in c e  th e  h y d r o s ta t ic  p r essu re to  
w h ich  it  re la te s  m u st vary  by  m o re  th a n  25%  at d ifferen t p o in ts 
a ro u n d  th e  c ircu m fe ren ce  fr o m  c r o w n  to  in v ert. It is , n eve r ­

th e le ss , sh o w n  in  F ig . 7 (P r o c e e d in g s  1953 , v o l. II, p . 165) as 
a  c o n s ta n t , v iz . th e  ra d iu s  o f  a  c irc le  rep re sen tin g  2 \  to n s /sq .in .

O n e c o m m e n t m a y  b e m a d e  fr o m  th e d esig n  a n g le  as d is t in c t 
fr o m  th e  a c a d e m ic  v ie w -p o in t. S k e m p to n  in  th e  a b o v e  p ap er, 
n o te d  th a t th e m a x im u m  re c o r d ed  stress  in  th e iro n  w a s 70%  
g reater th a n  th e a v era g e  o w in g  to  m in o r  b e n d in g  effec ts . S in ce 
it  is th e p r a c tic e  to  fo r m  a  tw o -r in g  o p e n in g  in  ir o n  tu n n e ls  in 
L o n d o n  w ith o u t  lin to l  o r  ja m b -p la te , a n d  th is  m a y  b e d o n e 
m a n y  yea rs  a fter  th e o r ig in a l c o n s tr u c tio n , th is  figu re o f  70%  
s h o u ld  b e in cre a sed  fo r d e s ig n  p u rp o ses  to  a t le a st  100% .

I t  m a y  b e c o n v e n ie n t  to  lis t  th e  m a in  c a se s  w h ich  ar ise  as 
b e lo w .

1. S h a llo w  Tunnels 
A p p r e c ia b le  b e n d in g  str es ses  w ill  o ccu r :

(a) w h ere  th e  c o v e r  is sm a ll  a n d  th er e is a  ten d en cy  to  h e a v e 
th e  cro w n ;

(b) w h ere  a  co n c e n tr a te d  lo a d  a t o r  n e a r  th e  c r o w n  c a n  c a u se 
th e  s id e -w a lls  to  sp re ad  i f  th e  p a ss iv e  re s is ta n c e  o f  th e 
g r o u n d  is  in su ffic ien t to  ta k e  th e  th ru st.

A  rec en t ex a m p le  w a s a  p r o p o sa l to  b u ild  a  b lo c k  o f  fla ts 
w ith  b a sem en t o v er  tw in  21 feet  d ia m ete r  s ta t io n  tu n n e ls  w h ich  
h a d  o r ig in a lly  12 fee t  o f  co v er . T h e  lim it  o f  p e rm is s ib le  e x c a ­

v a t io n  a n d  th e su b se q u en t sa fe  lo a d in g  w e re  to  b e  sp e c ified .

2. T unnels o f  M e d iu m  D ep th

W h e re , a lth o u g h  th e a c tiv e  p r essu re s a r o u n d  th e c ir c u m ­

fe re n c e m ay  n o t  be u n ifo rm , th e  p a ss iv e  r e s is ta n c e o f  th e g r o u n d  
is su ff ic ien t to  p rev en t d e fo r m a tio n  o f  th e lin in g .

3. D eep  T unnels

W h e re  th e g ro u n d  is str es sed  to  a s ta te  o f  p la s tic ity  a n d  a c ts 
lik e  a flu id , th e p r essu re b e in g  eq u a l to  th e  o v er b u rd en .

I t m a y  b e  n o te d  th a t th e  effe ct  o f  o p e n in g  a  fresh  c a v ity  in 
th e  c la y  in  th e  v ic in ity  o f  a n  e x ist in g  tu n n el m a y  b e  to  in d u c e 
very  sev er e b en d in g  stresses  in  th e  lin in g .

L ’a u te u r  c o n s t a t e  q u e  le s  e s s a is  d e  M M . C ooling  e t  W a rd  o n t  é t é  
f a it  à  d e s  p r o f o n d e u r s  c r i t iq u e s  p o u r  le s q u e l le s  la  p r e s s io n  d e  s u r ­

c h a r g e  e s t  d u  m ê m e  o r d r e  q u e  c e l l e  d e  la  r é s i s t a n c e  à  la  c o m p r e s s io n  
s a n s  c o n t r a in t e  la té r a le . I l  s e r a it  r e c o m m e n d a b le  d e  f a ir e  d e s  e s s a is  
d a n s  d e s  t u n n e ls  o ù  la  p r e s s io n  d e  s u r c h a r g e  e s t  n e t t e m e n t  s u p é r ie u r e  
o u  in fé r ie u r e  à  la  r é s i s t a n c e  d u  m a té r ia u . I l  s e  p o u r r a it  q u e  d a n s  d e s 
t u n n e ls  c o n s t r u i t s  à  d e s  p r o f o n d e u r s  m o in d r e s  u n e  d é c o m p r e s s io n  
r é s u l te  d e  l ’e f fe t  d ’a r c . L e s  v a r ia t io n s  f r a p p a n t e s  d e  la  p r e s s io n  d a n s  
la  z o n e  p é r ip h é r iq u e  d u  tu n n e l  p o u r r a ie n t  ê t r e  a t tr ib u é e s  d ’a p r è s 
l ’e x e m p le  d e  M M . C ooling  e t  W ard, à  la  p r é s e n c e  d e  c o u c h e s  g é o ­

l o g iq u e s  p lu s  s o l id e s .  L ’a u t e u r  e s t im e  é g a le m e n t  q u ’il  s e r a it  b o n  d e  
d é f in ir  le s  c o n t r a in t e s  c o r r e s p o n d a n t  à  la  p r e s s io n  d e  s u r c h a r g e  d e  
m a n iè r e  p lu s  p r é c is e  q u e  n e  l ’o n t  f a i t  M M . C ooling  e t  W a rd  à  la  
F ig .  7  d e  le u r  m é m o ir e  ( C o m p t e s  R e n d u s  1 9 5 3 , v o l .  I I ,  p .  1 6 2 ). 
F in a le m e n t  l ’a u t e u r  d r e s s e  la  l i s t e  d e s  d if f é r e n ts  c a s  o ù  u n  m o m e n t 
d e  f l e x io n  s e  d é v e lo p p e  s u r  u n  tu n n e l.

Dr. L. F. Cooling
I w a n t to  m a k e  a  few  b r ie f  rem a rk s o n  th e  tu n n e l in v e sti ­

g a tio n s  w h ich  are b e in g  ca rried  o u t  b y  th e  B u ild in g  R esea rch  
S ta t io n  o f  G r e a t B r ita in . T h is  w o r k  w a s  b e g u n  ea rly  in  1952 
a n d  is s t ill  in  p r o g re ss , b u t s in c e  th e  o b se r v a tio n s  g iv e n  in  o u r 
p a p er  (P r o c e e d in g s  1953 , v o l. I I , p . 162) o n ly  c o v e r  th e  p e r io d  
u p  to  Ju ly  1952 , I th o u g h t  it m ig h t  b e o f  in te r est to  d e sc rib e 
in  g en era l term s s o m e  o f  th e  resu lts  o b ta in e d  s in c e  th a t d a te .

I sh a ll o n ly  h a v e  tim e  to  refer  to  th e 9  fee t  d ia m eter  w a te r 
tu n n e l. T h e  a x is  o f  th is  tu n n e l is  9 0  fe e t  b e lo w  g r o u n d  le v e l in 
L o n d o n  c la y  a n d  it  is  lin ed  w ith  sp ec ia l w e d g e -sh a p e d  co n c r e te 
s e g m e n ts  w h ich  are ja c k e d  in to  p la ce . T h e  tu n n e l w a s  c o m ­

p leted  in  M a y  1952 a n d  rem a in ed  em p ty  u n til M a rch  1953 
w h en  it  w a s filled  w ith  w a te r u p  to  g ro u n d  lev el . I t w a s  em p tie d  
a g a in  in  M a y  1953 a n d  is n o w  in  th e  p r o c e ss  o f  b e in g  refilled , 
w h en  th e h e a d  o f  w a te r w ill  b e in cr eased  to  th a t o f  th e  a d ­

jo in in g  reservo ir . T h r o u g h o u t  th is  p e r io d  te sts  h a v e  b e en  m a d e 
b y m y  c o lle a g u e  M r. W . H . W ard, in  c o lla b o r a t io n  w ith  th e 
en g in eers  o f  th e  M e tr o p o lita n  W ater  B o a rd , to  m ea su re  (a) th e 
ea rth  p r essu re o n  th e  tu n n e l, (b) c o m p r e ss io n  th ru st in  th e  r in g ,

(c) d is to r tio n s  o f  th e  tu n n el.

F ig . 10 in  th e p a p er  sh o w s  ty p ic a l resu lts  o f  th ru st m e a su r e ­

m e n ts  w ith  th e  tu n n e l em p ty . D u r in g  th is  tim e  d ia m eter s  w ere 
m ea su re d  d irec tly  w ith  th e m icro m ete r  s tick . A t  first th e  d is ­

to r tio n  in cre a sed  w ith  tim e  a n d  th e n  se tt led  d o w n  to  a  s te a d y 
v a lu e . A fte r  sev en  m o n th s , th e  v er tica l d ia m eter  h a d  d ecr ea sed  
b y  a b o u t  0 .0 5  in . a n d  th e  h o r iz o n ta l d ia m ete r  h a d  in cr eased  
by a b o u t  0 .0 2  in.

T o  e n a b le  m ea su re m e n ts  o f  th e  d ia m eter  to  b e  ta k e n  w h en  
th e tu n n e l w a s  fille d  w ith  w ater, a  sp e c ia l stra in  g a u g e  u sin g  th e 
v ib ra tin g -w ire  p r in c ip le , w a s  d e s ig n e d . T h e  p ressu res an d
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th ru sts w e re  m ea su re d  w ith  v ib ra tin g -w ire lo a d  g a u g e s  an d  a ll 
th e in str u m en ts  c o u ld  b e read rem o te ly  fro m  th e to p  o f  th e 
sh a ft . T h e  resu lts  o f  th ese m ea su re m e n ts  sh o w ed  th a t th e rad ia l 
p ressu res d ecr ea sed  in  p r o p o r tio n  to  th e in cr eased  w a ter  p res ­

su re , b u t th a t th e c h a n g e  in  ea rth  p r essu re w a s  le ss  th a n  th at 
o f  th e  w a ter  p ressu re.

D ia m e te r s  in cre a sed  p r o p o r tio n a te ly  w ith  in cre a s in g  w ater 
p r essu re a n d  th e  h o r iz o n ta l d ia m eter s  te n d ed  to  in cre a se  m o re 
th a n  th e v er tica l d ia m eters. T h e  g rea te s t in cre a se  in  d ia m eter 
w a s  o f  th e  o rd er  o f  0 .01  in . fo r  a  w a te r h e a d  o f  100 feet . T h e 
resu lts  o b ta in e d  in  th is  la ter  w o rk  h a v e  g iv e n  u s a d d it io n a l 
c o n f id e n c e  in  th e  su ita b ility  o f  th e v ib ra tin g -w ire ty p e  o f  lo a d  
a n d  stra in  g a u g es . E v e n  u n d e r th e  90  fee t  h e a d  o f  w a ter o n ly 
tw o  o r  th ree  in s tr u m en ts  o u t  o f  th e  fifty  in s ta lle d  w ere so  b a d ly  
a ffec ted  as to  b e  u n ser v ic ea b le .

F in a lly , I a g re e w ith  D r . S k e m p to n  th a t it  is  a  lit t le  p rem a tu re 
to  d r aw  t o o  m a n y  d e d u c tio n s  fr o m  th e re su lts , b u t I w o u ld  c la im  
th a t a  sa t is fa c to r y  first s ta g e  h a s  b e en  rea ch ed , th a t o f  h a v in g  
a  re lia b le  m e th o d  o f  m ea su re m e n t. E v er y  o p p o r tu n ity  w ill  b e 
ta k e n  to  o b ta in  m ea su re m e n ts  a t o th e r  s ite s , a n d  w ith  th e 
a c c u m u la t io n  o f  d a ta  it m a y  b e  p o s s ib le  to  a p p r o a c h  th e  th e o ­

r e tica l p r o b le m  w ith  m o r e  co n fid en c e .

L ’auteur donne quelques résultats com plém entaires sur la galerie 
d ’am enée faisant l ’objet du m ém oire présenté en collaboration avec 
M . W ard  (C om ptes Rendus 1953, vol. II, p. 162). L e diam ètre hori ­

zon ta l m esuré dans le tunnel vide a augm enté, tandis que le diam ètre 
vertical a dim inué. D es  mesures en tunnel ont été  effectuées pendant 
et après la m ise  en service à l’aide de com parateurs à fils vibrants; 
on a constaté  que les diam ètres augm entaient plus dans l’horizontale 
que dans la verticale.

Prof. K. Terzaghi
O n e o f  th e  m o s t  im p o r ta n t to p ic s  c o v e r e d  b y  th is  se s s io n  is 

th e  d e s ig n  o f  a n c h o r e d  b u lk h ea d s. In  1935  M r. P a u l B aum an n 
o f  L o s  A n g e le s  p u b lish e d  a  p a p er  o n  th e  fa ilu re  o f  a  b u lk h ea d  
in  S o u th e r n  C a lifo r n ia  in  w h ic h  h e  p o in te d  o u t  th a t th e th en 
cu rr en t p r o c ed u re  fo r  th e d e s ig n  o f  a n c h o r e d  b u lk h ea d s  w ith  
fixed  en d  su p p o r t in v o lv e s  a  se r io u s  fa lla cy . T h is  p r o ced u re  in ­

v o lv e d  th e  a s su m p tio n  th a t th e c o n d it io n s  o f  e n d  su p p o r t d e ­

p e n d  e x c lu s iv e ly  o n  th e d ep th  o f  sh e e tp ile  p e n e tr a t io n  w h ere a s 
in  rea lity  th e y  are a ls o  a  fu n c t io n  o f  th e flex u r a l r ig id ity  o f  th e 
sh e e tp ile s  a n d  o f  th e c o m p r e ss ib ility  o f  th e m a te r ia l w h ich  p r o ­

v id es  th e  su p p o r t. T h e  re cen t e x p e r im e n ta l in v e s tig a tio n s  by 
D r . P . W . R o w e  co n fir m e d  M r. B a u m a n n 's  fin d in g s.

A s  a  c o n se q u e n c e  o f  th is  s itu a tio n  a n d  a t th e  p resen t s ta te 
o f  o u r  k n o w le d g e , th e  c o n d it io n s  o f  e n d  su p p o r t c a n  o n ly  b e 
ascer ta in ed  b y  m e a n s  o f  m o d e l te sts  sim ila r  to  th o s e  p erfo rm ed  
b y  D r . R o w e  or  o n  th e b a sis  o f  th e th eo ry  o f  h o r iz o n ta l s u b ­

g ra d e r ea c tio n . T h e  ex p e r im e n ta l p r o c ed u re  in v o lv e s  a ll  th e 
h a za rd s  a s so c ia te d  w ith  e x tr a p o la tio n  fr o m  sm a ll s c a le  te sts 
w ith  m o d e l p ile s  e m b e d d e d  in  a r tific ia lly  d e p o s ite d , h o m o ­

g e n e o u s  m a teria ls. O n  th e  o th e r  h a n d , th e  th e o r e tic a l a p p ro a ch  
h a s  tw o  ser io u s  sh o r tc o m in g s . F ir st  o f  a ll,  th e th eo r ie s  o f  s u b ­

g ra d e  re a c tio n  are b a sed  o n  h ig h ly  artific ia l c o n c e p ts , a n d  se ­

c o n d , th e  e q u a tio n s  c o n ta in  th e  c o e ff ic ie n t o f  su b g ra d e  r ea c tio n  
w h ic h  is o n e  o f  th e  m o s t  c o n tr o v e r s ia l ite m s in  th e in v en to ry 
o f  th eo re tica l so il  m ech a n ic s .

In  1921 , M r. K . H a y a sh i  p u b lish ed  a  b o o k  in  w h ic h  h e  d e ­

r ived  th e  e q u a tio n s  fo r th e b e n d in g  m o m e n ts  in  b e a m s restin g 
o n  a n  e la s t ic  su b g ra d e . In  th is  b o o k  h e  c o n s id e r e d  a n  ex tr a ­

o rd in ar y  v a r ie ty  o f  lo a d in g  c o n d it io n s . H o w e v e r , in  c o n n e c t io n  
w ith  th e  c o e ff ic ie n t o f  su b g ra d e  r ea c tio n , w h ic h  a p p ea rs  in  a ll 
h is e q u a t io n s , h e  s ta te d  very  b riefly  th a t th e v a lu e  o f  th is  c o e ff i ­

c ie n t  s h o u ld  b e d e te rm in ed  by  m ea n s  o f  a  lo a d in g  test . H e  did 
n o t  seem  to  rea lize  th a t a  lo a d in g  te s t p e rfo rm ed  o n  a  g iv en  
s o il  m a y  fu rn ish  fo r th is c o e ff ic ie n t a lm o st  a n y  v a lu e d ep en d in g 
o n  th e s iz e  o f  th e lo a d e d  area . E le v e n  y ea rs  la ter  I p u b lish ed  
a  p a p er  in  w h ic h  I d iscu ssed  th e v a r io u s  fa c to rs  w h ich  m u st b e 
co n s id e red  in  th e  a p p r o x im a te  e v a lu a tio n  o f  th e c o e ff ic ie n t o f  
su b g ra d e  re a c tio n  a n d  th e  in e v ita b le  u n ce rta in tie s  in v o lv e d . 
Y e t  th is  p a p er  re ceiv ed  n o  a tte n tio n  w h a tso e v e r  a n d  s ti ll  to d a y  
th er e are m a n y  en g in eers  w h o  b e liev e  th a t th e c o e ff ic ie n t o f  
su b g ra d e  re a ct io n  is a  c o n s ta n t  fo r a n y  g iv en  s o il , c o m p a r a b le 
to  th e  c o m p r e ss io n  in d ex  o r  th e v o id  ra tio .

In  th e  rea lm  o f  th e c o e ff ic ie n t o f  h o r iz o n ta l su b g ra d e  rea c ­

t io n , c o n d it io n s  are s ti ll  w o rse. W ith in  th e la s t  te n  y ea rs  n u ­

m er ica l v a lu e s  fo r  th is  c o e ffic ien t h a v e  b e en  p u b lish e d  w h ich  
w ere  d e riv ed  fr o m  th e resu lts  o f  h o r iz o n ta l lo a d in g  te sts  o n  
in d iv id u a l p iles . Y e t  th ese  v a lu e s  h a v e  b e en  u sed  a s  a  b a sis  for 
c o m p u tin g  th e  d is tr ib u tio n  o f  th e p a ss iv e  ea rth  p r essu re o n  th e 
b u ried  p o r t io n  o f  c o n t in u o u s  ro w s o f  sh ee tp ile s . T h e  a u th o rs 
o f  th e p a p er s  d id  n o t  seem  e v e n  to  su sp e c t th a t th e  v a lu e  o f 
th e  c o e ffic ie n t o f  th e su b g ra d e  re a c tio n  a t a n y  g iv en  p o in t  o n  
th e  fa c e  o f  a  b u ried  w a ll d ep en d s  n o t  o n ly  o n  th e ty p e  o f  so il 
a n d  th e d ep th  a t w h ich  th e  p o in t  is  lo c a te d , b u t a lso  to  a  la r g e 
ex te n t o n  th e h e ig h t a n d  w id th  o f  th e w a ll. O n  a c c o u n t  o f  th e 
p r ev a ilin g  c o n fu s io n  th e  th eo re tica l p ro ced u re s  fo r th e  in v e s t i ­

g a t io n  o f  th e c o n d it io n s  o f  en d  su p p o r t o f  a n ch o red  b u lk h ea d s 
c a n n o t  b e  relied  u p o n , u n le ss  a n d  u n til th e e x is t in g  m isc o n ­

c e p t io n s  co n c e r n in g  th e e v a lu a tio n  o f  th e  c o e ff ic ien t o f  h o r i ­

z o n ta l su b g ra d e re a c tio n  are ra d ica lly  e lim in a ted .

A n o th e r  su b je ct  o f  o u ts ta n d in g  im p o r ta n c e  w h ic h  w a s  in ­

c lu d ed  in  th e p r o g ra m m e o f  th is  s e s s io n  c o n s is ts  o f  th e  m e ­

c h a n ic s  a n d  p r a c tic a l im p lic a t io n s  o f  creep . In  c o n n e x io n  w ith  
cre ep , d is t in c tio n  s h o u ld  b e  m a d e  b e tw een  sk in  a n d  m a ss  creep .

T h e  term  sk in  cre ep  refers to  th e  s o il  m o v e m e n ts  w h ich  
o c c u r  w ith in  th e  z o n e  o f  se a so n a l v a r ia tio n s  o f  te m p er a tu re 
a n d  m o is tu re . T h e  d e p th  o f  th is  z o n e  rarely  e x c e e d s  te n  feet , 
a n d  it  c a n  b e  co n s id e r a b ly  sm a lle r . T h e  creep , is d u e to  a lter ­

n a te  e x p a n s io n  a n d  c o n tr a c tio n . I n  h is  c la ss ic a l b o o k  “ M o r- 
p h o lo g is c h e  A n a ly s e ’’ p u b lish ed  in  1924 , th e la te  W a lth er  P e n ck 
h a s co n v in c in g ly  d e m o n str a te d  th a t o n  a n y  s lo p e  w ith  a d ip  o f  
m o re  th a n  a b o u t  5°, th e to p la y er  o f  so il  m o v e s  s lo w ly , l ik e  a 
co n t in e n ta l g la c ier , to w a r d s  th e  f o o t  o f  th e  s lo p e  w h ere  th e 
m a te ria l a c c u m u la te s  u n le ss  it  is  r em o v ed  b y  e r o s io n . S k in  
cre ep  is a lm o s t  ex c lu s iv e ly  re sp o n s ib le  fo r th e  g ra d u a l tra n s ­

fo r m a tio n  o f  m o u n ta in  ch a in s  w ith  sh a rp -c re ste d  r id g es  ch a r a c ­

te r istic  o f  reg io n s  o f  u p lif t  in to  p e n e p la in s  w ith  a  g e n t ly  u n ­

d u la t in g  su rfac e.

In  o p e n  c u ts  th r o u g h  d e e p ly  w ea th e re d  ro ck , th e b o u n d a ry  
b e tw een  cre ep  la y er  a n d  th e u n d e r ly in g  s ta tio n a r y  m a te r ia l is 
c o m m o n ly  w e ll d e fin ed . In  th e  m o u n ta in s  w e st  o f  R io  d e 
J a n eiro , c o m p o s e d  o f  d eep ly  w ea th e re d  g n e iss , I  h a v e  n o t ic e d  
th a t th e  cre ep  la y er  h a s  a  c o lo r  s lig h t ly  d iffe ren t fr o m  th a t o f  
th e  u n d e r ly in g  m a te ria l a n d  its  p e rm ea b ility  is  co n s id e ra b ly  
lo w e r . I  h a v e  ta k e n  a d v a n ta g e  o f  th e lo w  p e rm ea b ility  o f  th e 
cre ep  la y er  in  th e  d e s ig n  o f  s to r a g e  d a m s b y  e lim in a t in g  th e 
g ro u te d  c u to f f  b e c a u se  th e p resen ce  o f  th e cre ep  la y er  a lo n e 
c o u ld  b e  c o u n te d  u p o n  to  re d u ce  th e  lo s se s  d u e  to  se e p a g e  to  
a  to lera b le  v a lu e. T h e  su r fa c e  o f  c o n ta c t  b e tw een  cre ep  lay er 
a n d  th e u n d e r ly in g  w ea th e re d  r o c k  w a s  lo c a lly  p a v e d  w ith  
sm a ll, a n g u la r  q u a rtz  fra g m en ts  w h ich  m u st h a v e  m o v e d  in  th e 
co u r se  o f  tim e  in to  th e ir  p resen t lo c a t io n . Y e t  th e  ra te  o f  cre ep  
w a s  im p erc ep tib le  a s  it is  o n  th e m a jo rity  o f  e x is t in g  s lo p e s  a ll 
o v er  th e g lo b e . H o w e v e r , th ere are e x c e p tio n s  to  th is  rule.

In  o n e  in s ta n c e  I h a v e  e s ta b lish ed  a ta rg et  w ith  a  co n c r e te 
fo u n d a tio n , th e  b a se  o f  w h ic h  w a s  lo c a te d  w ith in  th e  creep
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la y er  o n  a re la tiv e ly  g e n tle  s lo p e  in  th e  tem p er a te  z o n e . T h er e 
w ere  n o  v is ib le  in d ic a tio n s  o f  cre ep  m o v em en ts . Y e t  w ith in  a 
y ea r th e  ta rg e t h a d  m o v e d  o v er  a  d is ta n c e  o f  tw o  in ch es . In 
o th er in s ta n c es  e x c e p t io n a lly  rap id  su r fa c e  cre ep  h a s  p r o d u c e d  
a  c o n s p ic u o u s  d isp la c e m e n t o f  re ta in in g  w a lls . T h e  c o n d it io n s 
r e sp o n s ib le  fo r e x c e p tio n a lly  h ig h  ra tes  o f  sk in  cre ep  are n o t 
y e t k n o w n . T h ere fo r e , c a u t io n  is in d ic a te d  a n d  w e ll-d o c u - 
m en te d  c a s e  re c o r d s  are u r g e n tly  n e ed ed .

T h e  s e c o n d  m a in  c a te g o r y  o f  cre ep  m o v e m e n ts , m a ss  creep , 
is d u e  to  th e  a c t io n  o f  th e  fo r c e  o f  g ra v ity  o n  th e m a te ria ls 
u n d e r ly in g  s lo p e s . M a ss  cre ep  is  d u e  to  th e fa c t  th a t th e  sh ea r ­

in g  str esses  m a y  p r o d u c e  s lo w ly  in cre a s in g  sh ea r d e fo r m a tio n s 
e v e n  in  th e  e v e n t th a t th eir  in te n s ity  is c o n s id e r a b ly  sm a lle r 
th a n  th e  sh ea r in g  res is ta n ce  o f  th e  m a te ria ls  in v o lv e d . In  c o n ­

n e x io n  w ith  m a ss  cre ep , d is t in c t io n  m u st b e m a d e  b e tw ee n 
cre ep  in  sc ree  m a te r ia l a n d  in  ro ck .

T h e  cre ep  p h e n o m e n a  d esc rib ed  b y  H a e fe li  a t th is  co n fe r e n c e 
o ccu rred  in  scr ee  m a te ria l. C ree p  p h e n o m e n a  in  ro ck  h a v e 
a lr ea d y  b e en  d esc rib ed  b y  M . L u g eo n  in  1922  in  a p a p er  “ S u r 
le  b a la n c e m e n t d es c o u c h e s ” a n d , a t  a  la te r  d a te , in  h is  b o o k  
“ B a rr ag es  e t  G é o lo g ie ” . H o w e v e r , th e  u n iv e rsa l o ccu rr en ce 
o f  m a ss  cre ep  o n  r o c k  s lo p e s  w a s  n o t  re c o g n iz e d  u n til th e 
A u str ia n  g e o lo g is t ,  O. A m p fe re r  a n d , a fte r  h im , J . S t in y  p u b ­

l ish e d  th e  re su lts  o f  th eir  s tu d ie s  a n d  o b se r v a tio n s  in  th e  ea ste rn  
A lp s . A m p fe re r  arriv ed  a t  th e  c o n c lu s io n  th a t  m a n y  o f  th e 
k n o w n  r o c k  d e fo r m a tio n s  a n d  d isp la cem en ts  in  th e  ea stern  
A lp s , w h ich  h a d  p r ev io u sly  b e en  a scr ib ed  to  te c to n ic  m o v e ­

m e n ts , h a v e  in  rea lity  b e en  p r o d u c e d  b y  m a ss  cre ep  a n d  th a t 
o u r  c o n c e p tio n s  o f  th e  te c to n ic s  o f  th e  e a stern  A lp s  req u ire a 
ra d ica l r e v is io n  o n  th e  b a sis  o f  th e  cre ep  c o n c e p t.

T h e  m o s t  im p ress iv e  a n d , fr o m  a n  e n g in e e r in g  p o in t  o f  v ie w , 
th e  m o s t  im p o rta n t m a n ife s ta t io n  o f  m a ss  cre ep  c o n s is ts  in  th e 
d e sc e n t o f  v a s t  s lic e s  or  b o d ie s  o f  r o c k  fr o m  th e  s lo p e s  o f  d eep 
v a lley s  a lo n g  m o r e  o r  le s s  w e ll-d e fin e d  sh ea r z o n e s . M o r p h o ­

lo g ic a lly  th e  resu lts  o f  su c h  m o v e m e n ts  h a v e  th e  ch ar a c te r is tic s 
o f  v a st  la n d s lid e s , b u t it  is  very  d o u b tfu l w h eth er  th e  m o v e ­

m en ts  ev er  to o k  p la c e  a t a  p e rcep tib le  ra te  b e c a u se  th e  stress 
c o n d it io n s  fo r  fa ilu re  w er e very  s lo w ly  a p p r o a c h e d . I f  a  tu n n e l 
c ro sses  th e  b o u n d a ry  b e tw e e n  th e s ta tio n a r y  a n d  th e  d isp la ced  
m a te ria l, o r  i f  a  d a m  s ite  is  lo c a te d  a t  th e  f o o t  o f  a  d isp la ced  
b o d y  o f  r o ck , ser io u s  c o n s tr u c t io n  d ifficu lt ie s  are lik e ly  to  b e 
en co u n te red .

O n  a c c o u n t  o f  th e  ex tr a o rd in a ry  v a r ie ty  o f  cre ep  p h e n o m e n a  
a n d  o f  th e ir  p r a c tic a l im p lic a t io n s , c re ep  resea rc h  is a  very 
p r o m is in g  fie ld  fo r th e  c o o p e r a t io n  b e tw e e n  g e o lo g is t  a n d  e n g i ­

n eer . S o  far th is  fie ld  h a s  h a rd ly  b e en  to u c h ed .

L e  P r o f .  T erzagh i  t r a i te  t o u t  d ’a b o r d  la  q u e s t io n  d u  c a lc u l  d e s 
c l o i s o n s  é t a n c h e s  a n c r é e s .  C e  c a lc u l  n e  d o i t  p a s  p r e n d r e  e n  c o n s id é r a ­

t io n  u n iq u e m e n t  la  lo n g u e u r  d e  la  c l o i s o n  é t a n c h e ,  m a is  il d o i t  e n ­

g lo b e r  le s  p r o p r ié té s  d u  m a té r ia u  d e  c o n s t r u c t io n  e t  d u  s o l .  C e s  c a l ­

c u ls  p e u v e n t  ê t r e  e f fe c t u é s  s u r  la  b a s e  d ’e s s a is  s u r  m o d è le s  r é d u it s , 
c e p e n d a n t  l ’e x t r a p o la t io n  s o u lè v e r a  d e s  d if f ic u l t é s .  O n  p e u t  é g a le ­

m e n t  a v o ir  r e c o u r s  à  la  t h é o r ie  d e  la  r é a c t io n  h o r iz o n t a le  d u  s o u s -  
s o l ,  m a is  d a n s  c e  c a s ,  il c o n v ie n t  t o u t  d ’a b o r d  d e  d é t e r m in e r  e x p é r i ­

m e n t a le m e n t  la  r é a c t io n  h o r iz o n t a le  d u  s o u s - s o l .  C e t t e  v a le u r  n e  
d é p e n d  p a s  s e u le m e n t  d u  s o u s - s o l  e t  d e  la  p r o fo n d e u r , m a is  a u s s i  d e s  
d im e n s io n s  d e  la  p a r o i  é t a n c h e .

L e  P r o f .  T erzagh i  d is t in g u e  d e u x  p h é n o m è n e s  d e  f lu a g e :  l ’u n  e s t 
u n  m o u v e m e n t  d e  f lu a g e  s u p e r f ic ie l ,  l ’a u tr e  u n  m o u v e m e n t  d e  f lu a g e  
d e  la  m a s s e . L e  p r e m ie r  s e  m a n if e s t e  d a n s  le s  z o n e s  e x p o s é e s  a u x  
v a r ia t io n s  s a is o n n iè r e s  d e  la  t e m p é r a tu r e  e t  d e  l ’h u m id it é ,  e t  e s t  d û  
à  d e s  p h a s e s  d e  c o n t r a c t io n  e t  d e  d i la t a t io n .  L e s  z o n e s  d e  f lu a g e  
s u p e r f ic ie l  s e  d i f f é r e n c ie n t ,  p a r fo is ,  p a r  le u r  c o u le u r  e t  p a r  u n e  p lu s 
fa ib le  p e r m é a b i l i t é .  E n  g é n é r a l  le  m o u v e m e n t  d e  c e s  z o n e s  e s t  le n t , 
t o u t e f o i s  d e s  m o u v e m e n t s  r a p id e s  o n t  é t é  o b s e r v é s .

L e  f lu a g e  d e  la  m a s s e  e s t  c a u s é  p a r  la  f o r c e  d e  g r a v i té .  L a  c o n ­

t r a in t e  d é v e lo p p é e  p r o d u i t  u n e  d é f o r m a t io n  c r o is s a n t e  b ie n  q u e  la  
r é s i s t a n c e  a u  c i s a i l l e m e n t  d u  m a té r ia u  n e  s o i t  p a s  d é p a s s é e . O n  o b ­

s e r v e  d e s  m o u v e m e n t s  d e  f lu a g e  d e  la  m a s s e  d a n s  le s  m a té r ia u x  d é ­

t r i t iq u e s  e t  d a n s  la  r o c h e . M o r p h o lo g iq u e m e n t  le  f lu a g e  d a n s  le s 
m a té r ia u x  d é tr i t iq u e s  o f fr e  l ’a s p e c t  d ’u n  g l i s s e m e n t  m a is  s e  d if f é ­

r e n c ie  p a r  u n  m o u v e m e n t  b e a u c o u p  p lu s  le n t .  D u  p o in t  d e  v u e  d e  
l ’in g é n ie u r  c e  s o n t  le s  s u r fa c e s  d e  c o n t a c t  e n t r e  le s  z o n e s  d e  f lu a g e  
e t  le s  z o n e s  s t a b le s  q u i s o n t  im p o r t a n t e s .

Prof. R. Haefeli
P ro f. R . H a e fe li  rep lie s as fo l lo w s  to  P ro f. A . W . S k e m p to n 's  

re q u e st fo r m o r e  in fo r m a tio n  (see  P r o c e e d in g s  19 53 , v o l. II, 
p. 35 9 , 5) c o n c e r n in g  th e  d e te r m in a tio n  o f  th e a n g le  o f  cre ep  
o n  th e  b a sis o f  m ea su re m e n ts  o f  th e p r essu re ex er te d  o n  th e 
stru t:

U n fo r tu n a te ly  it  a p p ea re d , a fte r  th e  c lo s in g  o f  th e  C o n ­

fere n c e, th at a  sm a ll  error h a d  s lip p ed  in to  o u r p a p er o n  “ T h e 
B e h a v io u r  o f  th e  C o n cr e te  B r id g e  B u ilt  a t K lo sters  b y  th e 
R h a e tia n  R a ilw a y  C o m p a n y , S w itz e rla n d , U n d e r  th e  In flu en ce 
o f  S o il  C reep  P r e ssu r e ”  (P r o c e e d in g s  1953 , v o l. II, p . 178). 
T h e  m a x im u m  p r essu re o f  1 6 5 0 1— a s m e n tio n e d  in  th e  p a p er—  
o n  th e  b a sis o f  w h ic h  th e d im e n s io n s  o f  th e  str u t w er e c a l ­

c u la te d  is  h ig h e r th a n  th e  c o m p u te d  cre ep  p r essu re ; it  w a s 
c h o se n  in  c o n s id e r a t io n  o f  th e p o ss ib le  re s is ta n ce  o ffered  by 
th e  r ig h t a b u tm en t . O n  th e  o th er h a n d , th e  fo l lo w in g  v a lu es 
w ere  ca lc u la te d  fo r th e p r essu re o n  th e  stru t d u e to  th e  creep 
p r essu re o n  th e le f t  a b u tm en t:

fo r ta n  cps =  0 .7 0  : N  ~  8 6 0  t 
fo r ta n  <ps =  0 .8 5  : N  ~  1010 t 
fo r ta n  <ps =  1 .00  : N  ~  1160 t

T h e  m a x im u m  v a lu e  fo r  th e  p r essu re ex er te d  o n  th e  stru t, 
es ta b lish e d  o n  th e  b a sis o f  m ea su re m e n ts , v a rie s  w ith  th e  v a lu es 
a ssu m e d  fo r  th e  cre ep  m o v e m e n t w ith in  th e  c o n c r e te , i .e . b e ­

tw e e n  500  a n d  8 6 0 1 (see  cu rv es R j a n d  R z F ig . 7 , p . 178). F r o m  
th e c o m p a r iso n  b e tw e e n  th e  c o m p u te d  a n d  th e  m ea su re d  p r es ­

su res o n  th e  str u t, th e  fo l lo w in g  lim itin g  v a lu e s  a re  arrived  at 
fo r  th e  d e te rm in a tiv e  fr ic t io n  c o e ffic ie n t:

fo r  R i  max =  5 0 0  t;  ta n  q>s =  0 .3 5  (a n d  n o t  0 .3  a s  in d ic a te d  o n

p a g e  178)

fo r  R 2 max =  8 6 0  t; ta n  <ps = 0 . 7  (a n d  n o t  0 .6  a s  in d ic a te d  o n

p a g e  178).

T h u s  th e  a g reem en t b e tw e e n  m ea su r e m e n t a n d  c o m p u ta t io n  
is b e tte r  th a n  th a t  s ta te d  in  th e  m e n tio n e d  p a p er  (see  v o l. II, 
p . 178). N e v e r th e le s s  th e  fr ic t io n  v a lu es  th u s  o b ta in e d  are s u b ­

s ta n tia lly  sm a ller  th a n  th o s e  arriv ed  a t in  th e la b o r a to r y  in 
sta n d a r d  sh ea r tes ts . T h is  m a y  b e  e x p la in e d — as m e n tio n e d  in 
th e  p a p er — by th e  r e la tio n sh ip  b e tw een  fr ic t io n  a n d  s lid e  v e ­

lo c ity , i.e . b y  th e  ex tr a o rd in a rily  sm a ll  v a lu e s  o f  th e  cre ep  
v e lo c ity .

L ’a u t e u r  r e c t if ie  u n e  e r r e u r  q u i  s ’e s t  g l i s s é e  d a n s  s o n  m é m o ir e  
( v o ir  C o m p t e s  R e n d u s  1 9 5 3 , v o l .  I I , p . 3 5 9 ) . L a  v a le u r  d e  tg , s e lo n  
le  f lu a g e  d u  b é t o n ,  e s t  d e  0 .3 5 ,  r e s p e c t iv e m e n t  0 .7 ,  e t  n o n  p a s  d e  
0 .3  e t  0 .6  c o m m e  in d iq u é  p r é c é d e m m e n t . L a  c o n c o r d a n c e  e n t r e  le  
c a lc u l  e t  le s  m e s u r e s  e s t  d o n c  p lu s  r a p p r o c h é e .

Messrs. M. Rocha, J. Laginha Serafim and A. F. Silveira
In  th e  d e s ig n  a n d  c o n s tr u c tio n  o f  la r g e  d a m s a n d  o f  tu n n e ls 

w h ich  are to  w ith sta n d  h ig h  in tern a l p r essu re, th e  p r o b lem  
a rises  o f  p r ed ic tin g  th e  r o c k  d e fo rm a b ility  b y  “ in - s i tu ”  te sts 
(see  a ls o  P r o c e e d in g s  1953 , v o l. I l l ,  p . 167).
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T h e  p a p er u n d e r d isc u ss io n  p resen ts  th e c o m p a r iso n  o f  m e a ­

su re m en ts  ca rr ie d  o u t o n  d ifferen t ro ck s  a lo n g  a  tu n n e l. T w o  
d iffe ren t te s t in g  m e th o d s  w ere  u sed , n a m ely  lo c a l  lo a d s  a p p lied  
b y  m e a n s  o f  ja c k s  a n d  ru b b er c u sh io n s  in te n d e d  a s  a  m e a n s  o f  
u n ifo r m ly  d is tr ib u tin g  th e  lo a d  o v e r  a  c irc u la r a re a  o f  0 .0 5  m 2, 
a n d  lo a d  te sts  in  tu n n e ls  (2 .3  m  in  d ia m eter ) fille d  w ith  w a ter 
u n d er p ressu re . T h e  w riter  s ta te s  th a t th e ja c k  te s ts  m er ely  p r o ­

v id e  in fo r m a tio n  o n  a  su p erfic ia l sh e ll o f  th e r o c k  th e stru ctu re 
o f  w h ic h  h a d  b e en  d istu rb ed  b y  th e e x c a v a tin g  a n d  b la s tin g 
w o rk .

T h e  L a b o r a to r io  N a c io n a l  d e E n g en h a r ia  C iv il, L isb o n , h a s 
carr ied  o u t  a  n u m b er o f  s im ila r te sts to  d e te rm in e th e p r op er ties 
o f  th e  ro ck , e ith e r  as a n  a id  in th e  d e s ig n  o f  tu n n e l l in in g s  or 
as m ea n s o f  e v a lu a tin g  th e  m o d u lu s  o f  e la s t ic ity  o f  d a m  fo u n ­

d a tio n s .

L a b o r a to r y  te s ts  o n  drill co res  a n d  o n  p r ism a tic  sp ec im en s 
are ca rried  o u t , as w ell as “ in - s i tu ” tu n n e l tes ts . T h e  la tte r  are 
e ith e r  w a ter-p re ssu r e te sts , lik e  th o s e  d esc rib ed  in  th e p a p er, 
o r  ja c k  lo a d in g  te sts  in  w h ich  th e lo a d  w a s  d is tr ib u te d  o v er  tw o  
a rea s o f  1 m 2, th u s  far m o re  th a n  th e lo a d e d  area  rep o rted  by 
th e  w riter . T h e se  te s ts  are ca rried  o u t  in tu n n e ls  (2  m  in  d ia ­

m ete r ), o p e n e d  s o m e  2 0  m  in w a rd s. T h e  lo a d s  are a p p lie d 
e ith e r  v er tica lly  o r  h o r iz o n ta lly , b y  tw o  3 0 0  to n  ja c k s , b e in g 
d is tr ib u te d  o n  th e  tw o  o p p o s ite  area s o f  1 m 2 e a c h  b y  m ea n s 
o f  tw o  circ u la r o il-f ille d  m e ta llic  cu sh io n s  (F ig . 7 ). S o  far th e 
m a x im u m  lo a d s  h a v e  rea ch ed  a b o u t  3 0 0  to n s , co r r e sp o n d in g 
to  a  u n it lo a d  o f  30  k g .c m -2  o n  th e ro ck .

T h e  d e fo r m a tio n s  are m ea su re d  a t th e  ce n tr a l p a rt  o f  th e 
lo a d e d  area s b y  m ea n s  o f  a  sp e c ia l r o d  g a u g e  w h ic h  d e tec ts 
th e  o u tw a rd  d isp la c e m e n t o f  th e  o p p o s ite  tu n n e l w a lls , e ith er 
v er tica lly  o r  h o r izo n ta lly .

T ests  a re  ca rr ie d  o u t  b e fo re  a n d  a fte r  g r o u tin g , so  it  is  n e ­

ce ssa ry  to  p r o v id e  th e tu n n e ls  w ith  b r ic k w o rk  lin in g  to  e n a b le 
g r o u t to  re a ch  e v e n  th e  b o u n d a r y  zo n e s  a ro u n d  th e  tu n n el.

F r o m  a ll  th e  resu lts  o b ta in e d  u p  to  n o w  fr o m  b o th  sh a le s 
a n d  g ra n ite s  th e  fo l lo w in g  c o n c lu s io n s  m a y  b e d r aw n :

(a)  T h e  c o m p a r iso n  o f  th e  v a lu es  o b ta in e d  fro m  th e d ifferen t 
ty p es  o f  te sts  sh o w s  th a t a  g en e ra l a g reem en t ex is ts  b e tw ee n  th e 
resu lts  o f  th e  te sts  m a d e  a fte r  g r o u tin g , w ith  b o th  ja c k s  a n d  
w a te r-p re ssu re , a n d  th o s e  o b ta in e d  fr o m  th e te s tin g  o f  p r is ­

m a tic  sa m p le s  a n d  d r ill c o r e s , p r o v id in g  th a t th e  la tte r  are 
n u m ero u s  a n d  p ro p er ly  selec te d .

(b) A  co r r e la tio n  c o u ld  b e e s ta b lish e d  b e tw een  th e  p e rcen ta g e 
o f  re co v er y  o b ta in e d  in  b o r e h o le s  a n d  th e  m a g n itu d e  o f  th e 
m o d u lu s  o f  e la stic ity .

F r o m  th e ja c k  lo a d  te sts ca rried  o u t  b e fo re  a n d  a fte r  g r o u t ­

in g  a n  im p ro v em en t o f  th e  e la s t ic  p ro p er ties  o f  th e  ro ck  w a s

fo u n d  to  ta k e  p la c e . T h u s , fo r  r o ck s  w h ich  w ere very  w ea th ere d 
b u t n o t  m u c h  cr a c k e d , or  w h o s e  cr a ck s  w ere filled  by sett led 
m a te r ia ls , th e v a lu e  o f  th e m o d u lu s  o f  e la st ic ity  h a s  b een 
fo u n d  to  in cre a se  b y  s o m e  25% , th is  a m o u n t  re a ch in g  100%  
o r e v e n  m o r e  fo r  ro ck s  w h ich  w er e n o t  m u ch  w ea th e re d  b u t 
b a d ly  cr a ck ed .

(c) W ate r-p r essu re  te sts are n o t  relia b le  u n le ss  th e tu n n el is 
p r o v id e d  w ith  a  w a te r p r o o f  co u r se  or w ith  a  ru b b er lin in g  to  
p r ev en t w a te r  fro m  en te r in g  th e cr a ck s  o f  th e ro ck , an d  to  
a v o id  a n y  o b je c tio n a b le  p r essu re r ise  in th e cra ck s , w h ic h  
w o u ld  lea d  to  b o th  err o n eo u s  resu lts  a n d  er r o n e o u s  d e v ia tio n s 
in  th e  rea d in g s  ta k en  a lo n g  d ifferen t d ia m eter s.

In  o n e  o f  th e  tu n n e ls  a  d isp la c e m e n t c o u ld  e v e n  b e  d e te c te d  
w h o s e  d irec tio n  w a s  o p p o s ite  to  th e p r ed ic te d  o n e ;  th is  w a s 
a scr ib ed  to  h ig h -p r essu r e w a te r h a v in g  p e n e tr a ted  in to  th e 
crack s .

O n  p r é s e n te  le s  c o n c lu s io n s  t ir é e s  d ’e s s a is  d e  d é f o r m a b i l i t é  d e s 
r o c h e s ,  t a n t  e n  la b o r a t o ir e  ( é c h a n t i l l o n s )  q u e  s u r  p la c e , a v a n t  e t 
a p r è s  in je c t io n  ( e s s a is  a u x  v é r in s  e t  à  l ’e a u  s o u s  p r e s s io n ) .

O n  a  c o n s t a t é  u n e  a s s e z  b o n n e  c o n c o r d a n c e  d e s  d if f é r e n ts  r é s u l ­

ta t s .  A p r è s  le s  in j e c t io n s  o n  a  o b t e n u  u n e  a u g m e n t a t io n  im p o r ta n te  
d u  m o d u le  d ’é la s t ic i t é .  L e s  e s s a is  à  l ’e a u  s o u s  p r e s s io n  e x ig e n t 
l ’é t a n c h e m e n t  d e s  g a le r ie s .

M. Ch. Schaerer
M . Ch. S ch a erer  se  réfère a u  m ém o ire  7 /6  sur le  c o m p o r te ­

m en t s o u s  l ’a c tio n  d u  flu a g e  d e s terres du p o n t  en  b é to n  c o n s ­

tru it à  K lo s te r s  (S u isse ) p ar la  C o m p a g n ie  d es C h e m in s d e F er 
R h é tiq u e s  (C o m p te s  R e n d u s  1953 , v o l. II , p . 175). L e  R a p ­

p o r teu r  g én éra l, M . S k e m p to n , a  su g g éré  a u x  a u teu rs  d e c o m ­

p lé te r  le s  d o n n é e s  re la tive s a u x  ca ra ctér is tiq u es  g é o lo g iq u e s  du 
so u s -s o l  e n  m o u v e m e n t  e t,  n o ta m m e n t, d e  p r éciser  à  q u elle 
v aleu r d e  l ’a n g le  rp co r r e sp o n d  l’effo rt  m esu r é  d a n s l ’é ta n ç o n .

R a p p e lo n s  q u ’il s ’a g it  d ’u n  é b o u le m e n t c o n s t itu é  en  m ajeu re 
p a r t ie  p ar  d e s  d o lo m ite s  d é sa g rég ée s, m a téria u  p o u r le q u e l les 
in d ic e s  m o y e n s  su iv a n ts  fu ren t d é term in és  au  L a b o r a to ir e  (en  
1942) su r d e s  é c h a n tillo n s  p r élev és  d a n s u n  p u its , à  u n e p r o ­

fo n d e u r  d e  4 ,5  m  (sa b le  arg ile u x ).

P o id s  v o lu m é tr iq u e  y*  1 ,7 7 -1 ,9 5  t /m 3 
T e n eu r  en  e a u  n a tu re lle  n>* 5 ,9 0 -9 ,6 0 %

A n g le  d e  c isa ille m e n t tg  <p 0 ,9 7 - 0 ,7 6  
P erm éa b ilité  in  s itu  K [0 4 ,1 0 -4 cm /s

C o m m e  le  relèv e le  ra p p o rteu r g én éra l, le s  e ffo rts  sem b len t 
a v o ir  a tte in t  le u r  lim ite  e t  le  m o u v e m e n t  d e f lu a g e  d u  terrain 
se  p o u rsu it  s e lo n  u n  rég im e p erm a n e n t.
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Th e author gives som e additional results regarding the sub so il o f 
the K losters Bridge (see Proceedings 1953, vol. 11, p. 175). A s 
pointed out by the General R eporter, the strains seem  to  have 
reached the upper lim it and the creep m ovem ent in the soil appears 
to  progress at an unvarying rate.

Mr. C. F. Trigg
M a n y  m e th o d s  are a v a ila b le  fo r th e e v a lu a t io n  o f  a c t iv e  an d  

p a ss iv e  ea rth  p r essu re  c o e ff ic ie n ts . T h e se  are m a in ly  gra p h ica l 
a n d  are b a sed  o n  C o u lo m b 's  W e d g e  T h e o r y  o r  are “ tr ia l a n d  
e r r o r ”  m e th o d s  u s in g  cu rv ed  s lip  su rfaces.

A  n e w  p r o c e d u r e  is su g g ested , w h ic h  is eq u a lly  a p p lica b le  
to  b o th  a c tiv e  a n d  p a ss iv e  p r o b lem s. T h is  traces th e critica l 
s lip  p la n e  (fo r  th e  tw o -d im e n s io n a l n o n  a rc h in g  ca se )  b y  m ea n s 
o f  lin es  d r aw n  p a ra lle l  to  th e  sh ea r p la n e s  fo r m in g  a  fa n  fr o m  
th e  ta n g en t p o in t  o f  th e  M o h r  c irc le . T h e  lim itin g  sh ea r p la n e s 
in  th e fa n  are d e te rm in ed  fr o m  th e  d irec tio n s  o f  th e p r in c ip a l 
stre sses  a t th e w a ll  fa c e  a n d  a t th e  su r fa c e  o f  th e  b ack fill .

F ig . 8 s h o w s  th e  m e th o d  c o m p a r e d  w ith  th o s e  o f  O hde  a n d  
P oncele t. T h e  ex p e r im e n ta l v a lu e  in c lu d e s  o n ly  th e h o r iz o n ta l 
c o m p o n e n t  o f  th e p a ss iv e  th ru st.

F ig . 9 B  sh o w s  its a p p lic a tio n  to  a  s lo p in g  w a ll w ith  fr ic tio n . 
T h e  fa ilu re  c u rv e  c o n s is ts  o f  th ree  sep a ra te  c o m p o n e n ts ;  b ’ c' 
b e in g  o b ta in e d  fr o m  th e  tilted  c irc le  w h ile  c 'd '  is  d r aw n  fr o m  
th e  h o r iz o n ta l M o h r  c irc le . A s  th e  w a ll fr ic t io n  ft d ecr ea ses 
to  z e r o , b ' c ' a p p r o a c h e s  a  stra ig h t lin e. T h e  lim itin g  c o n d it io n  
is  s h o w n  a t F ig . 9 A .

F ig . 10 sh o w s  th e  m e th o d  co m p a r e d  w ith  R eb h a n ris  c o n s tr u c ­

t io n  fo r  th e  a c tiv e  ca se .

M a n y  c o m b in a t io n s  o f  w a ll  c o n d it io n s  a n d  b a ck fill s lo p e s 
h a v e  b e en  in v estig a te d  a n d , co m p a r in g  th e  resu lts  o b ta in e d  b y 
th is  m e th o d  w ith  o th e r  v a lu e s  in d ic a te s  c lo s e  c o rre la tio n  w ith

(a) O h d e 's m in im u m  v a lu e  o b ta in e d  b y  “ tria l a n d  e r r o r ”  fo r 
th e  p a ss iv e  ca se ;

(b) R eb h a n ris  v a lu e  fo r th e a c tiv e  ca se .

F ig . 9

F ig . 10

L ’auteur expose une m éthode générale pour le ca lcul de la poussée 
des terres. Sa m éth ode est basée sur l’inclinaison du plan de cisaille ­

m ent dans les cercles de M ohr.

f - W ° / 3 - Z 0 ’ J - r S ‘ H -3 '

M (0-0)
Curve HÎfh A 'O  an d  f i - A  *-20°-35° (S )  (/3- 20°)
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