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real d iffe re n ce .
The measured stren gth  of the c la y  i s  

such that the v e r t ic a l  fa ce  of c la y  would he 
expected to stand without support, i . e .  the 
ca lcu lated  a ctiv e  pressure i s  zero. This re­
su lt was more or le s s  expected, since i t  i s  
known th at the behaviour of the London Clay 
in  s t a b i l i t y  problems i s  u su ally  co n tro lled  
by the strength , not of the mass of the c la y , 
but of the c la y  su rfaces exposed in  the f i s ­
sures.

The shear stren gth  of a homogeneous maas 
of c la y  which would exert the measured pres­
sure i s  given in  fig u re  6. This value increases 
with depth which suggests th at the strength 
in the f is s u r e s  i s  lowest near the surface; 
a conclusion which would accord w ith the 
known fa c t  th at the w all moved forward fa r ­
thest at the top, thus allow ing the f is s u r e s  
to open widest near the ground surface.
Whether these f ig u re s  can be taken as an es­
timate of the actual stren gth  of the c la y  
along a surface passing through the f is s u r e s  
is  doubtful as the problem is  com plicated by 
the tension crack which can e x is t  at the sur­
face  of the c la y .

The whole w all was moving forward when 
the measurements were made in  P it  I .  An e s t i ­

mate of the average shear strength  along any 
p ossib le  surface of fa i lu r e  can th erefo re  be 
made by tre a tin g  the problem as analogous to  
the s t a b i l i t y  of a v e r t ic a l  bank. This shear 
strength  l i e s  between 800 and 1.000 lb / s q .f t .  
depending on the assumptions made. The a c tiv e  
pressure on the back of the w a ll, ca lcu la ted  
from th is  shear strength i s  22 to 27 tons, 
which i s  of the same order as the maximum 
pressure measured i . e .  18 .7  tons to 23.5 tons 
according to  the assumptions made.
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SUMMARY.

The paper o u tlin es some o f the re su lts  o f an extensive program o f research 
concerning la t e r a l  earth  pressures which has been in  progress at Princeton 
U n iversity  since 194.3 under the sponsorship o f the Bureau o f Yards and Docks, 
Navy Department, Washington, D.C.

Tests were performed at a 1 :5  and a 1:8  model sca le  with f le x ib le  anchor­
ed bulkheads. Supplementary te s ts  were carried  out under pressures o f proto­
type in te n s ity  in  a s p e c ia lly  designed laboratory device termed the "L a te ra l 
Earth Pressure M eter." The s o ils  used included submerged sands, c lay s  and mixt­
ures o f sand and c la y . Clays were placed in  a com pletely f lu id  condition and 
measurements were continued through a l l  stages of con solid ation . The e f fe c ts  
o f movements o f the support were studied. The re su lts  o f various types o f la ­
boratory shear strength  te s ts  and o f conventional methods o f la t e r a l  pressure 
computations were compared to the experimental va lu es.

Conclusions are presented which suggest lim ita tio n s  and rev isio n s o f sev­
e ra l conventional concepts. A p ossib le  method o f approach to the design of 
f le x ib le  bulkheads i s  ou tlin ed .

INTRODUCTION

Coulomb's treatment (1776) of la t e r a l  
earth pressures was based on the conditions 
p rev ailin g  a t the moment o f rupture along a 
d e fin ite  surface in  the b a c k f i l l .  Rankine's 
(1857) treatment o f  the m atter was equivalent 
to an assumption that the s o il  i s  in  a s ta te  
of in c ip ie n t fa ilu r e  without any motion being 
necessary to induce such fa i lu r e .  Rankine 
o r ig in a lly  re la te d  the la t e r a l  pressures to 
the angle of in tern a l f r ic t io n  o f the s o il  
which was u su ally  assumed as being equal to 
the angle o f repose. Later m odifications of

Rankine's theory by R6sal (1910) and others 
extended the a n a ly s is  to c la y s  and introduced 
the value o f the "cohesion" which in  determin­
ed from various procedures o f lab oratory  
strength  t e s ts  ca rrie d  to complete f a i lu r e .

T erzag h i's  la rg e -s c a le  model stu d ies w ith 
r ig id  re ta in in g  w a lls  and granular b a c k f i l ls  
le d  him to introduce the concept o f earth p r e s ­
sure "at r e s t"  which was shown to be somewhat 
greater than the "a c tiv e "  p ressure. A s lig h t  
outward movement o f 0 .1 per cent o f  the height 
o f the re ta in in g  w all was shown to be s u f f ic ­
ie n t to achieve the tra n s it io n  to an "a c fiv e "
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state where granular soils were concerned. 
Terzaghi in 1936 drew the conclusion thatsref 2) 
"The fundamental assumptions of Rankine's earth 
pressure theory are incompatible with the known 
relation between stress and strain in soils, 
including sand." - No experimental data was 
then available concerning the lateral press­
ures of cohesive soils as related to their de­
formations. Nevertheless, the conventional 
stress-strain concepts of mechanics of solids 
appear to nave been extended to cohesive soils, 
since in 1943,7)(p. 96) Terzaghi states in sup­
port of the reasoning which justified the theo­
retical pressure distribution shown by Fig.3a 
of this paper: - "It is assumed that the yield 
of the wall is sufficient to transfer the en­
tire sliding wedge to a state of plastic equi­
librium. If the backfill consist of clay the 
yield required to satisfy this condition may 
be greater than 5 per cent of the height of 
the wall". - This statement assumes that out­
ward yielding of the wall will decrease later­
al pressures against it. Fig. 3a appears to 
refer to stiff clays, but the corresponding 
analysis has not been limited to any range of 
clay consistency.

Data published, also in 1943* by Peck, 5)
(p. 1030 and 1035)showed however, that outward 
motion of the sheeting of Chicago subway cuts 
in excess of 1.0$ of their depth on the con­
trary increased the active pressures of the 
clay. This can be explained by Conclusion No.4 
of this paper.

Housel,6)(p. 1015, Fig. 41) published in 1943 
the results of measurements on Detroit tunnels 
which gave at equilibrium a ratio of 0.66 be­
tween the lateral and the vertical pressures.

The tests which have been in progress 
since 1943 at Princeton University under the 
direction of the senior author provided the 
first known opportunity for the experimental 
determination on large-scale models of lateral 
pressures exerted by clay and by sand-clay 
backfills at various stages of consolidation 
10 ).

THE TE3T PROCEDURES AND RESULTS.

The general set-up of the 1:5 model scale 
tests is shown by Fig. 1. The testing tank is
13 ft. wide. Three independent bulkhead sections 
were used to eliminate the effects of fric­
tion against the side walls of the tank. The 
main measurements were performed on the cen­
tral 5 ft. wide section.

Deflections were measured by mechanical 
dials to an accuracy of 0.001 in. Bending 
strains of the steel bulkhead were measured

by means of SR-4 electric resistivity strain 
gages which can detect strains of a millionth 
of an inch per inch 8). Reactions at the sup­
ports "A" and "B" were also measured by means 
of dynamometers equipped with SR-4 strain 
gages. The vertical reactions "V" were meas­
ured by means of Carlson cells. The pore pres­
sures in clay backfills were measured by means 
of Carlson pore pressure cells. For a detailed 
description see 10).

A silty red clay with a liquid limit of 
31% and a plasticity index of 7fa was used for 
the tests and was placed in the tank at a 
semi-liquid consistency corresponding to 3 
blows on the liquid limit device. After com­
pleted consolidation, undisturbed samples were 
taken by thin-walled samplers from 4 in. - 
diameter lined bore holes in the backfill. Un­
confined compressive strength and direct and 
triaxial shear strength tests were then per­
formed in the laboratory.

Another similar test was performed with 
a mixture consisting of 50$ of the previously 
mentioned silty red clay and of 50fa of well 
graded clean "bar" sand.

In both cases the bulkhead deflections 
decreased during consolidation as shown by 
Fig. 2 - (III). The pore pressures in the 
backfill, the reactions at the horizontal sup­
ports and the bending strains of the bulkheads 
all decreased simultaneously. The laboratory 
shearing strength characteristics of the two 
backfills were entirely different; neverthe­
less, after completed consolidation the total 
lateral pressure had approx. the same value in
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both cases. The model s im ila r ity  of t e s ts  with 
th is aet-up and with cohesive b a c k f i l ls  was 
checked under pressures of prototype in te n sity  
by means of the "L atera l Earth Pressure Meter" 
i l lu s tr a te d  by F ig  4, 1 1)  The la t e r a l  p ress­
ures against the two r ig id  and r ig id ly  support­
ed upper rin gs were used fo r  the pertin ent 
comparisons, since the s o il  in  th at upper zone 
of the apparatus i s ,  fo r  a l l  p ra c t ic a l purpos­
es, fre e  from any re stra in in g  shear stresses  
at i t s  boundaries. In addition to the p rev i­
ously mentioned s i l t y  red c la y , a blue co lor­
ed c lay  with a liq u id  lim it  o f 40% and a p la s­
t i c i t y  index o f 18% was a lso  te s te d . The re ­
su lts  led  to the form ulation o f conclusions 
No. 1 , No. 2 and No. 5-

The bulkheads of the set-up i l lu s tr a te d  
hy F ig . 1 were perm itted to y ie ld  1 .5  % of 
th e ir  height in  the manner shown on F ig . 2 -  
(I) and F ig . 2 - ( I I ) -  Neither type o f motion 
decreased the la te r a l  pressures o f cohesive 
b a c k f i l ls  against the upper portions of the 
bulkhead below th e ir  "consolidated equilibrium " 
values, even when the s i l t y  red c la y  and the 
sand-clay mixture had been p reviously  over- 
consolidated by the ap p licatio n  of a 6 f t .  wa­
ter  surcharge (F ig . 1 ) .  The pressure d i s t r i ­
bution was found to be e s s e n t ia lly  as shown by 
F ig . 3-h. This led  to the form ulation of Con­
clusions No. 3 and No. 6.

A fter these conclusions had been present­
ed in  January, 1947 by the senior author to 
the Annual Meeting of the American Society  of 
C iv il Engineers (published in  10), 1948), he 
was informed by a le t t e r  from Mr. Geuze o f so 
fa r  unpublished t e s t s  performed in  1934 in 
Holland with a confined t r ia x ia l  apparatus.
The r e s u lts  o f these t e s ts  are in  general agree­
ment with our fin d in gs and conclusions sim ilar 
to our own were independently arrived  a t.

Tests performed with submerged sand back­
f i l l s  indicated  th at no "arching" 3) could 
develop during normal b a c k f i llin g  operations 
because of the p rogressive elongation o f the 
anchor and of the re su ltin g  breakdown of any 
"arch", which lo s t  i t s  support at an "abutmmt?1. 
Induced d e fle c tio n s  a fte r  completed b a c k f i l l ­
ing, o f the type which led  Stroyer 1) to a t­
trib u te  considerable importance to arching as 
a re s u lt  o f h is  experiments, cannot develop 
in  the f i e l d  without a corresponding y ie ld  of 
the supports. This and other fin d in gs 10) led  
to a form ulation o f Conclusions No. 7 and No.
8, which have been fu rth er confirmed by the 
re su lts  obtained so fa r  with a 1:8  model scale 
set-up fo r  combined a c tiv e  and passive earth 
pressure t e s ts ,  shown on F ig . 5* This set-up 
became possib le  as a re s u lt  of the develop­
ment at Princeton of a procedure fo r  the use 
of Sii-4 s tra in  gages under water 9) and 1 1 ) .

F ig s. 6, 7» 8 and 9 show the r e s u lts  o f 
two ty p ic a l t e s ts  -  No. 12A and No. 51 -  and 
the e f fe c ts  o f normal b a c k f i l l in g , o f anchor 
y ie ld  and o f compaction of sand by v ib ra tio n , 
on e sse n tia l valu es. In the case o f homogen­
eous sand both below and above the dredge 
le v e l (F ig. 9) i t  proved p ossib le  to d eter­
mine the pressure d is tr ib u tio n  by means o f a 
combined double d if fe r e n tia t io n  and graphical 
correction  procedure 10 ). The shears were de­
termined from V =* dM/dh, were checked at an­
chor le v e l by the anchor dynamometer readings 
and the remaining points p lo tted . A smooth 
curve was drawn through them which was then 
used to determine the la t e r a l  pressures from 
p = dV/dh. (F ig . 9) In the case o f layered 
systems ( f ig s .  6, 7, 8) th is  procedure was 
not possib le  and the pressure d is tr ib u tio n  
above dredge le v e l  was estim ated (F ig . 8) from 
simultaneous equations compatible with bend-

L ateral earth pressure meter.

FIG.4

Set-up fo r  combined a ctive  and passive 
earth pressure t e s ts .

FIG. 5

ing moments at two c h a ra c te r is t ic  p o in ts .10 ). 
The a ctiv e  pressures a t dredge le v e l were 
found to be much sm aller than u su ally  assumed. 
(Conclusion No. 8) r e f  4 .)

I t  can be shown 10) that with a safe 
depth of embedment a l l  that i s  needed fo r  
bulkhead design i s  the depth "z" at which

i s  lo cated  and the pressure d is tr ib u tio n  down 
to that depth. These values can be a ccu rate ly  
determined by our te s tin g  procedures. The r e -
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search in progress at present aims at the de­
termination of these critical values for 
stable limiting conditions. (Conclusion No.9) 

These data will be discussed further and 
other relevant points will be reported in a 
second paper, "Effect of Boundary Conditions 
on Lateral Earth Pressures" which is being 
prepared by the senior author and Mr. John D. 
Welch for publication in a later volume of 
the Proceedings of this Conference.

Acknowledgement is due to The Bureau of 
Yards and Docks, Navy Department, Washington,
D.C. for the sponsorship of the research 
program described. Commander L.C. Coxe (CEC)
U3N; Mr. Harry Epstein and Mr.L.A. Palmer 
participated in discussions of the subject 
matter of this paper.

Dr. Karl Terzaghi originally suggested 
to the senior author the use of SR-4 electric 
resitivity strain gages for this type of study.

Messrs. Edward R. Ward, John R. Bayliss 
and John D. Welch took an active part in this 
research.

CONCLUSIONS

1) Consolidation of clays has been observed to 
involve a decrease of their volume and a 

simultaneous decrease of their lateral press­
ures. In the terminology of conventional mech­
anics of solids this is equivalent to saying 
that the lateral pressure was reduced by a 
positive increment of effective shearing stress 
which was accompanied by a negative increment

I_ ■«,</i U--  .
s r -o 1

Test 51 Bulkhead embedded in sand.
(for general layout see fig.5)

FIG.9

of strain. Hence it is obvious that the con­
ventional stress-strain and failure concepts 
of the mechanics of solid materials cannot be 
applied to the determination of lateral press­
ures exerted by naturally consolidated clays 
in a "consolidated equilibrium" or an "at rest" 
condition. In that condition such soils are in 
a state of plastic equilibrium.
2) The "consolidated equilibrium" lateral pres­

sures of two types of saturated plastic
clays tested so far were found to equal approx. 
one half of the applied vertical intergranular 
pressures at all pressure intensities. The 
highest pressure applied was one ton/sq. ft. 
for one clay and two tons/sq. ft. for the other. 
This value of the ratio corresponds to

an approx. value of the ratio K^s + w =̂ 0.75

for a submerged soil if the combined weights 
and pressures of the buoyed solids and of the 
water are used for its computation. This lat­
ter value was measured on the model bulkheads 
(Fig. 1).
3) Induced limited expansion of naturally con­

solidated plastic clay backfills with no
restraint at adjoining boundaries did not fur­
ther decrease their lateral pressure. Hence 
under normal field conditions the "active" 
similarly unrestrained lateral pressures of 
such clays appear to be approximately equal to 
their "consolidated equilibrium" or "at rest" 
pressures.
4) Conclusion No. 3 should partially hold in
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respect to over-consolidated, natural c la y s  
which are se n s itiv e  to remolding. Induced ex­
pansion i s  l ia b le  to break down th e ir  b r i t t l e  
inner stru ctu re and as a r e s u lt  even increase 
th e ir  a ctiv e  la t e r a l  pressure in  comparison to 
th e ir  "a t re s t"  condition.
5) During the Princeton t e s ts  no g en erally  

v a lid  re la tio n sh ip s  could be estab lish ed  be­
tween the r e s u lts  o f la te r a l pressure measure­
ments and the shearing strength o f c la y s  and 
of sand-clay m ixtures as determined in  the 
lab oratory  by various conventional kinds of 
strength  te s ts  ca rried  to fa i lu r e .  No such gen­
e r a lly  v a lid  re la tio n sh ip s are to be expected 
in view of the fa c t  that no rupture can be in­
duced in  a p la s t ic  b a c k f i l l  by normal bulkhead 
motions.
6) The conventional assumption that there i s  a 

zone o f zero la t e r a l  pressure against the
upper p ortion  o f re ta in in g  stru ctu res b a c k f i l l ­
ed. with cohesive s o i l  does not hold fo r  p la s t ic  
c la y s .
7) "Arching" in  submerged sand b a c k f i l ls  does 

not decrease bending moments of f le x ib le
bulkheads to the extent sometimes assumed,since 
i t  cannot develop during normal b a c k f i l l in g  
operations. When induced by la t e r  bulkhead d is ­
placements, "arching" may even be accompanied 
by an increase of to ta l  pressure and a r e s u lt ­
ing increase o f the maximum bending moments. 
Further, a l l  "arching" has an unstable charac­
te r  and should not be r e lie d  upon in  the design 
o f f le x ib le  bulkheads.
8) Shearing s tre ss e s  at r e la t iv e ly  r ig id  bounds 

a r ie s  o f the b a c k f i l l  have an appreciable
e f fe c t  on the decrease o f la t e r a l  pressures o f 
the b a c k f i l l  when i t  undergoes deformations.
To such boundary e f fe c ts  and not to "arching" 
should be a ttrib u te d  any cases o f greater f u l l -  
sca le  bulkhead s t a b i l i t y  in  the f i e l d  than would 
fo llo w  from conventional design procedures which 
n eg lect these boundary e f fe c ts .
9) The suggested sem i-em pirical procedure fo r  

bulkhead design ou tlin ed  in  th is  paper,when
f u l l y  developed, promises to provide a method 
fo r  taking care of the many imponderables which 
a f fe c t  bulkhead design. F in al recommendations, 
must however, await completion of the present 
research program.
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V b 3
EARTH PRESSURE ON FTEYTBT.Hi WALLS 

S. PACKSHAW, B .Sc.

A w all might be defined as a f le x ib le  
w a ll i f  i t  d e fle c ts  to  the extent of -J# or 
more of i t s  span when subjected to  the load­
ing fo r  which i t  i s  designed. In general, th is  
d e fin it io n  embraces sheet p ile  w alls  and to  a 
le s s e r  extent L-shaped rein forced  concrete 
ca n tile v e r  w a lls . Most of the re ta in in g  w a lls  
of any magnitude th at are now designed f a l l  
w ithin  one or other of these ca teg o ries and 
the importance of an accurate assessment of 
th e ir  behaviour th erefo re  needs no fu rth e r  em­
phasis .

In evalu atin g  the earth pressure on a 
f le x ib le  w a ll i t  i s  customary to assume that 
the magnitude of the to ta l  pressure i s  much 
the same as on a wadi of any other type, pro­
vided the y ie ld  of the w all i s  s u ff ic ie n t  to

permit the s o i l  to  develop i t s  f u l l  shear 
stren gth , so th at the pressure drops from the 
"at re s t"  value to the a c tiv e  valu e. As th is  
s t ip u la tio n  excludes only ex ce p tio n a lly  r ig id  
w a lls , tunnels and so on, i t  need be consider­
ed no fu rth e r . For ordinary w a lls , including 
the f le x ib le  typ es, the a c tiv e  earth  pressures 
can be ca lcu la ted  w ith reasonable accuracy 
from the c la s s ic a l  earth  pressure th eo ries 
such as those of Coulomb, Rankine and so on, 
provided the lim ita tio n s  of these th e o rie s  are 
recognised and the r e s u lts  m odified according­
ly .  These th e o rie s  are simple and convenient 
and the circum stances in  which they can be 
used without introducing la rg e  erro rs -  at any 
rate  in  comparison w ith  the in accu racies s t i l l  
inherent in  a l l  earth  pressure c a lc u la tio n s


