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The Chairman

I hope th a t you have com e back refreshed by your week-end 
and  ready to  bring this conference to a conclusion which will be 
in conform ity w ith the splendid progress m ade last week.

I  now  call on  the G eneral R eporter to  present a sum m ary o f 
his report.

G . P. T schebotarioff U .S .A .

W. E. Schm id U .S .A .

A. W. B ishop U .K .

L. B jerrum  N o r w a y

D . H . T rollope A u s tr a l ia

N . Jan bu  N o r w a y

J. K érisel F ra n c e

K . Terzaghi U .S .A .

W r i t te n  c o n tr ib u tio n s  /  C o n tr ib u tio n s  p a r  é c r it:

N . Janbu  N o r w a y

B. K ujundzic Y u g o s la v ia

C. L o tti I t a l y

General Reporter

M onsieur le président, m esdam es, messieurs, les points 
particuliers sur lesquels je  voudrais revenir au début de cette 
séance de travail son t les suivants :

O n com m ence au jou rd ’hui à avoir de sérieuses données con 
cernant la grandeur des contrain tes de butée ou  de poussée 
derrière ou  con tre  les ouvrages e t on  vérifie que ceux-ci son t en 
assez bon  accord avec les différentes théories plastiques, mais 
à  une condition  essentielle; c’est que les ouvrages perm ettent 
des déplacem ents suffisants.

Les expériences fondam entales du K arl Terzaghi, en  1934 sur 
la poussée et celles du  G . P. T schebotarioff et de M. Johnson, 
en 1954, sur la butée, m ontren t que dans le prem ier cas ces 
déplacem ents doivent être de quelques millièmes et dans le 
deuxième cas de quelques centièmes de la hau teu r du  m ur en 
contact, ceci n ’é tan t qu ’un ord re  de grandeur p o u r le cas 
particulier des translations parallèles et des massifs de sable.

M ais, bien souvent, les ouvrages ne perm etten t que partielle 
m ent ou pas du tou t le développem ent de ces déplacem ents, et 
d ’au trepart les massifs argileux interviennent avec des p ro 
priétés afférentes à leur viscosité et leur rhéologie.

Il en résulte que to u t l’a rt  de l’ingénieur des sols revient à 
prévoir, en fonction  de la conception, plus ou  m oins rigide des 
ouvrages, quels son t les efforts réels en fonction de déform ations 
limitées et aussi, com m ent ces efforts évolueront dans le temps.

Les contributions expérim entales apportées à ce congrès sous 
la rub rique de la session 5 m arquen t un  pas en avant dans le 
dom aine essentiel de la m écanique des sols.

Je voudrais à cet égard citer, parm i d ’autres, celle du P. W.
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Rowe sur les palplanches, du L. Bjerrum sur les fouilles coffrées, 
celles du K. S. Lane sur les tunnels et, enfin, les observations du 
A. W. Skempton sur le comportement à long terme des argiles 
surconsolidées derrière les murs de soutènement.

On arrive ainsi à concevoir la cohésion et le frottement non 
plus comme deux paramètres indépendants mais comme deux 
variables associées pouvant prendre dans le temps une série de 
couples de valeurs.

Je souhaite que, pour répondre aux point 2 et 3 de discussion 
suggérés dans mon rapport, nous soient apportés à cette tribune 
un grand nombre de résultats expérimentaux qui nous donnent 
à la fois les deux aspects, contraintes et déformations, observés 

in situ.

Nous sommes efforcés, avec votre président de séance et avec 
W. H. Ward, pour clarifier la discussion, de sérier les problèmes 
en adoptant l’ordre suivant: tunnels, palplanches, silos et 
théorie générale.

Puis-je, par ailleurs, me permettre une suggestion ?
Dans les diverses communications, j ’ai vu apparaitre, pour 

caractériser les caractéristiques physiques de la cohésion frotte
ment et leur évolution derrière les ouvrages, les notations les 

plus variées:

c  — 4>' cu — </>„
C e  ^  ce C cu

Cr Cd §d

Je suis sûr que les divers interpellateurs conçoivent beaucoup 
plus clairement leurs notations que certains des membres de ce 
congrès et je pense qu’il serait bon qu’ils précisent la signifi
cation de leurs notations au cours de leurs interventions afin 
que nous puissions en retirer le meilleur bénéfice.

Enfin, dernier point, depuis mon arrivée à Londres, j ’ai pu 
prendre connaissance des récentes publications du V. V. 
Sokolovsky. Elles constituent une très importante contri
bution aux problèmes que nous traitons aujourd’hui et notam
ment à la théorie des poussées et butées. Je tenais à réparer 
cette lacune de mon rapport général.

H . B. SUTHERLAND (U .K .)

Two papers have been presented to the conférence relating 
to the measurement of stresses in tunnel linings. Paper 5/7 by 
K. S. L a n e  deals with the effect of lining stiffness on tunnel 
loading while Paper 5/13 by W . H. W a r d  and T. K. C h a p l i n  

is concemed with tunnels in London clay.
Measurements are being made in a tunnel in Scotland under 

somewhat différent conditions from those described in these 
two papers. The tunnel has recently been constructed under 
the River Clyde. It is 12 ft. in diameter and constructed of 
cast-iron segments. There is about 40 ft. of sand above the 
tunnel. When planning these observations we had hopes that 
we should be able to get a condition whereby the tunnel was 
completely surrounded by sand, since there are few, if any, 
readings of tunnel pressures through sand strata. Unfor- 
tunately the preliminary bore holes could not be located as the 
engineers desired, due to a navigable channel. The tunnel has 
40 ft. of sand above it and that sand extends over parts of the 
face, but the lower part of the tunnel is located in shale.

The tunnel was driven using a shield, and compressed air up 
to a maximum pressure of 40 lb./sq. in. was required. Sixty 
vibrating wire strain gauges were inserted in the cast-iron seg
ments at the surface; these segments were then lowered through 
the vertical air-lock into the shaft and built in compressed air. 
We have managed to measure the changes in stress as the air 
pressure was dropped in steps to zéro pressure. The corre- 
sponding changes in the tunnel diameter have also been 
measured, using a 12 ft. stick with a micrometer head, so that 
we have a full-scale loading test on the tunnel brought about 
by the drop of compressed air.

The robustness and sensitivity of vibrating wire strain gauges 
has been well proved during this investigation. They can be 
read to the order of 15 to 20 lb./sq. in. in cast-iron. These 
gauges were subjected to some rough treatment in the construc
tion of the tunnel, as can well be imagined, under these con
ditions, but so far 59 out of the 60 are still in opération, and 
quite a number of these are now embedded in the concrete and 
still work quite satisfactorily.

The vibrating wire principle has also been applied to the 
design of a pressure gauge to measure the variation in pressure 
of the water immediately outside the tunnel lining. We have 
two loading conditions which constitute loading tests, namely 
the dropping of compressed air and the stress reaction to that 
condition, and also the variation in stress as the tide varies. 
We are now measuring the pore water pressure immediately 
outside the tunnel lining to find the variation in pore pressure 
in the sand which is causing the stress variation which is found.

The pore pressure gauge which has been developed for this 
purpose works on the vibrating wire principle. First of ail we 
had normal Bourdon gauges, but it was very difficult to read 
these at intervals ; it meant climbing in and out of the tunnel, 

a matter of 100 ft., each time, and so we devised a gauge to fit 
into our général observation system with the vibrating wire 
gauges. The principle is to feed the water through the tunnel 
lining into a chamber at the end of which is a diaphragm. 
Connected to the diaphragm is a vibrating wire, and the 
deflection of the diaphragm produces a change in frequency of 
the vibrating wire. The sensitivity of the gauge is of the order 
of 1/40 or 1/50 lb./sq. in. We have also installed a pressure 
release valve to check the zéro of the gauge. We find the zéro, 
close the release valve and build up the pressure again, and so 
we have a constant check on the zéro to check any possibility 
of drift.

Those are a few of the points which we are covering in the 
investigation. The measurements and analysis are still 
continuing.

V. M e n c l  (Czechoslovakia)

Permettez-moi de discuter la communication 5/5 de B. 
K u j u n d z i c , sur l’anisotropie des massifs rocheux. B. 
K u j u n d z i c  a trouvé que sous la pression de l’éau ou celle de 
vérins plats, les déformations des diamètres de galerie sont les 
plus grands dans la direction verticale, tandis que dans la 
direction horizontale elles sont moins accentuées alors que dans 
la direction sous un angle de 45 degrés elles sont encore 
moindres (Fig. 1). Il explique le phénomène par le fait que 
le rocher a une stratification horizontale.

Fig. 1

Permettez-moi de vous communiquer que nous avons aussi 
observé le même phénomène dans les rochers sans stratification 
et qu’on peut aussi l’expliquer d’une autre manière.

Sous les forces verticales de pesanteur une voûte se forme dans 
le rocher. Cette voûte est compressible et je la dessine comme 
un ressort (Fig. 2). C’est parce qu’elle est compressible qu’on 
peut expliquer qu’il se forme au dessus de la galerie une zone 
de traction, ou du moins une zone sous tension.
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A ux reins cette voûte est plus proche de la surface du  rocher. 
M ais il y a aussi une pression horizontale dans le rocher, 
‘pressure a t re s t’, p o u r laquelle le phénom ène est le m ême m ais 
avec une ro ta tion  de 90 degrés et avec une intensité plus faible.

Fig. 2

Les résultat de ces deux phénom ènes est que la voûte dans 
le rocher s’approche de la surface de la galerie aux points a  
(Fig. 3), tandis que dans la d irection verticale et la direction 
horizontale, il y a  des zones décom prim ées. Je crois que 
chaque ingénieur qui a travaillé à la construction  des tunnels

peu t confirm er que c’est dans les po in t a  que l’on ob tient to u 
jou rs les plus grandes pressions s’il s’agit de rochers m auvais, 
ou  le phénom ène de ‘bergschlag’ s’il s’agit des rochers fragiles.

Je  crois que cette répartition  des zones décom prim ées au tour 
de la galerie joue  aussi u n  rôle im portan t dans les phénom ènes 
trouvés p a r B. K ujundzic.

J. L . Ser afim (Portugal)

In  the  p a r t dealing w ith tunnels in the G eneral R eport to 
D ivision 5 there is no  m ention  o f  phenom ena which we con 
sider to  be very im portan t— the in ternal stresses in rock and 
the rock  pressure against tunnel linings and  roofs o f  under 
g round powerhouses.

T he knowledge o f rock  pressure seems to  be very im portan t : 
fo r instance in  tunnels used as penstocks the pressure o f rock 
against the tunnel linings can  take a  great p a rt o f  the w ater 
pressure, and  probably  explains the  good behaviour o f m any 
non-reinforced concrete linings. T he in ternal stresses in rock 
can  also explain explosions which are  often observed in  hard- 
rocks. M ost o f  the theories used in the design o f linings o f 
tunnels assum e th a t stresses o r pressures are due to  the weight 
o f  the rock ; however this generalized assum ption is probably  
no t correct, because in m any cases stresses m uch greater have 
been observed. M ining engineers and  geologists attribu te  high 
in ternal stresses m ainly to  tectonic forces.

F o r  the m easurem ent o f  existing stresses in deep rock  in 
Portugal the  stra in  relief m ethod  has been used by drilling 
cores in the surface o f the caverns; strain  m easurem ent being 
m ade by m eans o f electrical stra in  gauges. F o r checking the 
accuracy o f this m ethod big prism s o f granite  from  the site were 
loaded in testing m achines and  cores w ere drilled w ith d iam ond 
drills. SR-4 stra in  gauges outside and  inside the base o f  the 
cores were used (Figs. 4 and  5). M easurem ents by this 
m ethod were m ade in a  tunnel in granite a t C aniçada, in the 
surge cham ber o f the pow erhouse; the results observed at

various points are show n in  Fig. 6. F rom  these m easurem ents 
it can be seen th a t the vertical stresses are, on  the average, 
ab o u t twice as big as the horizontal stresses. This m eans tha t 
before the tunnel excavation the field o f stress was hydrostatic, 
because when a circular tunnel is driven in an  infinite body sub 
jected to  a  hydrostatic  field o f  stress, a factor o f  stress con 
cen tration  o f two is obtained.

In  the case o f Picote pow erhouse a ra ther different m ethod 
was used. Instead o f cores being drilled, sam ples o f rock with 
strain  gauges fixed on  to  their surface were taken ou t o f the 
rock m anually, this being easier and cheaper, and  avoiding 
heating and w etting o f the gauges.

Fig. 4  D rilling  a co re in  a prism

E chan tillonnage au  m oyen d ’une sondeuse à caro ttage

H ere the English foil gauges (Saunders Roe) were used 
(Fig. 7). They proved to  be very stable even in a hum id 
atm osphere when fixed and  w aterproofed w ith epoxy cement. 
In  the case o f this pow erhouse som e interesting results were 
observed. A fter the excavation for the ro o f was com pleted, 
the stresses in the rock w ere m easured. O n the dow nstream  
side, the average o f  the observed stresses was 92 in  the vertical 
d irection and 52 in the horizontal direction, bu t on  the u p 
stream  side stresses as high as 400 kg/cm 2 were observed 
(Fig. 8), the average being about this was a ttribu ted  to  the 
presence o f a vertical fau lt near the cavern.

In  the m eantim e the ro o f and the beam s for the crane were 
concreted and  two rails w ere fixed in these beams. A fter 
excavation o f the lower p art o f  the pow erhouse, a m ovem ent 
o f these rails was noticed, 1 cm  in one rail and  3 cm in the 
other.

S train  m eters were also placed inside the concrete and  im 
p o rtan t strains were also observed after the excavation
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(a)

r=  7-2 cm 
r  = 10-7 cm

Canicada power house 

Surge chamber 

Internal stresses in the rock

( b )

Deepness of the hole (D) cm

Fig. 5 Results from drilling and inserting 
strain gauges: (a) position of strain 
gauges; (b) evolution of strains in 
hole No. 2 

Résultats du carottage et du placement 
des extensomètres: (a) position des 
extensomètres ; (b) evolution des 
deformations dans le trou No. 2

Upstream side

Stresses are in kg/cm 2
►— i—t - Internal strain gauges 

6— • -< - External strain gauges

Fig. 6 Internal stresses measured in the rock of surge chamber of the Caniçada 
powerhouse

Deformations internes mesurées dans une chambre d’évacuation de la 
station hydroélectrique de Caniçada

Fig. 7 Foil gauges in a sample of granité taken from the rock of 
Picote powerhouse 

Extensomètres placés sur un échantillon de granit provenant 
de la roche de la centrale électrique de Picote



Picote power house

Internal stresses in the rock

Downstream side Upstream side

Fig. 8 In te rna l stresses m easu red  in  th e  ro ck  o f P ico te  pow erhouse

C o n tra in te s  in ternes m esurées dans la ro ch e  de la cen tra le  électrique de P icote

F ig. 9 S tra ins in  th e  concrete  ro o f  o f  P ico te  pow erhouse

D efo rm atio n s de  la to itu re  en  b é to n  de la cen tra le  electrique 
de  P ico te

th a t it is becom ing necessary, fo r the in terpretation  o f the 
phenom ena o f rock  pressure and  internal stresses in rock, to  
m ake m any o ther sim ilar m easurem ents.

D . Laza r evic (Yugoslavia)

M onsieur le président, m esdam es, messieurs, les déform ations 
des massifs en roches, com m e conséquences des variations de 
tem pérature, p rovoquent quelquefois des contrain tes d ’une telle 
grandeur qu ’il fau t les classer com m e des contraintes prim aires. 
Ce dom aine de déform ation, m alheureusem ent, n ’est pas 
exploré dans une m esure désirable, car il m anque spécialem ent 
de mesures expérim entales.

L ’institu t hydrotechnique de Belgrade a consacré son a tten 
tion  à ce problèm e. A u po in t de vue théorique, il a  été mis au 
po in t p ar des spécialistes de la therm odynam ique. Les essais 
sur place son t en préparation . Le bu t des essais consiste à 
ob tenir des caractéristiques m écaniques nécessaires pou r le 
contrôle des procédés habituels d ’analyse des tensions des 
revêtem ents, provenant de la variation  de tem pérature des 
eaux circulantes dans les galeries en charge.

Le parallélism e m écanique nous sem ble possible au  point 
de vue de déform ation en tre l’anisotropie e t l’anisotherm ie, 
m ais, heureusem ent, en sens inverse: les schistes de bonne con 
ductibilité se déform ent vite e t ils on t de grandes déform ations 
sous l’action  de la tem pérature, m ais ils subissent de petites 
déform ations sous l’action  de la pression hydrostatique sur les 
parois de la galerie en charge.

Les m éthodes habituelles de calcul ne tiennent com pte, ni 
du  phénom ène d ’anisotropie n i d ’anisotherm ie.

Le nom bre de phénom ènes d ’influence funeste est très grand, 
spécialem ent dans le cas de calculs statiques des revêtem ents 
de galeries en charge. P our cette raison on  do it chercher une 
explication rationnelle sur l’im perm éabilité des revêtem ents de 
galeries en  fonction. Il nous semble prudent, non  d ’aban 
donner les recherches expérim entales des phénom ènes présen 
ta n t des inconvénients m ais à  consacrer plus d ’a tten tion  aux 
phénom ènes favorables. Le soin des constructeurs d ’aug 
m enter la sécurité des objets cache parfois les voies qui con 
duisent au  bu t : la mise en lum ière des phénom ènes complexes

(Fig. 9). They proved to  be in agreem ent w ith the m easure 
m ent o f  the stresses in  the  rock and  the m easurem ent o f  the 
displacem ent o f the rails fo r the crane. These results prove

,7
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dans leur totalité. Pour le calcul des revêtem ents l’anisotropie 
et l’anisotherm ie donnent les contraintes additionnelles qui 
augm entent les contraintes calculées par les m éthodes courantes. 
L ’étanchéité des revêtem ents é tan t vérifiée e t reconnue satis 
faisante, nous ne sommes pas obligé, con trairem ent aux pré 
visions des calculs, d ’abandonner l’exploration des phénom ènes 
défavorables don t l’existence est confirmée p a r l’expérience. 
N ous croyons qu ’il est utile d ’exam iner de plus près le béton de 
revêtem ent e t son éta t com plexe des tensions, su rtou t au  point 
de vue du gonflem ent du  béton dans les conditions données. 
D ans beaucoup de cas le gonflem ent de la roche même est 
exceptionnellem ent grand. Tous ces gonflements p rovoquent 
des précontraintes naturelles intensives dans les revêtem ents. 
Ces précontraintes de pression absorben t les contraintes 
d ’extension, provenant des déform ations des roches sous 
l’action de la pression hydrostatique d ’eau, des variations de 
tem pérature et des m om ents fléchissants qui sont la conséquence 
de leur anisotropie e t anisotherm ie.

D ans quelques cas de roches exceptionnellem ent m auvaises 
nous avons constaté une tendance à referm er sous la pression 
géologique, l’ouverture percée de la galerie, en exerçant des 
pressions extérieures quasi-hydrostatiques très intensives. D ans 
les zones de galeries en m atériel caractérisé com m e ‘bonne 
roche, dure et dense’ nous avons eu de très grandes pertes de 
charges et dans les zones de roches de Verfene, presque molles, 
les revêtem ents en blocs préfabriqués en béton m aigre e t une 
m em brane de gunite légèrem ent arm ée nous on t donné des 
résultats extraordinaires. D ans ces parties de galerie la con 
som m ation de cim ent en injections de contact et de stabilisation 
a été extrêm em ent petite. L a  pression hydrostatique des 
essais de galerie en charge est m ontée ju sq u ’à 8 kg /cm 2.

F . J. M . de Reeper  (N etherlands)

In  Paper 5 /7  K. S. Lane describes tunnelling in clay shale 
and  com pares the load on a  flexible lining w ith th a t on  a stiff 
one. T he shortening o f the vertical diam eter o f the flexible 
lining was abou t fou r tim es th a t o f the stiff one. This m eans 
th a t the  vertical load  borne by the flexible lining was only 
one-sixth o f  th a t o f the stiff one, and the rem aining five-sixths 
had to  be borne by the clay shale m aterial in the side walls o f 
the tunnel. F o r th a t reason we can expect a higher, o r a t least 
an  equal, horizontal load against the flexible lining as com pared 
w ith the stiff one.

T he phenom enon has also ano ther aspect. T he shortening 
o f the vertical diam eter was accom panied by a lengthening o f 
the horizontal diam eter o f the sam e extent, so tha t the side walls 
o f  the flexible tunnel lining th rust ab ou t four tim es as deeply 
into the  clay shale as did those o f  the stiff one. This should 
cause a  greater horizontal load on  the flexible lining than  on the 
stiff one; nevertheless K . S. L ane m easured on  the flexible 
lining a  horizon tal pressure which was only abou t one-third 
o f th a t on  the stiff one. H as he an  explanation  o f this 
phenom enon ?

In  Paper 5/5 B. Kujund2ic describes the results o f his in 
vestigations o f anisotropy in rock masses, obtained by m easuring 
rad ia l deform ations in circular galleries when exposed to  the 
action  o f  in ternal rad ial loads. In  explaining his results he 
assum es sym m etry in the deform ation o f the vertical diam eter, 
so th a t the sinking o f the floor and  the raising o f the top  are o f 
the sam e extent. F ro m  ou r experience in m ining we know  
th a t the  rock in the ro o f is often n o t so solid as th a t in the floor, 
owing to  a  slight lowering o f the fissured rock before lining; 
also, the filling up  o f the cavities and fissures a t the face o f  the 
ro o f rock by the  concrete o f the lining is often n o t so perfect as 
in the  floor and  the side walls, so th a t by applying an  internal 
vertical pressure the raising o f  the top  o f the lining m ay be m ore 
than  the sinking o f the floor.

M y second rem ark on  the sam e paper concerns the fact tha t 
the m easured rad ial extension under 45 degrees was less than  
th a t in the horizon tal and vertical directions. If  the tunnel is 
deep enough and  the  horizontal stress in the virgin rock is 
appreciably sm aller than  the  vertical stress, then the rock  mass 
in the side walls will be fissured by the high vertical tangential

Fig. 10

stress, which m ay be m uch higher than  the tangential stresses 
in the ro o f and  the floor rocks. I t  is apparen t th a t after con 
creting the lining the stiffness o f  the system  will be sm aller in 
the  horizon tal d irection than  a t 45 degrees, so th a t the horizontal 
displacem ent by loading o f the lining will be greater.

I t  is n o t my in ten tion  to  depreciate the effect o f  anisotropy 
o f rock, but I wish to  p u t forw ard these experiences which have 
n o t been m entioned before.

T. R . M. Wakel ing (U .K .)

T he M etropolitan  W ater B oard  is engaged on the m easure 
m ent o f  earth  pressures acting on  tunnels driven th rough stiff 
clays, particularly  L ondon clay, and  in terim  results are available 
fo r the first two years after construction. T he tunnels are 
shield driven and lined w ith pre-cast concrete segments, there 
being 12 segments to  each ring. T here are p la in  b u tt jo in ts  
between adjacent segments w ith no  bolts o r o ther tensile 
connections.

By m eans o f w edge-shaped key segments driven into  position  
by the shield ram s, each lining ring is expanded tightly against 
the circular surface cu t in the  clay by the shield. In  this way 
a  pre-stress is injected in to  the lining.

T he hoop th rust is m easured a t various positions round  the 
test rings by vibrating wire load  gauges.

E arlier experim ents on  this type o f lining have been described 
by T attersall, W akeling and  W ard (1955) (Investigations in to  
the  design o f pressure tunnels in L ondon  clay; P ro c .  I n s t .  C iv . 
E n g rs ., July).

O bservations have been m ade on a  tunnel 9 ft. in ternal d ia 
m eter w ith the lining generally 6 in. th ick; the depth  o f the 
tunnel varying between 60 and  180 ft. below surface.

L oad  gauges have been inserted in to  19 rings, where the effect 
o f differing depths and differing initial pre-stress could be 
studied.

Sum m arizing the results so far obtained, the initial p re 
stress was varied between 0-06 and  0-55 o f the to tal overburden 
pressure, and  a t abou t the end o f two years the pressure on  the 
lining had  increased to  values between 0-33 and  0-76 o f the total 
overburden. T he sm aller lining pressures w ere in general 
respective to  the sm aller initial pre-stresses.

These results m ay be com pared w ith those obtained by 
W . H . Wa r d and T. K . Chapl in  (Paper 5/13) fo r tunnels in 
sim ilar s tra ta  bu t lined w ith bolted cast-iron segments. T heir 
results have shown th a t the full to ta l overburden pressure was 
reached in no  m ore than- 30 years after construction. F o r 
the M etropolitan  W ater B oard  tunnel, the  present ra te  o f  
increase o f lining pressure w ould require a considerably longer 
period, assum ing th a t the to ta l overburden pressure is in fact 
reached.

T he disagreem ent is probably  caused by the effect o f adjacent
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tunnels, and  the sm aller depth  to  diam eter ra tios in the cases 
described by W. H . W ard and  T. K . C haplin. F u rth e r research 
on  these effects is required, and  any sim ilar observations on  old 
isolated tunnels w ould be particularly  valuable.

In  Paper 5/7, K . S. Lane concludes th a t a  flexible tunnel 
lining o f steel ribs a ttrac ts  less earth  pressure than  a rigid con 
crete one. However, it is interesting to  no te  th a t his results 
show no  significant difference between the average pressures on  
the tw o form s o f lining until the end o f the first six m onths, 
when the stress in the  surrounding soil was increased by the 
em bankm ent construction.

E arth  pressures in clays continue to change for som e con 
siderable period, and  there is no  evidence to  show th a t the 
flexible lining w ould continue to  a ttrac t a sm aller load. T he 
use o f  flexible tunnel linings to  lim it bending stresses is standard  
tunnel practice b u t it is probably  p ruden t to  restrict K . S. 
L ane’s conclusions concerning the m agnitude o f the pressures 
until fu rther evidence is available.

T he lining o f the M etropolitan  W ater B oard tunnel is flexible 
bu t it  offers considerable resistance to  th rust. In  the section 
where the initial pre-stress was varied the results to  date indicate 
th a t the earth  pressure is increasing m ore rapidly on  those 
rings th a t a t present carry  the lower earth  pressures. This 
suggests th a t ultim ately the earth  pressures on all the rings 
m ight well becom e uniform .

I t  is tentatively considered therefore th a t fo r tunnels driven 
through  clays, the creep and  swelling properties o f the clay 
m ight well be m ore im portan t factors in determ ining the 
ultim ate pressures acting on  a  tunnel lining, although  the 
strength, flexibility, and m ethod o f construction  considerably 
influence the earlier conditions.

W. H . Wa r d (U .K .)

T here are three points th a t I w ant to  m ention in relation  to 
pressures on  tunnel linings. F irst, I  wish to  add  a  little in 
fo rm ation to  P aper 5/13 by T. K . Chapl in and  m yself on  the 
Existing Stresses in Several O ld L ondon  U nderground Tunnels. 
A t site B the m easured stresses were very high and  the technique 
o f m easuring the existing stresses a t th a t site involved cutting 
the cast-iron segments. Since w riting the paper we have been 
m easuring the stresses locked up  in o ther segments during 
the casting process. These stresses can  be quite high, p a r 
ticularly in the  flanges w here values up  to  5 ton /sq . in. com 
pression have been m easured; hence the stresses due to  the 
earth  load  a t  site B are  likely to  be som ew hat less th an  the 
values given in ou r Fig. 5 by an  am ount w hich canno t be 
determ ined. Even if this correction  w ere m ade there  is still 
likely to  have been noticeable bending in the segments a t this 
site.

M y next po in t arises ou t o f  the contributions to  the discussion 
by the  G eneral R eporter, T. R . M. W akeling, and  from  
Paper 5/7 by K . S. Lane. I t  is un fo rtunate  th a t K . S. L ane is 
no t w ith us. I  believe th a t T. R . M . W akeling and  I ho ld  m uch 
the sam e views abou t how  the earth  load develops on  different 
types o f tunnel lining in L ondon  clay. W e are bo th  very in 
terested in K . S. L ane’s observations on the G arrison  D am  
tunnel, because it seems th a t the shales under G arrison  D am  are 
ra ther sim ilar to  L ondon  ck.y, though the la tter is probably  
weaker. In  K . S. L ane’s steel-lined tunnel the average cir 
cum ferential th rust is only o f  the  order o f  20 per cent o f  the 
overburden pressure w hereas in the  stiff concrete lining the 
loading approxim ates to the full overburden pressure: th a t is 
after a  period  o f  only two years.

In  L ondon, too , we have this so rt o f  difference between the 
jacked-in-place pre-cast concrete lining and  the grouted  cast- 
iron  lining. As T. R . M . W akeling has po in ted  ou t, the 
form er lining does no t support the full overburden pressure

after two years, whereas the full overburden develops on  the 
g routed  cast-iron lining in a m atter o f abou t three weeks. T he 
la tter has been dem onstrated a t two sites by stress observations, 
and  m any thousands o f  diam etrical strain  m easurem ents m ade 
m any years ago in the City and South  L ondon  railw ay con 
firm ed this result (Jones, I. J .  and Cur r y, G ., 1927, E nlarge 
m ent o f the City and  South  L ondon  Railw ay Tunnels, Reply 
to  D iscussion by C urry, M in .  P ro c .  In s tn .  C iv . E n g rs .,  224, 231). 
I t  thus appears th a t in  L ondon a  grouted  lining develops 
the full overburden pressure ra th er quickly, w hereas a lining 
which initially is n o t a  precise fit in  the  clay develops 
very little pressure, and if  it ever develops the full overburden 
pressure it takes m any years to  do  so. W hat I should like 
to  know  from  K . S. L ane is w hether the space between his 
steel lining and  the clay shale was tightly grouted up  or no t, 
because I have a  hypothesis a t the m om ent th a t the rap id  
developm ent o f load is associated with the com plete filling o f 
the void between the lining and the clay and  the action o f 
grouting.

T he G eneral R eporter suggests, if I understand  him  correctly, 
th a t the F o r t U n ion  clay shale is behaving as if C ' =  0 in the 
case o f K . S. L ane’s steel-lined tunnel a t  G arrison  D am . I do 
n o t understand  this conception. T he shear streng th  p a ra 
m eters C '  and  <f>' refer to  conditions in the ground w hen the 
strains are sufficient to  m obilize continuously its full shearing 
resistance, and  I doub t very m uch w hether the strains a t any 
stage o f  construction  are large enough. M oreover, w hen a 
tunnel lining has ceased to  change its shape and is in a  state o f 
equilibrium , it seems to  m e th a t none o f the shear strength 
param eters norm ally used in soil m echanics can  determ ine the 
load  carried  by the lining. Exactly the  sam e rem ark  could be 
m ade abou t the earth  load on  a retaining w all which is in 
equilibrium .

P. W . Rowe (U .K .)

W e have reached the po in t w ith sheet piling where m odel 
tests, field m easurem ents and  theory  all give bending m om ents 
which decrease both  w ith increase in the flexibility o f the pile- 
soil system and  w ith the stability num ber. F o r  practical p u r 
poses all present inform ation, as far as I am  aware, is broadly 
in agreem ent. I propose, therefore, to  confine m y rem arks to 
design and  to  give one new reason why I  consider th a t we should 
take failure as being a t the first yield-point o f  15 ton /sq . in. for 
steel, ra ther than  at the ultim ate plastic collapse m om ent o f  the 
section.

F o r  a given degree o f fixity below the dredge level and  above 
the anchor, the deflected shape o f  the piling necessary to  induce 
the  first yield stress is a  function o f the properties o f the wall 
m aterial alone. This deflection causes a large volum e increase 
behind the wall. W ith loose sand backfill the deflection is 
accom panied by a  g radual subsidence which decreases fixity 
above the anchor and increases the bending m om ent. This 
process is contro lled  and  stable. W ith dense sand, however, 
the m axim um  angle o f  shearing resistance, <j>max, is reached at 
m uch sm aller deform ations, after which <f> decreases and the 
active pressure increases. T he to ta l active load can even double 
in  value, and  this can com m ence before the first yield-point of 
the wall m aterial.

T he u ltim ate bending resistance o f  concrete walls is about 
double the first yield m om ent; fo r steel walls the ra tio  is less. 
Consequently the increase in active pressure coupled with 
decrease in anchor fixity com bine to  increase the bending 
m om ent a t a  faster ra te  th an  the wall resistance can  develop by 
bending. I  have observed on  m odels catastrophic failure com 
m encing ju s t before the first yield-point. I am  convinced, 
therefore, th a t design should be based on  the first yield stress, 
as described by the G eneral R eporter.
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M. S. Kapp (U.S.A.)

I  wish to apologize fo r the fact th a t ou r m easurem ent readings 
are no t ready in tim e for this meeting bu t I propose to show 
som e illustrations indicating the instrum entation  for deflection

Fig. 12 shows the  W iegm ann Slope D ifferential Instrum ent 
used in  m aking deflection m easurem ents and  its associated 
equipm ent. A ll equipm ent was m ade available to  The P ort 
o f New Y ork  A uthority  by P rinceton University.

Fig. 11

m easurem ents being taken on  the steel bulkhead, and also the 
progress o f construction— the results o f all m easurem ents will 
be m ade available at a  fu ture date.

Fig. 12

Fig. 11 shows the steel bulkhead and anchorage under con 
struction  and the  specially built p la tfo rm  used in m aking 
deflection readings. Tie rods have been installed bu t as yet 
the fill between the anchorage and the bulkhead has no t been 
placed to  grade.

Fig. 13

Fig. 13 shows the  Slope D ifferential Instrum en t running  
down the spécial box pile. This box pile is a  perm anent part 
o f the steel bulkhead and  has the sam e m om ent o f  inertia  as 
the steel sheeting which m akes up  the  bulkhead. This spécial 
pile will allow us fo r the first tim e to  m easure deflections below 
the dredge line.

M . Buisson (France)

M onsieur le président, m esdam es, messieurs, cette discussion 
se rap po rte  à  la  com m unication de A. Caquot  (5/1) su r les 
silos.

D ans sa com m unication, A. C aquo t a  bien voulu faire 
allusion aux résultats obtenus p a r mes collaborateurs e t m oi- 
même concernant les surpressions en cours de vidange des silos.

Ces résultats seront vraisem blablem ent publiés au  début de 
l’année prochaine. Certains devront être confirmés. Je vais 
en résum er quelques uns.

L ’expérience a  m ontré  que dans les silos à parois lisses, 
no tam m ent ceux exécutés avec des coffrages m étalliques glis
sants, des surpressions im portantes se p roduisent à la vidange. 
Elles entraînen t des rup tures du  fait que la lim ite élastique des 
aciers est dépassée. L a  m éthode de calcul n ’envisageait que le 
remplissage, ce qui ne laissait pas une m arge de sécurité 
suffisante.

Les mesures que nous avons effectuées sur des ouvrages sains 
et sur d ’autres fissurés on t m ontré que les déform ations peuvent 
dépasser le double des prévisions et ce m axim um  se p ro du it en 
général, dans le tiers central des parois.

D ’un  au tre  côté, dans des silos construits de telle façon que 
le fro ttem ent 8 sur paro i égale certainem ent le frottem ent 
interne <f> aucune surpression no tab le  n ’est enregistrée.

M ais ces m esures sont très coûteuses; elles ne perm etten t pas 
de faire varier les différents param ètres, ce que perm etten t les 
m odèles réduits. Parm i les param ètres à  é tud ier figurent
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notam m ent: la densité, le fro ttem ent interne <f>, le fro ttem ent 
su r parois 8, la ra ideur de ces parois, la vitesse de vidange, 
l’excentricité de l’orifice, la form e du  sol (carré, circulaire, 
rectangulaire), e t c . ... L ’observation des m odèles réduits perm et 
de mieux com prendre le mécanism e des opérations. Les défor 
m ations e t les pressions on t été m esurées. Les prem ières 
m esures perm etten t de vérifier les secondes, en em ployant une 
m éthode expérim entale de lignes d ’influence.
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Fig. 14 Le silo modèle réduit avait 38 cm, de côté et 150 cm de pro 
fondeur. Les parois étaient en tôle lisse et la paroi 
frontale en Plexigalss. Le coefficient de frottement du 
blé sur la tôle et le Plexiglass est le même et est d’environ 
15° — Les flèches sont mesurées au comparateur sur l’axe 
vertical de la paroi transversale à 35 cm au-dessus du fond 
pour diverses hauteurs de remplissage initiales H .

Les courbes représentent: (1) courbe supérieure: La flèche 
statique stabilisée au remplissage ; (2) courbes inférieures : 
Les flèches supplémentaires données par la vidange pour 
les trois cas suivants: vidange avant, vidange centrale, 
vidange arrière 

The model silo measured 38 cm by 150 cm. The walls 
were made of smooth steel sheeting and the front wall was 
made of Perspex. The coefficient of friction of the grain 
against the steel sheets and the Perspex is the same, i.e. 
about 15° — the deflections were measured with a com
parator on the vertical axis of the cross wall, at a height 
o f 35 cm from the bottom, for various levels of filling H . 

The curves represent: (1) top curve: the static deflection 
stabilized on filling; (2) lower curves: the additional 
deflections resulting from emptying in the three following 
conditions: from the front, from the middle, from the 
back

Les m esures confirm ent entièrem ent les résultats donnés 
précédem m ent. Les surpressions d im inuent quand  le fro tte 
m ent su r paroi augm ente. L orsque la vidange com mence, les 
grains, de plus en plus éloignés de l’orifice se m ettent en m ouve 
m ent dans une zone détendue don t la form e, au  voisinage de la 
paro i, évoque celle d ’une flamme. E n  dehors de cette zone, 
les grains paraissent imm obiles. Ils le son t vraim ent en- 
dessous et le long des parois. L orsque 8 est faible, le m ouve 
m ent re la tif des grains en tr’eux n ’appara ît pas au-dessus de la 
flamme. T oute la m asse descend ensemble. L orsque 8 aug 
m ente, la form e de la zone de rup tu re  s’allonge et a tte in t la

Essais de surpression

~1-------------- 1 I
Paroi frontale Plexiglass de 5m m  
Autres parois lisses (Idle)

- Flèches statiques en fonction d û -  
remplissage pour le comparateur 
h -35 c m

I
'Flèches de surpressions 
maxima en corors de 
vidange

Vidange arrière 

Vidange centrale 

Vidange avant

□

- 0 -

□

Essais de surpression

H dans silo en cm

Fig. 15 Les circonstances sont les mêmes que sur la figure pré
cédente, sauf que toutes les parois étaient en tôle sablée 
rugueuse

The conditions are the same as for the previous figure but 
all the walls were made of rough sanded sheeting.

Fig. 16 Même silo — remplissage initial 135 cm — Trois parois en 
tôle sablée rugueuse — paroi frontale en Plexiglass lisse — 
Pose de 5 secondes en cours de vidange — hauteur de 
surface du blé: 100 cm vidange avant, adjacente à la paroi 
en Plexiglass — orifice de 2 cm x 2 cm 

Same silo—initial filling 135 cm— three walls of rough 
sanded sheeting—front wall of Perspex—5 sec exposure 
during emptying—height of wheat level: 100 cm. 
Emptying from the front, near the Perspex wall—opening 
2 cm x  2 cm
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Fig. 17 M êm e silo et d isposition  que dans 
la figure précédente. H a u teu r 
de blé: 80 cm  

L a p h o to  m o n tre  la tran sfo rm a 
tion  de la p a rtie  supérieu re qui 
se creuse —  le m ou vem en t des 
grains n ’est pas visible su r la 
p a rtie  h a u te  de la pa ro i fron tale , 
m ais se p ro d u it à l’in té rieu r 

S am e silo an d  test a rrang em en t as 
before. H eigh t o f  w h eat level : 
80 cm.

T h e  p ic tu re  show s th e  change in 
th e  to p  p a rt w hich sinks in  
a t th e  cen tre— th e  m ovem ent 
o f  th e  g rains is n o t visible a t 
th e  to p  o f  th e  fro n t w all bu t 
tak es p lace w ith in  th e  m ass

Fig. 18 M êm es d ispositions que dans les 
deux figures précédentes, sau f 
q u e  tro is  pa ro is  so n t en tô le  
lisse e t u n e  en Plexiglass.

L a  p h o to  m o n tre  l’écoulem ent 
général de  to u t l’ensem ble, sau f 
les deux coins inférieurs. Il 
s ’ag it de  deux p h o to s  su p er 
posées

S am e arrang em en t as w ith  th e  tw o 
previous figures b u t th ree  o f  th e  
walls a re  m ad e o f  sm o o th  sheet 
ing an d  on e  o f Perspex.

T he p ic tu re  show s th e  general flow 
o f th e  w hole m ass except in  th e  
tw o b o tto m  corners. T w o p ic 
tu res have been superim posed

Fig. 19 Silo de 20 x  20, rem pli de  luzerne, 
à fro tten m en t in te rne  in férieu r à 
celui du  blé —  3 paro is  en to le  
lisse, pa ro i fro n ta le  en  Plexiglass
—  Les 3 paro is  de  tô le  so n t 
m unies de petites consoles co n 
tinues de 35 m m  en v iro n  de 
saillie tous les 20 à  25 cm . C e 
d ispositif p ro v o q u e  u n  écoule 
m e n t cen tra l —  les g rains so n t 
im m obiles vers les paro is  
latera les. V idange p a r  orifice 
av an t, ad jacen t à  la  p a ro i en 
Plexiglass 

Silo m easu rin g  20 x 20, filled w ith 
lucerne w ith  an  in te rna l fric tion  
low er th a n  th a t o f  w h eat—
3 walls o f  sm o o th  sheeting, f ro n t 
w all o f  Perspex— th e  th ree  m etal 
w alls a re  p rov id ed  w ith  sm all 
co n tin u o u s  35 m m  ledges a t 
d istances o f  20-25 cm . T his 
a rran g em en t p rodu ces a cen tra l 
flow— th e  grains rem a in  im 
m ob ile  a t th e  walls. E m pty ing  
from  th e  fron t, n ear th e  Perspex 
wall

surface, c’est-à-dire, qu ’elle devient une chem inée lorsque S =  (f>. 
D ans tous les cas, le m axim um  de pression n ’est atte in t qu ’après 
que le phénom ène est devenu perm anent. Pratiquem ent, la 
durée d ’établissem ent a tte in t une dem i-heure à une heure dans 
les silos eux-mêmes, en tre une dem i-m inute et quelques m inutes 
dans les m odèles réduits, et la durée d ’établissem ent du régime 
perm anent varie évidem m ent en sens inverse de la vitesse de 
vidange.

D ans certains silos, des phénom ènes spectaculaires périodi 
ques sonores se produisen t qui engendrent des v ibrations des 
parois et du fond du  silo. Ces bru its cessent lorsque le niveau 
de la m atière a tte in t le hau t de la zone de rup ture, ce que nous 
avons constaté dans les m odèles réduits.

O n constate aussi que les plus fortes surpressions corre 
spondent aux parois opposées à l’orifice de vidange. M ais, en 
ce qui concerne les parois voisines de celui-ci, elles son t plus 
fortes en h au t de la paroi, plus faibles en bas, au-dessus de 
l’orifice de vidange. Les pressions, en cas de vidange centrale,

sont plus faibles que sur la paro i opposée à l’orifice de vidange 
(en cas de vidange excentrée).

Il ap para ît aussi que la pression de rem plissage dim inue 
lorsque la paroi est plus flexible; et cela est très conform e à ce 
que nous connaissons déjà. L ’influence de la flexibilité de la 
paro i n ’est pas encore dégagée nettem ent à  la vidange.

N ous avons com m encé égalem ent de réaliser un  program m e 
de recherches destinées à calculer le plus économ iquem ent 
possible les organes horizontaux ou  verticaux placés dans la 
m asse en m ouvem ent. Com m e vous le savez, ces organes son t 
le siège d ’efforts intenses.

T ou t cela sera publié au  début de l’année prochaine, sous la 
signature de mes collaborateurs, M M . Bourgine, D idelin  et 
G endre, e t de moi-même.

N ous n ’avons pas encore pu procéder à des com paraisons 
avec la théorie de A. C aquot.

Je m ’excuse de la sécheresse de cet exposé et vous rem ercie de 
votre attention .
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M onsieur le président, m esdam es, messieurs, com plé- 
m entairem ent à m on rap p o rt 5/3 concernant les essais sur la 
butée contre  les plaques carrées, je  voudrais vous présenter 
très brièvem ent les résultats des essais supplém entaires effectués 
dans no tre  laborato ire.

N ous avons no tam m ent recom m encé une série d ’essais avec 
du  sable séché artificiellem ent, c ’est-à-dire, du  sable privé 
com plètem ent de cohésion. N ous avons constaté qu ’en ce cas 
la  butée contre les plaques carrées se charge bien exactem ent 
avec la puissance 3 de la dim ension de la plaque, le rap p o rt de 
p ro fondeur de la p laque à sa hau teu r é tan t constan t et inférieur 
à 5.

Ceci confirm e que la butée dans un  sable sans cohésion est 
directem ent proportionnelle au  volum e et, p a r conséquent, au 
poids du  sable en m ouvem ent e t que dans les cas pareils les 
résultats des essais sur m odèles réduits peuvent être extra — 
polés m ême ju sq u ’à l’échelle de 1/1.

A u sujet de la prem ière question exam inée p a r J. Kérisel, il 
m e sem ble que le coëfficient de sécurité concernant la butée ne 
peu t pas être adopté  généralem ent m ais que sa  valeur doit 
tou jours être choisie selon le déplacem ent —  ou  la déform ation
—  adm issible de la construction  en question. D ans le cas des 
ancrages des palplanches don t il s’agit, dans nos expériences, le 
coëfficient de sécurité est égal à 2, auquel correspond le déplace 
m ent de la p laque 5 fois m oindre, environ, que le déplacem ent 
au  m om ent de la rup ture , semble être juste.

D ans les autres cas, p ar exemple dans le calcul de la stabilité 
d ’un  corps m assif enfoncé dans le sol, le coëfficient 2 peut être 
insuffisant, le déplacem ent d ’un corps m assif é tan t m oindre que 
le déplacem ent d ’un  ancre.

Je voudrais signaler à  cette occasion que les expériences 
décrites dans m on  rap p o rt ne fo rm ent qu ’une partie  des essais 
sur les ancrages effectués dans nos laborato ires. N os études 
concernent aussi les autres form es d ’ancrages com m e les dalles 
horizontales, grilles verticales et ancrages élastiques com m e 
celles form ées de cables d ’acier e tc.......

J. Br inch  Hansen (D enm ark)

In  P aper 5/4 N. Janbu has m ade an  interesting attem pt to 
apply the generalized m ethod o f slices to  earth  pressure and 
bearing capacity problem s. H is m ethod will probably  be 
valuable in cases where o ther m ethods fail, th a t is, fo r variable 
soil contents and  pore w ater pressures; bu t in sim pler cases such 
as those dealt w ith in the paper Jan b u ’s m ethod seems to be 
considerably less accurate than  the best o f the m ethods already 
available. I shall prove this by m eans o f a few examples.

F o r rf> =  45 degrees the coefficient o f  passive earth  pressure 
on  a  perfectly rough wall is, according to  Janbu , abou t 24, 
whereas the correct value is 22 for the surcharge and  18 for 
the  self-weight o f  the soil. Incidentally, I canno t agree with 
N . Jan b u  in calling it ‘slightly incorrec t’ to  assum e th a t these 
two coefficients are equal. Strangely enough, N . Jan b u ’s 
values for a relative roughness r =  2/3 agree perfectly w ith the 
correct values fo r surcharge by full roughness ( r=  1), which 
m ay suggest an e rro r in his theory.

A s regards the bearing capacity factors found by N . Janbu, 
his N q is correct. C oncerning N y , the absolutely exact values 
are, in  my opinion, n o t know n yet, bu t for cj> =  30  degrees the 
m ost recent investigations seem to indicate an  N Y o f  abou t 15, 
whereas N . Janbu  finds 23. A gain, the difference is consider 
able, and  on  the unsafe side.

F o r  the problem  o f inclined foundation  loads, which has 
been solved previously by G . G. M eyerhof, E. Schultze and 
myself, N . Jan bu  has developed a form ula which, in addition  
to  the usual factors, contains a new factor N /, expressing the

S. M. Hueckel  (Poland) effect o f the inclination. By assum ing a fixed rup tu re  figure, 
independent o f  the inclination o f  the foundation  load, he finds 
N h to  be a function o f  the  friction angle <f> only- Actually, 
however, the rup tu re  figure varies w ith both  the inclination o f  
the load and  w ith the ra tio  o f q  to  B ,  and  the sam e m ust there 
fore apply to  N h. F o r  0  =  30 degrees and  in the lim iting case 
o f  the greatest possible inclination (P h = P v tan<f>e)  and  y  =  0, 
the correct value o f  N h is 9-8, whereas Janbu  finds 2-7. As I 
have shown in a paper listed in N. Jan b u ’s references, the effect 
o f  the inclination is m uch m ore accurately taken into  account 
by the form ulae cited in my G eneral R eport to  D ivision 3a.

All the problem s dealt w ith in N. Jan b u ’s paper are con 
cerned w ith w hat I call ‘pure zone ru p tu re ’, and  this is no 
coincidence. T he m ethod o f slices canno t be used in earth  
pressure o r bearing capacity problem s involving line rup tures 
fo r given m ovem ents o f the structure, because in th a t case bo th  
the m agnitude and  the location o f the pressure resu ltan t are 
unknow n. Therefore, N . Jan b u ’s m ethod is n o t generally 
applicable to  earth  pressure and bearing capacity problem s.

I t  has ano ther d isadvantage which m ay no t be apparen t a t 
first sight. W ith the generalizations m ade by A. W. B ishop 
and  N . Jan bu  the slice m ethod  can now  be applied to  alm ost 
any shape o f  the rup tu re  figure. H owever, the m ethod as such 
does n o t indicate a t all w hether the critical rup tu re  figure is 
kinem atically possible, and the m ethod does no t even always 
ensure th a t it is statically possible. Defects in either o f  these 
respects m ay lead to  very erroneous results.

Sum m ing up  my rem arks, I consider the p roposed m ethod 
an  approxim ate bu t n o t very reliable procedure o f  dealing w ith 
som e earth  pressure and bearing capacity problem s. T he 
form ulae and graphs given by N . Jan b u  are certainly m uch less 
accurate than  the results already obtained by the best o f the 
previously existing m ethods. F o r variable soil constants and 
pore w ater pressures, however, N . Jan b u ’s m ethod  should be 
valuable, because the o ther m ethods fail in these cases.

A . R . Jumikis (U .S.A .)

I wish to  discuss the application  o f  N . Jan b u ’s generalized 
procedure to  bearing capacity calculations (5/4). T he bearing 
capacity calculations are specialized and presented for an 
infinitely long strip foundation , loaded with a concentrated  load

F ig . 20

applied centrally relative to  the w idth o f  the  footing, and 
directed obliquely a t an  angle o f a  =  arc tan  (P h /P ,,) w ith the 
vertical. T he soil is a  dry <f> soil (cohesion= 0 , pore w ater 
pressure u  =  0). I t  is also understood that, when a t a  certain
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Similarity of spirals. 1, Application of horizontal load, 
h =  10 cm =  4 in. above the base of the foundation model; 
2, measurements in mm 

Similarité des spirales. 1, Application d’une charge hori
zontale, h =  10 cm =  4 in. au dessus de la base du modèle; 
2, mesures en mm

m agnitude o f the oblique load, R  =  (P i,2 +  P u2) i , the shear 
strength  o f the soil is exhausted, a lateral expulsion o f a  soil 
wedge from  underneath  the footing takes place. This manifests 
the  u ltim ate failure in shear o f the  soil. R eferring to  Figs. 5 

a n d  7  in N . Janbu’s paper (5 /4 ) ,  the rup tu re  surface in the soil 
is a  com pound cylindrical surface form ed in  p a rt by a curve 
a nd  in p a r t by straight lines. T he m iddle p a rt o f the rup tu re  
surface is a logarithm ic spiral. T he straight lines are tangents 
to  the spiral a t bo th  its ends.

T he results o f N . Jan b u ’s study are given for a strip  o f a  soil 
m ass and  foundation  the thickness o f which is one un it o f 
length perpendicular to  the draw ing plane.

Because stability calculations depend, am ong o ther things, 
upon the size and shape o f the rup tu re  surface, experim ental

T he fac tor tan  <j> in the exponent o f the equation  indicates 
m arked  differences in size as well as in shape o f the spiral fo r 
various angles o f in ternal friction o f  sand, <f>.

W ith regard  to  u ltim ate failure, it is pertinent to  no te  th a t the 
sand wedge, upon  exhaustion o f  its shear strength, form s 
suddenly: a  sharply cut spiral can be observed as in  Fig. 20.

Fig. 22

research and observations from  field perform ance o f structures 
a re  valuable in order to  com pare theory w ith reality.

I have been engaged for several years in  studying the shapes 
o f  rup tu re  surfaces in dry sand b rought abou t by oblique loads 
(Jumikis, 1956), and  this research has revealed th a t the shape 
o f the rup tu re  o r shearing surface in dry  sand caused by 
centrally  and  obliquely loaded m odel foundations is a c y lin d r ic a l  
one, o f  a  logarithm ic spiral shape. T he general po lar equation 
o f  the curve form ing the rup tu re  surface is 

r  =  C . k . R a.e ~ ‘1‘ t3 n 'i>

where

C, k  and a  are experim ental param eters involving size and 
shape o f spiral 

R = m agnitude o f  the oblique load 
e  =  base o f  na tu ra l logarithm s 

cu =  am plitude o f spiral 
</> =  angle o f  in ternal friction o f  soil 
r = a n y  radius-vector o f  spiral fo r a certain  am plitude.

Fig. 24

This illustration  shows th a t the assum ed rup tu re  surface 
illustrated by N . Janbu  (in his Figs. 5 and 7) is n o t quite in 
agreem ent w ith the one experim entally observed. However, 
fo r practical purposes, the tangent-spiral-tangent curve is 
probably  satisfactory. I also found th a t w ith various loads, 
the purely spiralled rup tu re  surfaces are similar, as illustrated
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in Fig. 21: this fact corresponds w ith N . Jan b u ’s idea as 
illustrated in his Fig. 8.

A t failure, under oblique loading, the fou ndation  m odel rests 
on the sand wedge in the m anner illustrated, Figs. 22, 23 and 
24, and  n o t as show n in N . Jan b u ’s Fig. 5: his Fig. 8 would 
correspond m ore nearly w ith the experim ent. T he m ode o f 
failure as in N . Jan b u ’s Figs. 5 and 7 is confirm ed by my 
experim ental Fig. 25, fo r vertical eccentric loads. M y experi-

Fig. 25

m cnts also confirm  N . Jan b u ’s statem ent th a t the actual critical 
slip surface for oblique loads is no t as deep-seated as th a t used 
fo r the form ula derivations, which are fo r vertical loads; see 
Pr a ndt l  (1921).

N . Jan bu  does no t m ention in his paper how  o r in  w hat 
m anner the oblique load is applied to  the foundation . I t  is 
apparen t th a t an  oblique load can be applied by applying both  
its vertical and  horizontal com ponents in p ro po rtion  simul
taneously; o r the vertical com ponent o f the oblique load  can 
be applied first and  kep t constant during the test, and then the 
horizon tal com ponent can  gradually  be applied until failure 
occurs. This la tter m ethod corresponds in m ost cases approxi 
m ately to  th a t encountered actually in engineering practice. 
F irst the weight o f the structure increases as the structure  goes

up, and  then the horizon tal loads due to  backfilling, hydro 
static  pressure, w ind loads, braking action  and  o ther loads 
g r a d u a ll y  begin to  apply. U pon  the application  o f  a horizontal 
com ponent the  foundation  m odel displaces horizontally  and 
continues to  settle: during this tim e the soil suffers a distinct 
plastic deform ation under the heavier loaded edge o f the footing 
before it rup tures. U pon  fu rther increm ent o f horizontal load 
the foundation  m odel tilts, creating a probable  trapezoidal 
pressure d istribu tion  under its foo ting; in this respect, probably 
Schul t ze’s (1952) key figure w ould be m ore appropria te  than  
N . Jan b u ’s Fig. 5. Because o f the clearly pronounced ro ta tion  
phenom enon as observed in the experim ents, a t im pending 
failure, when active and reactive m om ents are in equilibrium , 
the m om ent m ethod in stability calculations w ould seem to  be 
m ore na tu ra l and  m uch simpler. T he whole system  soil- 
foundation-load ro tates as an  entity.

T he pressure d istribu tion  diagram s in N. Jan b u ’s Fig. 8 do 
no t show any influence o r effect o f the horizon tal com ponent 
o f  the oblique load. This po in t m ight perhaps be clarified by 
the author.

W ith oblique loads the spiral is usually som ew hat shifted in 
the direction o f  the horizon tal load  com ponent, as com pared 
w ith N . Jan b u ’s Fig. 5; also, the location o f the pole o f  the 
spiral in such loaded systems is n o t a t the corner edge o f the 
base o f the footing, b u t is som ew hat higher (Fig. 26).

I believe tha t m uch thought is still to  be given to  N. Jan b u ’s 
m ethod o f dividing the two term s in C oulom b’s shear strength 
equation  by the sam e fac tor F  as in his equation  2. U ncon 
fined com pression tests o f soils have show n th a t the shear 
strength o f  the soil rem ains a t a constan t m axim um  w ithin a 
narrow  interval o f m oisture content. A fter th a t m axim um  the 
shear streng th  o f the soil drops very steeply w ith increase in 
m oisture content. Besides, the frictional p a rt in C oulom b’s 
equation  is less sensitive w ith changes in m oisture c o n te n t: it is 
the cohesive p a rt which is very sensitive. In  applying the 
m ethod as in his equation  2, m ay it be th a t N. Jan bu  is a trifle 
too  conservative? A no th er question in this connection m ight 
a rise : if the m ethod as in equation  2 is used, w hat k ind o f spiral 
should be used in stability calculations (when dividing ry  by 
F )  ? The size, length and area o f spirals, because they contain  
the exponential function  e_<u un *, vary immensely as can be 
seen from  the figures given in a tab le  by Bar ber  (1956).

T he application  o f  a logarithm ic spiral rup tu re  surface to 
stability and bearing capacity calculations has a great advantage

Model

------------  O b s e r v e d  ru p tu re  su r fa c e

------------ T h e o re tic a l  sp ira l

Fig. 26 C om parison  o f  theore tical an d  observed  spirals. O b lique loading. C on tac t 
p ressure = 1 0  t/sq . f t.; /¡ =  0. A ll m easu rem en ts in m m  

C om para iso n  des sp irales théoriques et m esurées. C hargem en t en oblique. 
P ression de co n tact =  1 0 t/sq . ft. ; /i =  0. T ou tes les m esures son t en m m
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A n g le  o f  
in tern a l fr ic tio n

r

S p ira l area  
for ro= 1

M o m e n t  o f  sec to r o f  
logarithm ic  sp ira l ( = m o m en t 

o f  so il m ass) f o r  /'o =  1

20 606 5-29
25 9-49 12-91
30 15-84 33-39
35 28-65 95-13
40 57-74 311-10

over the assum ed tangent-spiral-tangent, o r even circular sur 
faces, since all radii-vectors pass th rough  the pole o f the spiral 
a t a  constan t angle o f  <j> to  the surface, see Fig. 27. In  such

ro 0  rn

4>=Angle of internal friction. -RM =  reaction.
Cohesion: c, in pounds per unit area;
Cohesion: (c) (ds) (1) (pounds per differential area)
Moment: â M c --  c-ds-cos <j>-r =  c - r 2 -do)

M c =  c C r 2 d m  =  2 ^ r ? - (r“ 2- r“ ‘2)
When tu! =  0 and o>2 =  -n-

M c = 2

Fig. 27 Moment of cohesion 
Moment de cohésion

a  case all soil reaction m om ents are autom atically  excluded 
from  stability calculations. W e do no t know  the  m agnitudes 
and  the d istribu tion  o f the soil reactions underneath  the tangents 
o f  the com pound rup tu re  curve tangent-spiral-tangent and  we 
can  only m ake assum ptions. In  the  spiral m ethod, less assum p 
tions need to  be m ade than  in th a t presented by N . Janbu.

I  believe th a t m y research has substantiated  certain  features 
o f N . Jan b u ’s paper.
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Bent  Hansen (D enm ark)

I should like to  congratu late G . Schneebel i on his Paper 5/8. 
A nyone who has tried  to  determ ine experim entally two- 
dim ensional figures o f  rup tu re  by m eans o f sm all m odels of 
sand between parallel walls o f  glass will certainly agree th a t

the  m ethod  proposed in this paper gives a m uch m ore clear 
picture o f  w hat happens and, m oreover, m akes it possible to 
get num erical values even from  sm all m odels.

T he m echanical analogy by which the types o f rup tu re  are 
studied has been applied in P aper 5/9 to  the study o f double 
sheet pile walls on  a rock bo ttom . I t  shows good agreem ent 
w ith the  proposed calculation m ethod  which is based on 
circular slip lines calculated by m eans o f  K ô tte r’s equations. 
A ctually, the m ethod is very sim ilar to  th a t p roposed by J. 
B rinch H ansen  and  yields approxim ately the sam e results. I t 
is needless to  say, however, th a t it is m uch easier to  insert in 
the very simple form ula given in the  paper th an  to  vary two 
param eters, trying to  get an  agreem ent in three ra th er com plex 
equilibrium  equations.

I  should like to po in t out, however, th a t by the m odel studies 
it is only show n th a t the lowest rup tu re  line is an  arc o f  a  circle. 
In  fact, the p roposed zone rup ture , in w hich a  whole fam ily o f 
rup tu re  lines consists o f circle arcs, is neither statically no r 

m  kinem atically possible. This can be seen if  one constructs the 
second family o f rup tu re  lines, cutting  the circle arcs under an  
angle o f  90 °-cf>. In  the resulting net o f  rup tu re  lines the stresses 
in  the  m esh points canno t be m ade to  agree w ith K ô tte r’s 
equations applied to  bo th  directions.

Probably  the  actual rup tu re  consists o f  a single rup tu re  line 
separating  two rigid bodies which only undergo elastic defor 
m ations. T he earth  pressures in the sheet pile walls canno t, 
therefore, be found  from  the theory o f plasticity, b u t they can, 
o f  course, be m easured experim entally. U nfortunately , the 
line rup tu re  itself presents a  difficult problem . W e have here 
the sam e am biguity as in the shear box test as to  w hether a  line 
rup tu re  is a  stress characteristic o r a  strain  characteristic; th a t 
is to  say, w hether it is a line upon  which the stresses fulfil the 
rup tu re  condition, o r w hether it is a  line connecting soil ele 
m ents in a  state o f rup tu re  b u t along which the deform ation is 
zero. T he m ethod  o f J. B rinch H ansen and th a t proposed in 
Paper 5 /9 both  assum e th a t the  form er is the case.

A. La za r d (France)

M onsieur le président, m esdam es, messieurs, je  voudrais 
faire quelques rem arques sur le pap ier de N . Janbu (5/4); m ais 
je  serai m oins critique que les autres orateurs.

N . Jan bu  se fixe une position  adm issible de la  ligne de 
passage des forces internes et développe un  calcul p a r approxi 
m ations successives.

A  condition  de ne considérer F  que com m e une inconnue 
auxiliaire, varian t d ’une valeur initiale F 0 p o u r les forces internes 
nules à  une valeur finale stable F |;m, le procédé perm et d ’ob tenir 
rap idem ent un  couple de valeurs C e et <f>e donnan t l’équilibre 
lim ite le long de la surface de glissem ent étudiée, C e =  C /F lim et 
tan  <f>e =  (tan  <f>)/Fiim .

E n  reg rettan t que les exemples donnés ne concernent que des 
terres à  fro ttem ent, je  voudrais présenter les trois observations 
suivantes :

(1) L ’intérêt du  procédé consiste dans la rap ide convergence 
des valeurs F .

D ans les exemples cités, la différence entre F 0 e t F Iim est 
faible. O n p ou rra it ê tre  tenté de se con ten ter de calculer F a. 
M ais il est certainem ent des cas où la différence est plus grande. 
D ’au tre  part, F iim sem ble toujours supérieur à F 0. Il y a  donc 
in térêt à  pousser le calcul ju sq u ’au bout.

(2) N . Jan bu  donne dans les graphiques inférieurs de ses 
figures les variations des forces internes F  et F  et nous devons 
l’en féliciter.

N éanm oins, je  voudrais lui dem ander de les com pléter: 
(1) p a r les variations des forces extérieures N  e t  S ;  (2) p a r  la 
position  des résultantes générales de ces forces; (3) p a r le 
polygone de toutes les forces résultantes.
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Je  suggère m ême, qu ’en conclusion du  présent congrès, il soit 
dorénavant exigé de to u t au teu r la figuration des variations des 
forces telles que T , E ,  N ,  S ,  la position  des résultantes générales, 
e t le polygone des forces finales. N ous pourrons ainsi com 
p a re r en tre elles les diverses solutions proposées et juger de la 
validité des hypothèses faites (voir rap p o rt général de F. 
W alker p o u r la division 6).

A  titre  d ’exemple, j ’ai donné dans m on article d e  T r a v a u x  de 
septem bre 1955, en application  de la construction  dite ‘cercle 
des 8 p o in ts ’, des figures (17 page 715 et 31, page 718) où, 
volontairem ent, la position  des forces intérieures éta it in 
adm issible. J ’avais ainsi espéré soulever une controverse au  
sujet de l’hypothèse de base (proposée indépendam m ent par 
Taylor). Je n ’ai reçu aucune observation, soit que m on  papier 
n ’a it pas été jugé intéressant, so it que mes contradicteurs aient 
été trop  polis p o u r m e faire une observation.

(3) Il ressort des exemples donnés p a r N . Jan bu  que la déter 
m ination  de la position exacte des surfaces de glissem ent n ’a  pas 
une  grande im portance: F lini présente un  m inim um  très aplati 
(graphiques supérieurs des figures).

Cette conclusion est fo rt intéressante, m ais elle m ériterait 
d ’être  soigneusem ent confirm ée p o u r des surfaces de glissement 
présen tan t des portions concaves e t convexes.

D e  tou te  façon, elle va perm ettre de simplifier le calcul de la 
m arge de sécurité p a r les procédés probabilistes auxquels j ’ai 
fait allusion dans m on intervention de jeudi m atin  (4ème 
séance 3a).

G. P. Tschebot a r ioff  (U .S.A .)

I wish to  thank  the G eneral R eporter for his a tten tion  to 
Johnson’s tests reported  by Johnson and  m yself (1953). Some 
additional new points brought ou t by these tests should however 
be em phasized in connection w ith the suggested discussion o f a 
revision upw ards o f conventional values used for earth  resis 
tance com putations.

O f prim ary  im portance is the m anner in which the wall 
friction is mobilized.

(a) T he highest values, up  to K p^  =  12-5, were obtained 
during our test 15 w hen a  progressively increasing dow nw ard 
th ru st was exerted on  the wall sim ultaneously w ith the  appli 
ca tion  o f  the horizontal pressure. I  believe this high value was 
produced  because under such conditions— sim ilar to  those 
which develop in fron t o f the em bedded low er po rtion  o f an 
anchored sheet pile bulkhead— both  <j>' and  8 reach their 
m axim um  values sim ultaneously.

(b) F o r conditions otherw ise identical to test 15 and  fo r the 
sam e value o f 8 =  30 degrees only a K p^  =  8-8 was obtained 
during  ou r test 8 when the  wall was merely prevented from  
m oving upw ards, as w ould be the case o f  a  sufficiently heavy 
ancho r block. M y explanation  is tha t since in such cases wall 
friction is developed as a  result o f  expansion accom panying an 
upw ard displacem ent o f  the sand m ass in fron t o f  the wall, the 
m axim um  value o f  8 is reached only after the  peak  resistance 
o f the  dense sand is passed, so th a t actually a  reduced value 
o f i '  is in  effect.

Also o f  im portance are the relative properties o f  deeper lying 
soil layers— in the  G eneral R ep o rt tests 7, 12 and  13 show n in 
Fig. 2 did n o t have the  sta tionary  block shown below the wall 
on  Fig. 1. T hus, in con trast to  tests 8, 9 and  15, the  wall in 
these o ther three tests had  no  sand layer between its low er edge 
and  the sectional bo ttom  o f the testing tank . As a  result:

(a) Test 12, w ith dense sand and  o ther conditions identical 
to  those o f  test 8, reached alm ost the  sam e value o f  K p(S) =  7 -6  
in spite o f a m uch sm aller 8 = 1 5  degrees. Presum ably the 
close proxim ity o f a  lower rigid horizon tal boundary  h ad  a 
com pensating effect fo r the low wall friction.

(b) T he reverse was true  when a laterally yielding lower

horizon tal boundary  was substitu ted  in  test 13. A  value o f 
only K p(S) =  5-6 was obtained in spite o f  a  higher 8 =  21 degrees 
a nd  o f dense sand.

(c) A  rigid lower boundary  in test 7 bu t w ith loose sand above 
it p roduced  results sim ilar to  test 13, nam ely K p W  =  6-5 w ith 
8 = 1 9  degrees.

I t  should be borne in m ind th a t the K p(B) values reported  by 
Johnson  are ob tained  from  the division o f the  m easured 
horizontal com ponent o f the to tal passive lateral ea rth  pressure 
by the to ta l th ru st w hich w ould be exerted by a  frictionless 
fluid o f the sam e density as the sand tested.

T he G eneral R eporter proposed  as a  th ird  topic fo r discussion 
th a t we consider w hether we should, to  a  certain  extent, go back 
to  the  concepts o f the eighteenth and  nineteenth centuries by 
om itting  cohesion from  ou r stability com putations o f  clay soils 
and  using only an  angle o f internal friction instead.

I wish partially  to  support this suggestion o f the G eneral 
R eporter, nam ely in-so-far as retaining structures are concerned.

C ould  it be th a t the organizers o f this conference have also 
accepted this suggestion since they selected an  em blem  for us 
which looks like a  letter <j>, and  a capital <f> a t th a t?

Som e o f the younger m em bers o f this conference battled  in 
recent years to get across the opposite <f> =  0 concept to  the 
‘o ld-tim ers’ in  their organizations, th a t is to  engineers still 
adhering to  concepts o f pre-soil m echanics days. These young 
m en may now  be distressed a t the thought th a t on  their re tu rn  
from  this conference they m ay hear from  their elderly 
opponents: ‘D id n ’t we always say s o ? ’ This should n o t 
w orry them  or us.

T he G eneral R eporter has correctly po in ted  ou t th a t the  <j> 
values o f the n ineteenth century  are n o t the <f> values o f the  
present tim e. I also agree w ith him  th a t although in th a t 
d istan t past <f> was believed to be som ething very definite, the 
m ain  difficulty now  is the correct choice o f a  type o f param eter 
4> from  the m any available, all m eaning different things.

A lthough I am  a firm  believer in the need o f som e b irth  
con tro l where new symbols are concerned, I am  afraid  th a t we 
will have to  introduce one m ore <j> w ith the  subscript c e  (</>„), a  
term  first suggested in 1955 by Wa t kins e t  a l. (1956) in  order 
to  define num erically ou r cell test results which corresponded 
to  m y ‘consolidated equilib rium ’ concepts*.

T he G eneral R epo rte r’s question as to  w hether for calcula 
tion  o f long-term  stability one should go so fa r as to  take 
system atically c ' = 0 is closely related  to  questions raised in 
P. W. Rowe’s paper lb /1 2  on  the sam e topic.

Row e correctly points ou t th a t his cc =  0 hypothesis: ‘is in 
agreem ent w ith T schebotarioff’s neutral earth  pressure ra tio  
design m e th o d ’. (This m ethod  was proposed for application  
to  the design o f retain ing structures and  o f tunnels in clay 
(Tschebot a r ioff , 1951, 1953).)

T o study clays fu rther in respect to  this m ethod under con 
d itions o f progressive consolidation and  o f ‘consolidated 
equ ilib rium ’ a large triax ial ‘cell’ type device (Fig. 28) was 
built a t P rinceton U niversity in 1953.

This research, as well as Johnson’s passive earth  pressure 
tests referred to  earlier in  this discussion, was and is sponsored 
by the  G eophysics B ranch o f the Office o f N aval R esearch, 
U n ited  States Navy.

I t  can be seen from  Figs. 28 and  29 th a t th is triaxial ‘cell’ 
device elim inates m ost o f the criticism s m ade against the  earlier, 
flimsier types o f  cell devices. I t  is very m assive and  is used in 
a  constan t tem peratu re  room . T he 8 in. (tha t is 20 cm) d ia 
m eter and  24 in. (tha t is 60 cm) high soil sam ples—disturbed or 
undistu rbed— are enclosed by a  th in  rubber m em brane and  are 
given lateral support by U con oil which fills the space between

* Watkins originally used the symbol <f>r. We decided to change 
it to ii>Ce in order to avoid conflict with other authors who used the 
subscript r previously (G i b s o n , 1953) for a different purpose.
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the m em brane and  the massive steel ou ter cham ber. Five 
glass openings in th a t cham ber, the upper two o f which can  be 
seen on Fig. 28, perm it readings th rough  the transparen t oil 
on  the sliding scales o f five th in  bronze bands which encircle 
the  rub ber m em brane at these elevations. T he volum e changes 
and  the lateral expansion o f the soil specim en can thus be 
determ ined and checked against the m easured am oun t o f w ater 
expelled when drainage o f  the specim en is perm itted  and against 
pore pressures w hich can  be m easured in d isturbed sam ples at 
fo u r different elevations along the specim ens’ vertical axis. 
By opening a valve, supporting  oil can be released in m easured

decreased w ith an  increasing P I value o f the clay. Thus, fo r a 
silty clay w ith PI =  7 per cent, W atkins found <f>ce =  25 degrees 
( K ce =  0-40). F o r  a clay w ith P I = 6 2  per cent, he  found 
<f>ce= n  degrees ( K ce =  0-55). O ver-consolidation increased <f>ce 
and decreased K ce, b u t only slightly. T he first clay h ad  an 
activity (based on  5/x fraction) o f  0-47 and  the second o f 0-93.

Parallel quick ( g )  and  consolidated quick ( Q c) tests carried  
to  failu re w ere perform ed on  the sam e soils in  conventional 
triax ial devices. T he K  values show n in Fig. 30 were com 
pu ted  from  the classical equation  using bo th  cohesion (ccli) and 
friction (<j>cu) from  consolidated quick and  from  quick 
triaxial tests. The K  values are p lo tted  as o rd inates against a 
depth  o f excavation o r  height o f  wall H  which is ob tained  by 
taking the vertical pressure o-l a t  each stage o f  the test and 
dividing it by a  un it weight y  o f  the soil o f  100 Ib ./cu. ft. I t  
can  be seen th a t negative, th a t is im possible, K  values are given 
by this conventional p rocedure fo r wall heights H  sm aller than  
20 ft. O n the o ther hand, ou r cell tests gave a  constan t K ce 
value o f 0-55 (i.e. degrees) as show n in Fig. 30 for

Fig. 28 C lose-up p h o to g rap h  o f  m assive triax ia l ‘ce ll’ device fo r 
8 in. d iam eter soil sam ples a t P rince ton  U niversity  

P h o to  de la grand e  cellule triax ia le  de  l’U niversité de  P rince 
to n  p o u r échantillons de 20-3 cm  de d iam ètre

quantities. C ontro lled  lateral expansion o f the specim en can 
be induced thereby.

The device is so massive th a t a hand-opera ted  crane has to 
be used to  take it ap art (Fig. 29). T he la teral pressure <r3 in 
the  supporting  oil is m easured by two B ourdon-type gauges 
as a function o f the vertical pressure o-j which is m easured by 
tw o electrical resistivity C arlson pressure cells, one a t the top  
and  the other a t the bo ttom  o f the soil specimen. This is purely 
a research tool—n o t one for rou tine testing use— since one test 
takes several m onths to  perform .

In  his 1955 M . S .  T h e s is  (incorporated  in Wat kins e t  a l. 1956), 
J. W atkins established th a t the results o f ou r tests on  rem oulded
8 in. d iam eter clay samples in the m assive triaxial ‘cell’ device, 
when p lo tted  for ‘consolidated equ ilib rium ’ on  a  M ohr circle, 
had  a straight line envelope which passed th rough the origin, 
i.e. indicated cce =  0. This envelope form ed w ith the horizontal 
an  angle o f  m obilized effective shearing resistance <j>ce which

a rem oulded clay w ith PI =  62 per cent. P re-consolidation 
decreased this value to  K =  0-42, bu t a t low vertical pressures 
only.

T h e  <f>ce values obtained by us agree fairly closely w ith the 
<j>cu values o f the lim ited num ber o f soils so far tested, if  we 
ignore the corresponding ccu values (Tschebot a r ioff  e t  a l.,  
1956; Schmid, Yor k and Raymond (1957) in next item  o f 
discussion). Since the <f>cu values are  sm aller th an  the  4>ii 
values, it appears possible th a t the <f>cu and  hence also the 
‘consolidated equ ilib rium ’ <f>ce values w ould also be sm aller 
th an  the <f>' values. Such a finding w ould support the views 
expressed by P. W . Rowe’s hypothesis in P aper l b / 12. H ow 
ever, fu rther experim ental investigations and com parisons are 
necessary before final conclusions can be reached.

O ur ‘cell’ tests are being continued a t P rinceton by my 
colleague W . E. Schmid, who will outline to  you som e further 
results obtained.

I will add som e rem arks concerning over-consolidated stiff- 
fissured clays. A . W . Skem pton’s and  D . J . H enkel’s da ta  
referred to  by the G eneral R eporter were obtained from  field 
observations which extended over a num ber o f years. T he 
effective <j>' values obtained by them  approxim ately equalled 
20 degrees, which figure, applied to  earth-reta in ing structures, 
gives ^ = 0 - 4 9 —a value w hich falls w ithin the range o f ou r 
‘consolidated equ ilib rium ’ values, but, as expected, is lower 
than  K ce values for a  clay o f this high plasticity. O n the o ther 
hand, E. D lB ia g io  and  L. Bjer r um (5/2) ob ta in  an  effective

Fig. 29 G enera l view o f  th e  P rin ce to n  triaxial “ ce ll’ device as it is 
d ism an tled  fo r a  new  test 

V ue générale de la  cellule triax ia le  de  P rince ton , dém ontée 
p o u r  le co m m en cem ent d ’un  nouvel essai
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pc = 0  88 ton /sqft. 
p  - 1 43  ton/sqft. 
■pc=1-77 ton/sq. ft. 

■pc = 216  ton^q.ft.

Q tests 
' W\=54°/>

H in ft =■ , y  r  100 Iti/cu.ft.

<j>' =  30 degrees w hich gives K =  0-33 well below the range as 
sociated so far w ith ‘consolidated equilib rium ’ pressures of 
na tu ra lly  deposited clays. I t  should how ever be no ted  th a t 
their relevant observations on  stiff-fissured clays extended over 
a  period  o f  three m onths only p rio r to  the s ta rt o f  w inter frost 
w hich in troduced an  additional com plicating factor. I t 
appears possible th a t h ad  observations been m ade over a 
num ber o f years on  this sam e clay they w ould have revealed a 
fu rthe r softening o f the clay in  the fissures and  w ould have 
show n for the sum m er m onths a  fu rther decrease o f <f>' and  a 
corresponding increase o f  K  up  to  usual ‘consolidated equili 
b r iu m ’ values.

M y conclusion is th a t there are m any data  w hich support the 
neu tra l earth  pressure ra tio  design m ethod , and  hence the 
equivalent m ethod o f ignoring cohesion and  using an  angle o f 
in ternal shearing resistance a t ‘consolidated equ ilib rium ’ for 
th e  design o f retain ing structures and  tunnels in clay.
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In  add ition  to  the tests by J. W atkins referred to  in G . P. 
T schebotarioff’s com m ents, we have so far conducted triaxial 
‘cell’ tests on  the  following cohesive soils in  Princeton.

(a) A n undisturbed  satu ra ted  s o f t  Chicago clay w ith a PI o f 
10, an  activity o f  0-54 and  an  unconfined com pressive strength 
o f  0-4 ton /sq . ft. (Tschebot a r ioff e t  a l .,  1956).

Fig. 30 Diagram showing that there is no relationship between the 
K  values computed from the <j> and the c values at failure 
in consolidated quick (Q c) tests and in quick (Q )  tests 
and the K  values measured at ‘consolidated equilibrium’ 
in the Princeton triaxial ‘cell’ device (W a t k i n s  e t  a l., 
1956)

Graphique montrant qu’il n’y a pas de rapport entre les 
valeurs de K  calculées à partir de Q  et les valeurs de C à 
la rupture dans essais rapides (Q) et dans les essais rapides 
sur échantillons consolidés (Q c) et les valeurs de K  
mesurées dans la cellule de Princeton pour l’état 
d’equilibre par consolidation

(b) A n  undisturbed, satu ra ted  s t i f f  Chicago clay w ith a  PI 
o f 16, an  activity o f 0-73 and an  unconfined com pressive 
strength  o f 1 -48 ton /sq . ft. (Thesis by D . L. Y ork incorporated  
in Schmid e t  a h ,  1957.)

(c) A  partially  satu ra ted  Princeton R ed  clay w ith a  P I o f 7 
and  an  activity o f  0-47 (based on  5 p. fraction) com pacted at 
th ree different m oisture contents. (Thesis by G . P. R aym ond 
incorporated  in Schmid, e t  a l .,  1957.)

All soils were tested under various stages o f loading and 
reloading and  under various conditions o f drainage and lateral 
support. O f particu lar interest to  us were the lateral earth  
pressures developed ‘a t re s t’ since they are  m ost im portan t 
from  a  design po in t o f view.

T he lateral earth  pressure a t rest E 0 is frequently defined 
(Bishop and  Henkel , 1957) as the pressure developed a t zero 
lateral strain  o r zero wall m ovem ent. However, since cohesive 
soils a re  visco-plastic m aterials and  the stra in  histo ry o f  such 
visco-plastic m aterials is o f  little consequence for their final 
s tate o f stress, I propose to  define a  lateral earth  pressure a t 
consolidated equilibrium  as the pressure developed when the 
tim e-rate o f strain  is zero.

o-
d t

----  (1)

w here e i j  is the strain  a t  po in t /' in an  arb itrary  direction j .

Since we consider e i j  as the to tal strain  this definition repre 
sents the postu la tion  fo r consolidated equilibrium , i.e. this 
lateral pressure contains no  com ponent from  the  excess po re  
w ater pressure. However, it allows fo r som e restrained lateral 
deform ation.

S u m m a r y  o f  r e su lts— T he results offered below refer only to 
norm ally consolidated fine grained soils since such only have 
been tested so far.

(1) A ll ou r results show th a t in the consolidated equilibrium  
state a  cohesion param eter is n o t m obilized to  reduce (or to  
increase in the passive case) the lateral earth  pressures.

T he coefficients fo r the lateral earth  pressures a t consolidated 
equilibrium  are given by

K cc =  t a n ^  +  ̂ - j  . . . . ( 2 )

where <f>ie is the angle o f shearing resistance m obilized at zero
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ra te  o f strain. A t the m om ent no conclusive relationship has 
been found to  exist between <f>ce and  the angles o f  friction 
developed in the conventional shear streng th  tests.

(2) A tem porary  loss o f lateral support o f a soil m ass will 
cause an  instantaneous reduction  in lateral pressure bu t by 
creep and  stress readjustm ent the earth  pressure will soon again 
build up  to  its original consolidated equilibrium  values.

W e m ust conclude from  this th a t for fine grained norm ally 
consolidated soils, the consolidated equilibrium  state o f lateral 
earth  pressure is the  stable equilibrium  state.

This will be very im portan t for the design o f earth  retaining 
structures as well as fo r anchorage structures in cohesive soils.

I t  should also be noted  th a t ju s t as in the  ‘lim it’ s ta te  o f 
stress, w here failure along a  rup tu re  plane is im pending, two 
cases are possible, nam ely the active and the passive case. 
This also holds fo r the consolidated equilibrium  case.

I f  the  m axim um  shear stress in the soil m ass is positive, i.e. 
it has a  com ponent acting on  the free body in  the sam e direction 
as the lateral earth  pressure E ,  it will be the a c t iv e  consolidated
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Fig. 31 Relationship between the coefficient of lateral earth pressure 
at consolidated equilibrium K ce and the PI; full circles, 
undisturbed samples; open circles, remoulded samples 

Rapport entre le coefficient de pression latérale du sol à 
l’état d’équilibre consolidé K ce et l’index de plasticité; 
points noirs, échantillons intacts, points blancs, échantil
lons remaniés

equilibrium  pressure. I f  this com ponent is in  the opposite 
direction, it will be the p a s s iv e  consolidated equilibrium  
pressure.

(3) T he possibilities to  relate the lateral earth  pressure 
coefficient a t consolidated equilibrium  for satura ted  soils to 
o ther soil properties which can  be m ore readily determ ined have 
been investigated (Tschebot ar ioff  e t  a l ., 1956; Schmid e t  a l., 
1957).

T he results look particularly  encouraging for the relationships 
between the PI and  the active K ce. A  ra ther tentative em pirical 
relationship is given by

K ce =  0-38 4 - 0-274 x  P I (PI in per cent) (3)

(see Fig. 31).
I t  m ust be em phasized th a t m any m ore tests will be necessary, 

particularly  in the P I range between 20 and  50, before any such 
em pirical relationship can be confirmed.

(4) T he tests on  p a r t ia l l y  sa tu ra ted  com pacted clay suggest 
th a t the angle <f> varies w ith the m oulding w ater con tent along a 
curve sim ilar to  the p lo t o f dry density v e r su s  w ater content. 
I t  was definitely established th a t on  the d r y  side o f  the optim um  
w ater conten t cf>ce increases w ith increasing w ater content. 
However, the  m axim a for bo th  curves are som ew hat displaced 
in relationship to  each o ther (the dry density reached a m axi
m um  a t a w ater con ten t o f  15 per cent whereas cf>ce showed a 
m axim um  a t  w =  17-1 per cent).

W e are n o t sure yet w hether this shift is a physically significant 
one o r w hether it is the result o f a change o f the optim um  w ater

conten t fo r different com paction  conditions. T he reason  being 
th a t the density-w ater con ten t curve was determ ined in a 
S tandard  P rocto r test whereas the  ‘cell’ test specim en h ad  to  be 
com pacted under different conditions although  w ith a  corre 
sponding com paction  effort.

(5) W ith  regard  to  the G eneral R eporter’s question o f using 
the  c' =  0 concept fo r stability calculations, I w ould like to  
suggest the following:

(a) Experim ental evidence as well as field m easurem ents have 
so far established th a t cohesion is no t m obilized in  the consoli 
dated equilibrium  state. Therefore, fo r the  calculation o f 
long-term  stability the  neu tral earth  pressure ra tio  design 
m ethod as suggested by T schebotarioff or, in  short, a  m ethod 
o f using cce =  0; ^ „ ^ 0  should be used.

(b) This long-tim e stability design should be checked against 
instantaneous failure. H ere the cohesion com es definitely into 
play.

By this procedure, retain ing o r foundation  structures will be 
m ade safe against bo th  types o f  failure, nam ely, failures by 
instantaneous rup tu re  and  failures orig inated  by successive 
deform ations.
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A  num ber o f  points have been raised during this session on  
which I am  tem pted to  com m ent, b u t I will lim it m yself to  a 
discussion o f the coefficient o f  earth  pressure a t  rest, K „.

A t Im perial College we have used for som e years two different 
m ethods o f m easuring the coefficient o f  earth  pressure a t rest, 
bo th  o f them  adap tations o f the  triaxial testing technique. T he 
first has been used since 1950, and  is a  m ethod by w hich the 
volum e o f w ater expelled from  a satu ra ted  cylindrical sam ple 
during axial com pression is used as a  con tro l for indicating the 
change in cell pressure necessary to  m ain tain  a  constan t d ia 
m eter th roughout the test. T he results have been challenged 
o n  one o r two occasions, and  we have m ore recently developed 
a m ore accurate m ethod o f controlling the  diam eter o f the 
sam ple, using a sensitive lateral strain  indicator. D uring  the 
test the lateral pressure is varied so th a t the d iam eter rem ains 
constan t during the loading and  unloading stages. T he test 
can  be carried  o u t under drained conditions or, in  the  case o f 
partly  satu ra ted  soils, under undrained  conditions w ith  the 
m easurem ent o f pore pressure. T he m ain  results o f the earlier 
tests have been substantiated  by this la ter technique.

Som e typical results from  these tests m ay be quoted  as 
examples. F o r satura ted  loose sand the value o f  K a was found 
to  be 0-46, the corresponding angle o f friction <f>' in term s o f 
effective stress being 34 degrees. F o r satu ra ted  dense sand the 
value o f  K „ was 0-36, the corresponding value o f <j>' being 
39 degrees. In  each case, on  first loading, the la teral stress 
increased linearly w ith vertical stress, and  the  value o f  K „ 
rem ained sensibly constan t th roughou t the full stress range. 
I f  reloading cycles were carried  ou t the ra tio  o f la teral to  vertical 
stress showed the influence o f  stress history in a  m anner som e 
w hat sim ilar to  th a t show n by the  volume changes in  the 
consolidation test.

F o r a rem oulded clay (norm ally consolidated) having a PI
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o f 25 and  an  activity o f  0-6 a value o f  K a equal to  0-7 was 
obtained, the  corresponding angle o f shearing resistance 
m easured in a drained test being 23 degrees. A n undistu rbed  
alluvial clay (also norm ally consolidated) gave a  value o f  K 0 
equal to  0-43, the  angle o f shearing resistance expressed in 
term s o f effective stress being 33 degrees. T he PI in this case 
was 10 and  the activity was abou t 0-9.

I th ink  it is ra th er m isleading to  relate the value o f K a o r o f 
any o ther sim ilar param eter to  the P I alone. I t  is also im 
p o rtan t to  know  w hether the sam ples are d istu rbed o r rem oulded 
and  w hat the activity o f the  clay fraction  is, as this can  have an 
im portan t influence.

In  all the tests referred to  above sim ilar rates o f  testing were 
used to  ob ta in  the value o f  K a on  the one hand  and the  value 
o f the angle o f shearing resistance on the other. T he effect o f 
creep on  the  value o f bo th  param eters is, o f  course, o f  great 
in terest in  relation  to  the long-term  stability o r earth  pressure 
on structures. This is a  m uch m ore difficult phenom enon to 
m easure in the  laboratory , bu t in o u r appara tus it is quite easy 
to  study the early stages o f  creep in  which the  m ajor p a r t  o f the 
stra in  o r volum e change occurs. I t  is interesting to  no te th a t 
w ith sugar, which provides a  convenient m aterial w ith very 
m arked creep properties, a  large volum e change occurred under 
constan t vertical stress during the first few hours o f  the test, 
yet the value o f K 0 rem ained sensibly constant. Sand showed 
the  sam e tendency. This is a ra th er surprising result, and it 
will be o f  great in terest to  find o u t by a m ore elaborate  test 
w hether this occurs on  a really long-term  basis.

W ith clays we have n o t the sam e num ber o f creep d a ta  yet. 
M ost o f  ou r tests on  satu ra ted  o r partly  satu ra ted  clays have 
been carried  ou t on the basis o f  one- o r two-day tests, bu t it is 
interesting to  conjecture w hether the K a value will show the 
sam e tendency to  rem ain  constan t during creep. It is know n, 
o f  course, from  o ther tests a t Im perial College, and  from  the 
w ork o f D . W . T aylor and  A. C asagrande, th a t the value o f  the 
angle o f  shearing resistance in term s o f effective stress can drop
10 per cent o r m ore on  a  very long-term  basis. I f  K 0 rem ains 
constant, it is possible th a t the coefficient o f active earth  pressure 
m ight, on  a really long-term  basis, tend  to  approach  the 
coefficient o f earth  pressure a t rest.

G . P. T schebotarioff and W . E. Schm id stated  th a t in their 
cell test apparatus the lateral strain  apparently  exercises little 
influence on  the  consolidated equilibrium  earth  pressure in 
clays. This m ight be taken to  indicate, in  m ore fam iliar term s, 
th a t the lateral strain  in passing from  the a t rest condition  to 
the  active condition had  no  influence on the stress ratio . In 
sand there are m any tests which show  clearly th a t this is n o t so. 
I f  it is the  correct in terpretation  o f the test results in the case of 
clays, it w ould be interesting to  know  a t w hat po in t the dis 
continu ity  in behaviour occurs.

A n  alternative explanation o f the  results m ay be, however, 
th a t their cell tests do  no t s ta rt from  the  condition  o f exactly 
zero lateral strain. In  any form  o f cell test, som e la teral strain, 
albeit a  sm all am ount, occurs and  this m ay account fo r the 
slightly anom alous behaviour reported  by G. P. Tschebotarioff.

G . P. T schebotarioff also found difficulty in correlating the 
values he obtained w ith the results o f  conventional strength 
tests. The tests he cited were consolidated undrained (or con 
solidated-quick) tests and undrained (quick) tests, in neither o f 
which were pore pressures m easured. T he shear strength p ara 
m eters were therefore no t obtained in term s o f effective stress. 
H ow  a  correla tion  could be expected between strength p a ra 
m eters expressed in term s o f to ta l stress and a coefficient o f 
ea rth  pressure expressed in term s o f effective stress is no t 
apparent.

In  conclusion I wish to  em phasize the im portance o f  avoiding 
confusion in term inology. T he usually accepted definition of 
the c o e ff ic ie n t  o f  e a r th  p r e s s u r e  a t  r e s t  refers to the state o f stress

under the special condition  o f ze r o  la te r a l  s t ra in .  O n the o ther 
hand  the coefficient o f  lateral earth  pressure a t c o n s o l id a te d  
e q u i lib r iu m  is defined by W . E. Schmid w ith reference to  the 
state o f stress w hen the  la te r a l  s tr a in  ra te  w ith  r e s p e c t  to  t im e  
is  z e r o .  T he definition allows ‘ som e restrained lateral deform a 
t io n ’, apparently  o f an  arb itrary  am ount.

There seems little justification from  experim ental evidence, 
o ther than  the Princeton tests on  clay, fo r the expectation th a t 
these two definitions should lead to  sim ilar results. In  sands 
they clearly will no t do so. I f  this new concept o f a consoli 
d a ted  equilibrium  coefficient is to  be used, it should be m ade 
very clear by the  sym bol used to  denote it th a t it represents 
neither an  a t rest condition, where la teral strain  is zero, no r an 
active condition, w here freedom  for lateral strain  is perm itted 
and  the shear streng th  is fully mobilized. I t  appears to be, in 
general, a p roperty  influenced by deform ation, and should be 
qualified in som e way to  indicate w hat deform ation is being 
considered.

L. Bjer r um (N orw ay)

In  his G eneral R eport, J. Kerisel has proposed for discussion 
the question: W hich value o f the shear strength should be 
introduced in a com putation  o f earth  pressures in  saturated  
clays, taking into account possible changes in shear strength 
w ith tim e ?

In  a discussion o f this question we have obviously to  dis 
tinguish between two types o f problem s. T o the first type 
belong those problem s which occur during the construction 
period, before there has been any appreciable dissipation o f the 
pore pressures resulting from  the change in loading. Typical 
o f  this type o f  problem s are the con tractors’ questions about 
w hat stru t loads he can expect in braced excavations or w hat 
slopes he has to  use in tem porary  cuttings.

I f  the clay encountered  is satu ra ted  and  in tact— and hereby 
is understood  th a t the clay is no t fissured— this type o f problem s 
can be analysed by the <¡> =  0  m ethod. This m eans th a t the 
undrained  shear strength, from  unconfined com pression tests 
o r from  vane tests, can  be directly inserted in the stability or 
the earth-pressure com putations. This is a theoretically logical 
approach  and its reliability has been confirm ed by a great 
num ber o f  field observations.

T he second type o f  problem s are such as occur after the 
construction  period when the pore pressures created by the 
construction operations slowly change until finally an  equili 
brium  ground w ater condition  is established.

In  m any cases during this period  we will have a  steady in 
crease in shear strength, as, fo r instance, is observed under 
footings and fillings. In  such cases we therefore only need to 
consider the end o f construction  conditions, as all later changes 
will only increase the safety factor.

In  several cases, however, we have to  consider a reduction 
in shear strength w ith time. This may, for instance, be the 
case if a  slope o r a trench is excavated o r if we dredge in front 
o f a  sheet pile wall. In  such cases the unloading will result in 
a d rop  in pore pressure followed by a swelling, and a conse 
quent reduction  in strength o f  the clay. If, m oreover, the clay 
is over-consolidated, we have in addition  to  consider the 
softening resulting from  increase in shear stresses. This is due 
to  the fact, which is n o t always sufficiently appreciated, th a t if 
a stiff d ila tan t clay is subjected to  shear under undrained con 
ditions, this will be accom panied by a drop  in pore pressures. 
In  and around excavations and trenches in over-consolidated 
clays there m ay thus be a substantial drop in pore pressure, 
partly  due to  direct unloading and partly due to  increased shear 
stresses.

W ith tim e the pore pressures will, o f  course, increase, and the 
shear streng th  consequently decrease. This reduction  in
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strength w ith tim e may result in delayed failures or increase in 
earth  pressures.

F o r in tact clays we assum e today th a t during this process the 
shear streng th  is contro lled  by the full value o f the effective 
shear strength param eters c and  <j> a s found, fo r instance, by 
dra ined  triaxial tests. T here are only few field data  which can 
support this belief, b u t recently we investigated a slide in 
N orw ay which occurred som e years after the excavation o f a 
cutting in an  over-consolidated in tact clay. In  this case the c 
and ij> as found from  drained tests showed a good agreem ent 
with the observed strength, indicating th a t the reduction  in 
streng th  w ith tim e was only due to  a  change in piezom etric 
levels and no t due to  a  reduction  in shear streng th  param eters.

Now , if the  clay has a fissured structure, this will influence 
the  reduction  in strength w ith tim e in two different ways. In  
the first place the fissures will fo r even very sm all lateral strain 
greatly increase the perm eability o f the clay. In  the test trench 
described it was m ost surprising to  observe th a t the pore 
pressures adopted  the equilibrium  values corresponding to  the 
new ground w ater conditions one to  two weeks after the 
excavation. This m eans th a t in fissured clays we necessarily 
have to  consider a  very rap id  reduction  in  strength  due to  a 
rap id  dissipation o f negative po re  pressures set up  during the 
construction. This reduction  can only be taken  into calcula 
tion  by a  c , <j> analysis in  term s o f effective stresses, and  this 
m ethod m ust therefore be recom m ended also for the  problem s 
during the construction period  in such cases where fissured clay 
has an  opportun ity  to  expand laterally. This was clearly 
illustrated  in  the test trench m entioned, as it proved possible to  
correlate the variations in stru t loads w ith the variation  in 
piezom etric levels.

T he fissures also have a  second effect on  the strength. W ith 
tim e the strength decreases m ore th an  can be explained by the 
change in pore pressures. W e do n o t know  the explanation, 
bu t it is very likely a m echanical effect o f the lateral opening of 
the  fissures. Skem pton and  H enkel’s interesting studies o f the 
slides in Jackfield and in L ondon  indicate th a t this effect can 
be taken in to  account in an  em pirical way by assum ing th a t c 
will decrease w ith tim e. Incidentally, this finding was con 
firmed by an  analysis o f  the stru t loads m easured in the test 
trench.

U ntil fu rther da ta  are available, it is recom m ended th a t earth  
pressures from  stiff fissured clays should be com puted o n  the 
basis o f effective stresses and th a t a  reduction o f c  w ith tim e 
should be taken  into  account.

D . H . Tr ol l ope (A ustralia)

The G eneral R eporter has draw n ou r a tten tion  to  the accum u 
lating evidence in support o f  the c ' =  0 hypothesis w here ques 
tions o f long-term  stability are concerned an d  analysis in term s 
o f effective stresses is entailed.

I f  it is recognized th a t m oisture tension is an essential com 
ponen t o f the  effective stress histo ry o f a soil, it is encouraging 
to  find in m any cases tha t a logical in terpretation  o f long-term  
behaviour can be developed when all factors are considered. 
Indeed, as the G eneral R eporter rem arks, it m ay be found 
possible to  express the shear resistance o f all soils in term s o f 
the  appropriate  effective stresses and  the relevant friction p a ra 
m eter. I f  this be so it is a  tribu te  to  the vagaries o f this 
na tu ra l m aterial th a t it has taken  abou t 300 years for us to  fully 
appreciate the difference between applied and  effective stresses 
in this context. A t this stage it is perhaps im portan t fo r us to 
focus som e a tten tion  on  the ro le  o f  negative m oisture stresses 
in  the  general fram ew ork o f the effective stress concept.

In  a  paper to  this conference, G . D . Ait chison ( lb /1 )  has 
offered substantial evidence th a t the  effective stress law first 
proposed by K . Terzaghi and  subsequently show n by him  and

others to  be valid fo r satura ted  soils (viz: cr' =  cr—k) m ay be 
extrapolated w ith high negative values o f u  fo r clay soils having 
the necessary sm all po re  dim ensions. So that, a t least as a  
first approxim ation, we m ay assum e the shear streng th  o f  clay 
soils to  be prim arily  dependent on  m oisture tension w ithin the 
range where the soil is subject to  a m oisture deficit. F u r th e r 
m ore it is im plicit in an  understand ing  o f the behaviour o f  soils 
in the unsaturated  range th a t a condition  o f m oisture deficit can 
be developed from  a satu ra ted  soil merely by a  reduction  in 
externally applied stresses. This p o in t can  be illustrated from  
a study o f the conditions obtain ing in a slope excavated in clay 
soil.

F o r such a slope it can  be show n th a t the reduction  in over 
burden pressure owing to excavation m ust be accom panied by 
an  equal reduction  in pore  pressure if  a  condition  o f no  volum e 
change w ith no  change in effective stress is to  be m aintained. 
Furtherm ore, if the reduction  in  overburden pressure is 
num erically greater than  the previously existing p o re  pressure 
then a  negative stress will be induced in  the soil w ater: thus a  
m oisture deficit is established. This m oisture deficit will be 
relieved if free w ater is available, bu t in o rder to  allow the 
in take o f free w ater the void ra tio  o f  the soil m ust increase (the 
swelling effect). U nder these circum stances the soil will 
ultim ately reach a new equilibrium  condition  consistent w ith 
the new hydraulic gradients set up  by excavation o f  the  slope. 
T he ra te  a t which this equilibrium  is reached depends prim arily  
on  the m agnitude o f  the m oisture deficit induced, the  p er 
m eability o f the soil and the availability o f free w ater. T hus 
considerable tim e m ay be entailed in establishing the new 
condition  o f m oisture equilibrium .

W ith the change in m oisture status o f  the soil will go the 
volum e change necessary to  accom m odate the increased m ois 
tu re  con tent and  hence a reduction  in  shear streng th  will be 
achieved. P rovided therefore th a t free w ater is continuously 
o r  periodically available the m echanism  whereby the  shear 
streng th  o f a  clay soil form ing an  excavated slope can reduce 
w ith tim e is m anifest. I t  will be  seen th a t the  reduction  in 
streng th  can be a ttribu ted  to  tw o factors, the  reduction  in  pore 
pressure and  the  increase in void ratio . T he la tte r fac to r can  
only be developed if there is no  external restra in t on  the soil 
m ass, bu t as the surface o f the slope is unstressed this require 
m ent is generally met.

In  the case o f the sheeted trench described by E. DiBiagio  

and  L. Bjer r um (5/2) how ever conditions differ from  those o f  
the excavated slope. T he sheeting supporting  the  trench 
provides som e degree o f  external restra in t to  the soil mass.

F o r  exam ple, if no  volum e change is to  occur in a  swelling 
soil, an  increase o f  1 lb ./sq . in. in the pore pressure (o r a  reduc 
tion  o f the sam e am ount in m oisture tension) m ust be resisted 
by an  equal external restrain t. I t  can  be shown th a t the 
m agnitude o f  the  m axim um  stru t loads m easured on  the 
experim ental trench by the au thors up  to  the end o f N ovem ber 
1956 can be accounted fo r if it is assum ed th a t the stru ts and 
sheeting are perfectly rigid and  the pressures developed are 
equal to  the  change in m oisture tension o f the soil behind the 
sheeting. T o achieve the m easured forces it has been cal 
culated th a t the distance between any po in t on  the  vertical face 
and  the  nearest po in t on  the  free w ater surface w ould have to 
change by an  am ount o f the order o f 1 -5 m  (5 ft.). E xam ination 
o f  the  recorded m ovem ents o f the  w ater table will show  th a t 
this requirem ent is m et where the m easured stru t loads are 
greatest— at abou t the m id-height o f the trench.

T he foregoing analysis assum es th a t a t every p o in t in the  soil 
m ass an  all-round external restra in t o f  m agnitude equal to  the 
change in pore w ater stress can  be developed. H ow ever this 
canno t be so as there is no  restra in t on  vertical m ovem ent o f  the 
horizontal surface o f  the soil. T he analysis does a t least po in t 
o u t however th a t s tru t loads o f  the  required  o rd er can  be
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developed as a result o f  changes in soil m oisture tension. I t  is 
clear th a t the  actual stru t loads will be a  function  o f  bo th  swell
ing pressures and  pressures developed due to  shear stra in  w ithin 
the  supported  soil ; therefore before accepting the au tho rs’ con 
clusions th a t the c ' =  0 analysis is applicable to  the sheeted 
trench case in general, it appears desirable to  a ttem pt to  resolve 
the relative contribu tion  o f these two factors. I t  w ould be o f 
considerable value if the  au thors could  extend their investi
gations to  include the effects o f  allowing the struts to  yield until 
a m inim um  load  on each stru t was recorded.

N . Janbu (N orw ay)

Two o r three m inutes is too  sho rt a tim e to  give any answers 
to  the  questions raised on  P aper 5/4. However, I  should like 
to  say th a t in earth  pressure determ inations from  a  theoretical 
po in t o f view we should distinguish, as has been pointed  ou t by 
o u r President, between tw o sets o f  assum ptions: (1) regarding 
shear streng th ; and (2) regarding the m athem atical approach. 
N o doub t all o f  us today realize th a t ou r problem s lie in shear 
strength. T he uncertainties in  the shear strength  values which 
we in troduce into  ou r analyses m ay in certa in  unfavourab le 
conditions m ean th a t our analyses m ay be afflicted w ith an  erro r 
o f  m agnitude o f  som etim es 50 o r 100 per cent. Therefore, I  
canno t give any definite com parison between the deviations 
regarding the purely m athem atical approach.

I should like to  m ention one po in t, however. I w hole 
heartedly believe th a t since shear strength  investigations are our 
trouble-m aker, the fac to r o f  safety should be placed on  tha t, 
and , therefore, w hen com paring errors to num erical o r m athe 
m atical approaches, we should com pare the errors on  th a t basis, 
th a t is, on  the  equivalent differences in tan  (f>. F o r  instance, in 
th e  N Y value, which is unknow n to  all o f us, w hat is rigorous is 
between 15 and  23, corresponding to  S differences in  tan  <j> o f 
som e 8 o r possibly 10 p er cent.

I  believe th a t in order to increase ou r know ledge o f earth  
pressure determ inations in a general way we have three fields 
a t  w hich we should look w ith considerable interest: (1) a  con 
tinued effort in shear streng th  determ inations; (2) study o f the 
actual behaviour o f earth  supporting  structures to  find ou t how 
these structures behave in the field; and (3) theoretical 
developm ents.

R apporteur G énéral

M onsieur le président, m esdam es, messieurs. Ainsi que 
M. le président vient de le dire, je  ne peux pas avoir l’am bition 
de  résum er de façon précise no tre  discussion de ce m atin. Je 
pense toutefois, q u ’il n ’est pas inutile d ’essayer de rapprocher 
certains points de vue et de localiser certaines contradictions. 
J e  vais donc m ’efforcer de le faire e t je  vous dem ande tou te 
votre indulgence.

A u sujet des apports expérim entaux, la  com m unication faite 
au  début de cette séance p a r J. L. Serafim, du  Portugal, dans 
laquelle il nous a  m ontré  les très hautes pressions qui se 
développent au  bo rd  des tunnels qui ne son t pas circulaires est 
des plus intéressantes. Je voudrais sur ce po in t dire que, même 
p o u r un  m étal percé d ’un  trou  circulaire e t soumis à une  com 
pression hom ogène, il se développe au bo rd  du  trou , ainsi que 
nous le savons, des efforts de deux à  tro ix  fois plus grands que 
l ’effort m oyen. Il en est de m ême, bien entendu dans les sols, 
e t les efforts son t encore beaucoup plus grands, si ce tro u  n ’est 
pas circulaire, p a r exem ple s’il est dem i-circulaire ou, en tou t 
cas, tronqué.

M. Lazarevic nous a  m ontré l’im portance, non  seulem ent de 
l ’anisotropie m ais encore de l’anisotherm ie. N ous le re 
m ercions de sa com m unication.

F. J. M . de Reeper, des Pays-Bas, s’étonne que les déplace 

m ents verticaux et horizontaux dans les expériences relatées 
p a r K . S. L ane pou r ses tunnels soient inégaux; je  crois qu ’il est 
nécessaire à cet égard de rappeler que les expériences de notre 
président, K . Terzaghi, sur la poussée, celles de Johnson  sur 
la  butée, m on tran t que p o u r m obiliser des efforts égaux en 
butée, et en poussée il faut des déplacem ents inégaux et récipro 
quem ent. Je pense aussi que du po in t de vue des tunnels des 
apports intéressants nous on t été fournis p a r T. R . M. W akeling 
et p ar W. H . W ard. Us m ontren t qu ’au tou r des tunnels, la 
souplesse du revêtem ent n ’est pas le seul facteur im portan t m ais 
qu ’égalem ent le fluage intervient égalem ent d ’une façon notable. 
C ’est les cas égalem ent p o u r l’injection faite au tou r de la paro i 
du tunnel. Il m e sem ble aussi que l’accent n ’a it pas été mis 
suffisam ment sur u n  troisièm e facteur qui est le dispositif de 
drainage à  la paroi, c’est-à-dire, la possibilité p o u r la pression 
interstitielle de disparaître.

E n  ce qui concerne les contributions de théorie générale, 
nous avons vu que N. Jan bu  a  été extrêm em ent dem andé 
au jourd ’hui au  cours de cette discussion, loué p a r les uns, 
blâm é p a r les autres, com m e disait Beaum archais. Il est bien 
certain  que l’espérance d ’A lexandre Collin, exprim ée dans un  
livre qui a été tradu it récem m ent au  C anada, où il relate de 
longues observations sur la  form e des surfaces de glissement, à  
savoir que dans un  tem ps relativem ent court on  sau rait déter 
m iner d ’une façon théorique et même pra tique la form e des 
surfaces de glissement, a  été déçue. N ous devons donc choisir 
arb itra irem ent des lignes de glissement puisque le problèm e, 
dans l’é ta t de nos connaissances est indéterm iné. Là, je  rejoins, 
évidem m ent, dans le choix à conseiller p o u r les surfaces de glisse
m ent, toutes les recom m andations rappelées au jou rd ’hui par 
J. Brinch H ansen et celles présentées p ar G . de Josselin de Jong 
dans une séance précédente, à savoir qu ’il fau t que ces surfaces 
de glissement soient com patibles ciném atiquem ent et que les 
conditions lim ites soient satisfaites. J ’ajouterai d ’ailleurs, 
d ’accord avec B ent H ansen, que lo rsqu’on a  affaire, non  pas à 
une zone plastique, m ais à une ligne de glissement qui sépare 
deux zones élastiques, l’in terprétation  de cette ligne est p a r 
ticulièrem ent difficile. N ous observerons aussi com bien est 
utile le recours à  des expériences telles que celles présentées p ar 
no tre  collègue A. R . Jum ikis pou r le choix de la ligne de 
glissement.

P our en arriver aux trois points don t je  proposais la dis 
cussion dans m on  rap p o rt général, je  pense que l’on peu t dire 
que, su r le prem ier po in t, le choix du  facteur de sécurité nous 
pouvons être d ’accord avec S. Hueckel, de Pologne, sur le fait 
qu ’à chaque fois c ’est un  cas d ’espèce. C ’est un  cas d ’éspèce, 
p a r  exam ple, p o u r les plaques enterrées dans un  sol, puisqu’il 
dépend alors du  déplacem ent que l’on peu t légitim ement 
adm ettre. Bien d ’accord avec le W. E. Schm id po u r calculer 
le coëfficient de sécurité, non  pas seulem ent à  court term e, m ais 
sim ultaném ent à long term e et dans les deux circonstances 
indiquées.

L à où il est la plus difficile de conclure, et ceci ne vous 
étonnera pas, c’est sur les points 2 et 3 de m on rap po rt général.

Est-il correct, est-il possible de prendre à  long term e la 
cohésion égale à 0 ?  T ous les o rateurs qui se son t exprim és à 
cette tribune ne son t pas d ’accord sur la  position  à prendre. 
U n  certain nom bre on t été d ’accord sur la possibilité e t même 
l’opportun ité  de prendre à  long term e C  égale à 0, m ais il 
semble bien que la  définition de proposée p a r l ’école am éri 
caine de Princeton, fasse l’objet de discussions.

D éfinir <f>r p a r  l’expression K  =  tan 2 (tt/4) -  (<j>r/2 )  revient à 
m esurer K  au  triaxial e t A. W . Bishop a  m ontré qu ’un  certain  
nom bre de param ètres interviennent soit avec une déform ation 
latérale nulle, soit avec une vitesse de déform ation nulle. N ous 
som m es obligés aussi de no ter que la no ta tion  <j>r a déjà été 
em ployée antérieurem ent p a r le A. W . Bishop dans une 
acception différente.
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D ’autre part, en dehors d ’un équilibre plastique est-il bien 
logique d ’écrire une form ule telle que celle ci dessus?

N ous en arrivons, p ar conséquent, à  dire que c’est sur les 
points 2 et 3 qu ’il y a le plus de flou dans nos discussions. 
N o tre  collègue, le L. B jerrum , nous dit q u ’à court term e in 
contestablem ent, il fau t p rendre com m e caractéristique <j>u =  0 
e t C u ̂  0. A  long term e, il est partisan  d ’une dim inution  très 
substantielle dans la prise en considération de la  cohésion et 
il conseille de prendre <f> effectif, c’est-à-dire le <j> m esuré au  
triaxial, en tenan t com pte de la pression interstitielle et en 
décalant le cercle de M ohr. C ette p roposition  a tou t son 
intérêt, je  le crois, m ais je  pense que suivant le cas d ’expèce, il 
fau t réin troduire la pression interstitielle dans la m esure où 
l’ouvrage lui perm ettra ou  non  de se développer, car il est bien 
certain  qu ’aussi bien dans les tunnels, si on  pra tique des trous 
de drainage, que dans les fouilles ouvertes où  la pression 
interstitielle peu t dim inuer en raison de l’absence de revête 
m ent, cette pression interstitielle peu t évoluer très largem ent.

J ’en arrive ainsi à m a conclusion définitive. Beaucoup 
d ’orateurs on t indiqué à cette tribune que la seule façon 
pra tique d ’aborder le problèm e était de sim uler au  triaxial ou 
en laborato ire, les conditions qui se développent in  s itu .

J ’ai eu la curiosité de rechercher dans les dictionnaires anglais 
e t français, la signification des verbes ‘sim uler’ et ‘to  sim ulate’ 
e t j ’ai constaté que dans les deux langues elle présentait une 
certaine am biguité.

D ans l’O xford dictionary, la signification est là suivante: 
‘donner faussem ent l’apparence d e ... avec l’in tention  de 
tro m p er’. C ’est sa prem ière signification. H eureusem ent, 
elle est suivie d ’une deuxièm e: ‘im iter quelque chose en 
apparence’. C ette acception est un  peu m oins défavorable et 
je  souhaiterais qu ’elle soit adoptée.

The Chairman

I now  ask our President to  close the discussion by saying a 
few w ords in his own inim itable way.

K . Ter za ghi, President (U .S.A .)

W e are all indebted to  J. K érisel fo r his brilliant sum m ary o f 
w hat we have learned in this session and  to  those who gave the 
item s o f discussion w hich provided him  with am m unition.

T he topic o f this session was unique inasm uch as its 
theoretical foundations were laid 180 years ago by the classical 
paper on  earth  pressure which was published by Coulom b in 
1776, and  it has given us a unique opportun ity  to  realize w hat 
has happened since th a t time.

In  1881, abou t 100 years after Coulom b had published his 
paper, one o f  the  m ost p rom inent engineers o f  his generation, 
Benjam in Baker, read, in  this very building, a  paper on  the 
actual lateral pressure o f  earth  w ork in which he discouraged 
em phatically the  application o f theoretical procedures o f any 
k ind  to  the problem s o f ea rth  w ork engineering, and  the 
num erous argum ents which he presented in his paper were 
convincing indeed. E ighty years have elapsed since he read 
his paper, and C oulom b’s theory is today as valid as it was in 
1776, bu t the argum ents on  which Benjam in B aker’s warnings 
were based becam e void because the failures he described were 
due n o t to  defects o f  C oulom b’s theory  bu t to  the com plete 
lack o f knowledge o f the lim its o f the validity o f the theory. 
These conditions have radically changed since B aker’s time, 
because we have acquired  the useful hab it first o f  all of 
exam ining very carefully the  assum ptions on  which our reason 
ing is based, and secondly o f checking ou r conclusions against 
the results o f observations in the field.

The general wedge theory illustrated by the paper presented 
by E. DiBiagio and L. Bjer r um (5/2) is a very good illustration
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of this fact. A ccording to  the general wedge theory, the d istri 
bu tion  o f the lateral pressure on  the tim bering in open cuts is 
n o t triangular bu t roughly parabolic. W hen I published this 
theory abou t 20 years ago I was keenly aw are o f  the fact tha t 
it can only be approxim ately correct, because there was no 
doub t in my m ind th a t the  details o f the  pressure distribution 
depend to  a large extent on  the  m ethod o f construction. Since 
th a t tim e I have m issed no  opportun ity  to  encourage the 
m easurem ent o f  the pressure exerted by the  earth  on  the 
tim bering in open cuts, and  my efforts were n o t w asted because 
we now  know  very well the uncertainties w hich are associated 
w ith the  application  o f  the theory to  the design o f the tim bering. 
As a  consequence, we are already in a  position  to  com pensate 
fo r these inevitable errors and  uncertainties by appropriate  
selection o f  the fac tor o f safety.

A ll these statem ents also apply to  the theories pertain ing to 
the pressure o f earth  o r  o f  rock  on  the lining o f tunnels. 
T herefore the case records presented by contribu to rs to  the 
discussion are vital contributions to  ou r knowledge in the realm  
o f soft ground tunnelling. However, the value o f these records 
w ould be still fu rther increased if  their au thors w ould add  to 
the records p rio r to their publication  a  detailed description o f  
the m aterials to  which their records apply, because I had  the 
im pression th a t in som e o f the records these descriptions were 
ra th e r sketchy, o r entirely absent.

A no ther fac tor which has a great influence on  the  pressure 
o f earth  on  tunnel linings is the m ethod o f construction. T he 
following incident m ay illustrate this fact. A  few years ago 
we h ad  to  construct several thousand  feet o f  drainage tunnel 
th rough  perfectly cohesionless sand. The excavation o f the 
tunnel form ed p a rt o f a con tract aw arded to  a  firm  o f very good 
repu tation , bu t the perform ance o f the con trac to r in the d ra in 
age tunnel was d isappointing in every respect. D uring  the 
first few weeks the average progress was 6 in. per day and the 
slope located above the tunnel entrance becam e do tted  with 
sink holes, because m ost o f  the excavated m aterial h ad  entered 
the tunnel th rough  the roof. O n account o f  these conditions 
it becam e obvious th a t the tunnel w ould be far m ore expensive 
th a n  we anticipated and  th a t the deadline for its com pletion 
could no t possibly be m et. T he prospects fo r the fu ture  were 
gloomy indeed. O ne evening, after I had  returned  from  the 
jo b  in a  depressed state o f  m ind, I started  to  chat w ith the 
jan ito r o f  the guest house. In  his private capacity he was the 
husband  o f the cook. T he jan ito r to ld  m e in the  course o f  
conversation ab o u t his younger days w hen he was still a 
p rospector in the fam ous K aribou  district on the U pper F raser 
R iver, and  he described to  m e the difficulties w hich they had to 
overcom e in m ining th rough  w ater-bearing silty sand in o rd e r 
to  reach the gold-bearing gravel. L istening to  his accounts I 
got the im pression th a t he knew  m uch m ore ab o u t soft ground 
tunnelling than  the  forem an on o u r drainage tunnel. H ence 
next m orning I called on  the  general m anager and proposed 
replacing the forem an on the tunnel job  by the jan ito r o f the 
guest house. A fter some initial hesitation and inquiries m y 
proposal was accepted and  the  results were gratifying indeed. 
W ithin a  sho rt tim e the average daily progress increased from
6 in. to  4 ft. The jan ito r was visibly rejuvenated, and  th e  
tunnel was com pleted w ithin the specified tim e and  a t  a  cost 
which was close to  the  estim ated am ount. There is no  doubt 
in m y m ind th a t the earth  pressure on the lining in the first 
section o f the tunnel located below a series o f sink holes was 
very different from  the earth  pressure on the  section which was 
so successfully m anaged by the jan ito r.

T he influence o f  factors o ther than  the physical properties o f 
the  earth  and the dim ensions o f the tunnel on  the stresses in the 
tunnel support was also b rought o u t by the following incident. 
Som e 30 years ago, when I was connected w ith the construction 
o f a rock  fill dam  in Algeria, a  large diam eter outlet tunnel was.



m ined th rough  a  very stiff and  slickensided, Eocene clay. The 
progress was satisfactory and  the load  on  the tunnel support 
was consistently m oderate. A fter the tunnel was excavated 
over abou t ha lf its length, the m iners w alked ou t on  account 
o f  a  wage d ispute and  the tunnelling operations w ere dis 
continued over a  period  o f ab o u t two weeks. D uring  this 
period the load on  the tunnel support increased in the proxim ity 
o f  the heading to  such an  extent th a t tim bers w ith a diam eter 
o f 14 in. were com pletely crushed.

A lthough I know  the influence o f  the m ethod o f construction  
a nd  the ra te  o f  progress on  the earth  pressure on  tunnel sup 
po rts from  experience, I  am  unable to  account fo r it on  purely 
theoretical grounds. H ence in the  realm  o f tunnelling, too, 
theory  can be m isleading unless ou r theoretical knowledge o f 
the  subject is supplem ented by the digest o f  the results o f 
reliable field observations.

N . Janbu (N orw ay)

Since three o f the con tribu to rs to the discussion in session 8 
referred to  Paper 5/4, an  answ er seems to  be justified. H ere, 
particu lar em phasis will be given to  the  accuracy o f the 
generalized procedure o f slices as com pared to  o ther well-known 
p rocedures: also the condensed study below will be concerned 
only w ith the discrepancies due to  differences in the m athe 
m atical approach. These discrepancies will be given in term s 
o f  required  per cent change in shear strength o r safety fac tor (F ) 
to  ob ta in  identical results, because it is only these differences 
which can be directly m atched against the uncertainties in shear 
streng th  determ inations, and  differences in  applied safety 

factors.

E a r th  p r e s s u r e —F o r earth  pressure calculations the largest 
relative differences between J. B rinch H ansen’s m ethod  and 
P aper 5/4  are found  for rough  walls, such as show n by examples 
in T able 1.

observed are very sm all as com pared to  the uncertainties 
associated w ith ou r shear streng th  determ inations, and  the 
discrepancies due to  different choice o f safety factor, and 
roughness.

T o indicate the effect o f roughness, the  following exam ple is 
illustrative: I f  one person uses r =  1 while the o ther uses r =  0-5 
the difference in F  (o r tan  <f>) is roughly som e 20 per cent fo r this 
reason alone.

F o r the conditions com pared it is believed th a t the two 
m ethods are  very nearly o f  equal reliability in  practice. I t  is 
well know n, however, th a t by m eans o f  J. B rinch H ansen’s 
general earth  pressure theory one can  handle a  great variety o f 
earth  pressure problem s where o ther theories fail, particularly  
for given relative deform ation o r yield.

B e a r in g  c a p a c it y —In  Table 2 a relative com parison is m ade 
between the bearing capacity form ulae suggested by J. Brinch 
H ansen (G eneral R eport, D ivision 3a) and  those included in 
Paper 5/4.

T able 2

C om parisons betw een J. B rinch H ansen  an d  P ap er 5/4 fo r vertical 
an d  inclined fo u n d a tio n  loads

q

y B

0-5 
10
1-5
2-0

V e r t i c a l :  %  d i f f e r 

e n c e  in  F  o r  
tan  d>e

25° 30° 35

1-0 

-1-5 
-4-0 
-5-5

3-0
1-0

-1-5
-3-5

4-5
2-0
0

- 1 5

Assum ed : q l y B  =  D I B

0
0-1
0-2
0-3

I n c l i n e d :  %  d i f f e r 

e n c e  in  F  o r  
tan  S e

=  25° 30° 35

-1-5
-1-5

10
6-5

10
- 0 - 5

1-5
5-5

2-0
0-5
1-0 
4-5

A ssum ed: q l y B  =  D / B

R e m a r k s

H orizon ta l te rrain , 
c  =  0 , L = ° o  (tw o- 

dim ensional). A 
m inus sign in 
d icates lower 
values by Paper 
5/4 than  by J. 
Brinch H ansen , 
G en. R ep. Div. 
3a

T ab le  1

C om p ariso n s  betw een J. B rinch H ansen  and  P ap er 5/4 fo r active and  
passive ea rth  p ressure (m axim um  differences, r = l )

<7
yH

Active: %  differ
ence in F  or 

ta n  iAc

Passive: %  differ
ence in F  or 

ta n  <f>c Valid fo r :

¿ e = 2 5 °

oOr*) 35° 4>e =  25°

Oo

35°

3-5 3 0 2-5 4-5 4 0 3-5 V ertical walls, h o ri 
0 1 5 4-5 3-5 3 0 5-5 5 0 4-5 zo n ta l te rra in ,
0-30 5 0 4 0 3-5 6-5 6 0 5-5 c =  0, r =  1 

(rough) and  L  =  
oo (tw o-dim en 
sional)

F ro m  T able 1 it is readily seen th a t the m axim um  difference 
between the two m ethods is o f  the o rder o f  m agnitude o f 5 to
6 per cent fo r all practical purposes. I t  is also quite correct 
th a t the values obtained from  P aper 5/4 (for r =  1) lie on  the 
unsafe side o f J. B rinch H ansen’s.

I t should be noticed, however, th a t J. B rinch H ansen’s values 
fo r r =  1 and  q >  0 m ust be slightly on  the safe side because the 
principle o f  super-position, which is involved in his analyses, is 
n o t valid, strictly speaking. Therefore, the differences between 
Paper 5/4 and  a  m ore rigorous solution m ust be even sm aller 
th an  given in T able 1 fo r # > 0, probably  less than  3 to 4 per cent. 
M oreover, fo r decreasing r  the differences decrease rapidly 
dow n to  zero for r = 0.

A ltogether, I believe th a t even the m axim um  differences

F rom  Table 2 it is seen th a t the relative discrepancy between 
the two m ethods is usually less th an  ±  5 to  7 per cent. Since 
bo th  form ulae are only approxim ations, prim arily intended for 
practical use, it is alm ost surprising th a t the differences are so 
small.

T here is one exception, however, nam ely for high values o f 
P iJ P v close to  tan  cf>e, in which case the relative difference m ay 
becom e considerable: b u t neither o f the two approxim ations 
is very accurate for this lim iting condition. However, this 
circum stance is o f  little practical interest because in actual 
design (for instance o f  gravity retain ing walls) the m axim um  
inclination o f the foundation  load  will rarely exceed <f>el 2, 
corresponding to  a m axim um  P h P v o f roughly 0-3 to  0-4.

Again, I th ink  one can conclude th a t the two m ethods are 
very nearly o f equal reliability for the conditions m ost fre 
quently encountered in practice.

T o obtain  m ore accurate inform ation o f the bearing capacity 
for large inclinations o f the load m ore theoretical and  experi 
m ental w ork is still needed. In  this connection it will be o f 
im portance to  study in greater detail the interesting m odel 
tests reported  by A. R . Jum ikis in his discussion. A  review 
o f previous tests will also be necessary.

S lo p e  s ta b i l i ty —The procedure outlined in P aper 5/4 was 
originally developed for the purpose o f exploring the stability 
conditions fo r irregular soil and slope profiles, because it is 
m ainly for these conditions th a t the slip circle m ethod m ay lead 
to safety factors on  the unsafe side, as already verified by several 
exam ples from  practice.

Furtherm ore, for an assum ed slip surface and  chosen line of
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th rust all internal forces and stresses along the slip surface m ay 
be calculated for F =  constan t irrespective o f  the  stratification 
and variations in c and <f>. N um erical exam ples have already 
been w orked out, bu t n o t yet published.

A  m ore detailed publication concerning the application o f the 
m ethod described in  P aper 5/4 is being prepared, and when 
available it will also include som e num erical exam ples o f the 
kind asked for by A. Lazard .

B. Kujundzic  (Y ugoslavia)

A  propos des discussions des V. M encl et F . J. M . de R eeper 
sur les lignes des déform ations radiales d ’une galérie circulaire 
creusée dans un  m assif rocheux et sollicitée p ar une charge 
hydrostatique interne, lesquelles on t été présentées dans m on 
rap p o rt 5/5, je  voudrais bien donner quelques explications 
com plém entaires.

A u laborato ire  de l’in stitu t H ydrotechnique à Belgrade nous 
avons effectué récem m ent des essais sur m odèle représentant, 
d ’une m anière convenable, u n  milieu ortho trope. L ’ouverture 
circulaire creusée dans le m odèle a  été soum ise à une charge 
rad iale interne et les déform ations on t été m esurées. L a ligne 
des déform ations radiales obtenue a été de form e de lemniscate 
avec quatre  points d ’inflexion.

D ans no tre  rap p o rt nous avons constaté que, à part de 
stratification et schistosité, l’é ta t de tension dans le m assif 
rocheux après l’excavation de la galérie, influence aussi la 
fo rm e de la ligne des déform ations radiales. Essentiellem ent, 
il existe deux influences: les caractéristiques m écaniques des 
m assif rocheux aussi bien que son é ta t de tension.

D es recherches systém atiques sur ce problèm e sont en courts.

C. L o r n  (Italy)

B. K ujundzic dans sa com m unication 5/5 rapporte  les 
résultats des mesures des variations de longueur des diam ètres, 
sous l’action  des pressions intérieures, conduites p a r lui sur 
cinq tunnels : les diagram m es obtenus dém ontrent l’anisotropie 
de l’am as rocheux qui, selon B. K ujundzic, est dû à  la stratifi 
cation, à  la fissuration, à la  scistosité et à toutes les alterations 
fisique du  rocher; il arrive à la conclusion que la théories de 
Lam é, valable po u r les m ilieux isotropes, doit être adaptée à 
l’an isotropie réelle.

V. M encl, dans la  discussion, observe que les différences des 
déform ations sont dûes à l’é ta t de con train te  determ iné dans 
le rocher au tou r de l’escavation, de traction  à  la clé e t de com 
pression à la  retom bée. Il est clair que le m ateriel dans cet 
é ta t des contrain ts a des différents réactions aux efforts suivants.

Je  ne veux pas en trer en discussion sur les causes qui déterm i
n en t les différentes distributions des deform ations dans un  
tunnel, et j ’observe seulem ent que probablem ent toutes les deux

raisons, données p a r B. K ujundzic et V. M encl, son t croyables; 
tandis que je  ne peux pas être d ’accord avec B. K ujundzic, avec 
sa conclusion d ’adap te r la théorie du  tube de L am é à  l’aniso- 
trop ie  réelle.

Il est m ieux à m on avis, com m e d’ailleurs fait allusion l’au teu r 
m ême, de reduire l’anisotropie p a r des injections de ciment.
Il est evident que les injections de cim ent, particulièrem ent si 
elles son t concentrées dans u n  anneau de rocher de pas grand 
epaisseur a u to u r du  rêvetem ent, peuvent am éliorer l’é ta t fisique 
du rocher en lui donnan t l’isotropie que nous cherchons.

D es essais récents, faits en petits tunnels p o u r la déterm ina 
tion  du  m odule élastique d u  rocher de fondation  d ’un  barrage

Rocher

£", e r ,  = mode! plastique et rayon du rêvetement 

^2  e r 2 = "  ■■ ■■ du rocher injecte

^3 e r3 '  "  "  "  •• du rocher naturel

Fig. 32

o n t dém ontré que les injections de cim ent ne peuvent pas seule 
m ent am éliorer m ais rendre aussi très uniform e le m odule 
elastique. D ’autres essais systém atiques, et plus en grand  sont 
actuellem ent en  cours et nous espérons de donner des résultats 
bientôt.

Il s’agit p a r  conséquence, au  lieu d ’in troduire le facteur 
anisotropie, qui varie de place en place et que l’on  devrait 
déterm iner avec des m esures continuatives p o u r tou te  la 
longueur du tunnel, de faire l’application  des form ules de Lam é 
au rêvetem ent et à  un  anneau de rocher a u to u r du rêvetem ent, 
anneau qui sera am élioré p ar les injections e t qu i au ra  un 
m odule élastique très uniform e: au  dehors de cet anneau, les 
efforts son t si réduites que l’anisotropie de l’am as rocheux n ’a 
aucune influence sur la d istribu tion  des con train ts dans le 
rêvetem ent.
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