
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


300

to consideration. There is further no founda
tion for the assumption that on the left side 
of the bulkhead the passive earth pressure is 
fully mobilized. This assumption leads to the 
necessity of further assuming a concentrated 
force at the lower edge of the sheet piles,in 
order to comply with the conditions of equilib
rium, of the system, and with the shape of the 
curves. However the arguments given in favour 
of the real existence of the said force are 
not convincing.

It is not the puipose of this paper to in
vestigate all curves. We are limiting ourselves 
to the curves of type II corresponding to the 
deflection of real bulkheads.

Assuming the equilibrium of the sheet pile 
to be that of the scheme of free earth support 
(Fig. 1), we draw two theoretical curves (Fig. 
18 and Fig. 19) of which the first corresponds 
to fully mobilized passive earth pressure and 
the second to a passive earth pressure mobiliz
ed by 5C%, i.e. with a coefficient of stabil
ity reserve equal to 2, according to Krey,and 
with a triangular passive pressure area, such 
as bd^d on Fig. 19.

We draw the first curve computing its or
dinates according to the general theory of 
strength.

We draw the second curve, using for the 
sake of simplicity, the methods of graphic sta
tics. On Figures 12 and 13 are represented un
der a) the static schemes and under b) the dia
grams of bending moments and c) the elastic 
lines of tbe sheet pile.

Comparing these theoretical curves with 
the experimental ones, we see that as regards 
type II no deflection at the lower edge could 
be observed. We assume that the deflection at 
the lower end of the sheet pile must be less 
important than the displacement of the sheet 
piles to the left, which is the condition of 
mobilizing the passive earth resistance.

This explains, to our understanding,why 
in curves relating to type II the displacement 
of the lower edge of the sheet piles was to
wards the left. It results therefore from the 
above statements that theoretical curves with 
charges as assumed according to the scheme of 
free earth support, are not far from the cur
ves type II observed.

As a consequence we arrive at the conclu
sion that one comes nearer to the truth by cont- 
puting bulkheads according to the scheme of 
free earth support,than one would obtain fol 
lowing the method of fixed earth support. It 
would be highly desirable to undertake further 
investigation by way of experiments, especial
ly on models of greater size than we could use 
for our investigation.
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SUMMARY.

This paper forms the continuation of the paper "Lateral Earth Pressure as 
a Problem of Deformation or of Rupture” by Gregory P. Tschebotarioff and Philip 
P. Brown submitted earlier for publication by the Conference. 13). Further 
results are presented as obtained in the course of the extensive program of re
search concerning lateral earth pressures in progress at Princeton University 
under the sponsorship of the Bureau of Yards and Docks, Navy Department,
Washington, D.C.

Data obtained during tests with Model Bulkheads and at high pressures in 
the Lateral Pressure Meter is reported in graphical form.

A hypothesis is presented which attempts to provide a theoretical explana
tion of the observed equality of the "at rest" or "consolidated equilibrium" 
lateral pressures of different types of soils at locations with no adjoining 
boundaries capable of restraining parallel deformations.

The maximum bending moments and anchor pulls recorded during combined ac
tive and passive earth pressure tests with model bulkheads are compared to va
lues obtained from computation by conventional design procedures. The appre
ciable deviation of pressures near the dredge line boundary from conventional 
assumptions is made apparent. Its causes are discussed.

Points under further investigation are outlined.

The conventional procedures for the com- ance to displacements parallel to vertical ri- 
putation of settlements of soft saturated clays gid boundaries in their vicinity and assume 
usually ignore the effects of shearing resist- that the surface settlements at all times are
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directly proportional to the degree of con
solidation of the soil beneath the respective 
point of the soil surface. This means that, 
say, at 50 % average consolidation of the lay
er, the clay surface near vertical send drains,
- if such were used, - should settle more than 
the surface between the drains. No such obser
vations however appear to have been reported 
so far from the field.

The tests performed at Princeton Univers
ity have even shown a reverse relationship as 
illustrated by Fig. 1 and 2. In both cases a 
silty red clay material was used with a liquid 
limit of 31 % and a plasticity index of 7 
At the start of the test the clay had a semi
liquid consistency corresponding to three blows 
on the liquid limit device. Figure 1 shows the 
settlement of the submerged surface during a 
test performed in 194-5 in the 13 foot wide 
testing tank 9)» 13).- A definite dip of the 
clay surface away from the faces of the vertic
al sand blankets is noticeable.

The same but greatly accentuated phenom
enon was observed during tests with the Later
al Earth Pressure Meter. This device is des
cribed in Ref. 10, 11, and 13. Lateral Press
ures were measured by means of SR-4 strain 
gage dynamometers 5)» 6) which joined the 
halves of each ring. Fig. 2 shows the settle
ment of the surface of the same silty red clay 
as was used during the test illustrated by Fig.
1. The restraining effect of the cylindrical 
pervious vertical boundaries is much more pro
nounced here. Thus the rate of the settlements 
of points on the clay surface was governed not 
by the rate of the consolidation of the clay 
beneath each point but by plastic deformations 
of the clay mass which must have followed tra
jectories approximately indicated by the broken 
lines shown in Fig. 2.

This finding does not necessarily invalid
ate the conventional methods of average settle
ment computation when applied to problems of 
vertical sand drains. However it does emphasize 
the considerable importance of the restraining 
effect of rigid pervious boundaries on the 
parallel deformations even of originally fluid 
clays. The causes of this effect are stated and 
explained in Conclusion (5).

Boundary effects have alraady been known 
to affect the location of failure slip planes 
of slopes. 7)( 8). Our present research brings 
out the strong effect of boundary conditions on 
lateral earth pressures.

The deformations of the clay surface as 
shown on Fig. 2 compelled the adoption of a 
modified lateral pressure testing technique 
which consisted in producing uniform surface 
compression, - up to an average partial degree 
of consolidation of the originally fluid clay,
- by applying vertical pressure at first 
through a rigid plate which was later removed 
and replaced by the flexible rubber membrane. 
This rigid plate was found to restrain the de
formations of soils at their surface and to 
thereby decrease their lateral pressure through
out the depth of the apparatus. This surface 
restraint and the decrease of lateral pressures 
as compared to the condition when the vertical 
pressure was applied through a flexible rubber 
membrane was found to be of importance not only 
in sand (see Fig. 3) hut even in the case of a 
plastic "blue" clay, - (liquid limit - 40%; 
plasticity index = 18%) - which was placed at 
the consistency of three blows on the liquid 
limit device; (see Fig. 5. test stage 2, upper 
rings)

The sand used in the teat illustrated by 
Fig. 3 was a well-graded clean sand placed in a 
loose condition. The relative density "Da” at

SURFACE OF SANO MAT AFTER COMPACTED 
SOUcffnON OF THE SILTY REO CLAY BACKFILL

E F F E C T  O F  F R IC T IO N  A L O N G  V E R T I C A L  F A C E S  O F  S A N D  

B L A N K E T S  O N  T H E  S U R F A C E  S E T T L E M E N T  O F  A N  

A D J O I N I N G  C O N S O L I D A T I N G  S I L T Y  R E D  C L A Y  M A S S  

D U R I N G  T E S T  N O . 3

FIG.1

EFFECT OF WALL FRICTION IN LATERAL 

EARTH PRESSURE METER ON THE SETTLEMENT 

OF THE SURFACE OF THE SILTY RED CLAY

FIG. 2
the start of the test with a rigid plate was 
31 % and at the end 37 %. In the case of the 
test with the rubber membrane loading the cor
responding values were 22 % and *30 %, The dens
ity of the sand did not seem to affect appreci
ably the lateral pressures against the upper 
rings of the apparatus. The lateral pressures 
of loose sand against the lower rings decreas
ed more rapidly with depth than in the case of 
the dense sand with Da « 75 % (see Fig. 4).
This shows that the decrease of vertical press
ures with depth due to friction along the rigid 
vertical boundaries is a function of the amount 
of relative motion between the sand and these 
boundaries.

The lateral pressures exerted against the 
upper "active" ring of the apparatus, - i.e. 
the upper ring immediately beneath the lowest 
point of the rubber membrance, - can be taken 
to correspond to the natural condition within 
a large mass of soil since shearing restraints 
exercized by the rubber membrane can be neglect
ed and the ratio of height of ring to its in
side diameter is very small (1 to 8). The ob
servations made on the "active" upper rinKS
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Comparison of the effect of the presence or the 
absence of restraint at the upper boundary in 

the lateral earth pressure meter.

FIG.3
with the sand (fig. 3 and 4), with the "blue" 
clay (Fig. 5 and 6, test stage No. 14), and 
with the silty "red" clay during combined 
active and passive earth pressure tests with 
model bulkheads (Fig. 8). led to the formula
tion of the Conclusions (l) and (3).

Terzaghi had established in 1934 the dif
ference between the "at rest" and the "active" 
pressure of sand 1). The Conslusion (1) of 
the present paper introduces a similar concept 
of "consolidated equilibrium" for clay soils 
and Conclusion (3) advances a hypothesis which 
may provide a theoretical basis for the further 
analysis of this condition in all soils.

Fig. 5, 7, and 8 confirm earlier findings 
9), 13) concerning the simultaneous decrease 
of lateral pressures, anchor pulls and deflec
tions of flexible bulkheads during the con
solidation of fluid clay backfills and illus
trate the fact that the decrease of lateral 
pressures appears to be largely due to the 
equalization of excess pore pressures. Fig. 5 
shows that this decrease is independent of the 
"spring action" or flexibility of a bulkhead 
since the test was performed in tne Lateral 
Earth Pressure Meter with practically unyield
ing ring supports 9), 13).

An examination of Fig. 8 shows an appreci
able decrease of pressures of the fluid clay in 
the vicinity of the boundaries of both the 
lower and the upper sand layers. This leads to 
Conclusion (5). Of particular interest is the 
restraint exerted by the upper sand layer since

Comparison of the performance of loose and dense 
sand in the lateral earth pressure meter.

FIG.4
it is probably due to its greater relative 
rigidity caused by the "apparent cohesion" re
sulting from the surface tension of the capil
lary water. Therefore there may be no model 
similarity with the prototype in this respect 
in the upper zone of the backfill. Nevertheless 
this observation opens interesting possibilit
ies since similar effects could be produced in 
the field at prototype scale by artificially 
increased cohesion of sandy backfills above 
water level. At later test stages the sand lay
er continued to exercize its restraining effects 
on the plastic clay beneath it despite the fact 
that the sand detached itself from the upper 
end of the bulkhead (see Fig. 8) as consolida
tion of the clay beneath it progressed. This 
separation between the sand and the upper end 
of the bulkhead is due to deformations of the 
sand mat of the type illustrated by Fig. 1.

Fig. 9 of this paper illustrates the varia
tion with time of the maximum bending moment 
and of its location during Test No. 51» the 
first stage of which was reported by Fig. 9 of 
Ref. 13. It may be seen that the severe vibra
tions produced by lowering a spud vibrator 6 
inches on centers through the entire backfill 
depth increased somewhat the bending moments, 
but that this increase was caused in part by 
an increase of tbe depth "z" at which the maxi
mum bending moment is located. Hence Conclusion 
(8).

The table on Fig. 10 is a development of 
data worked out by Mr. Philip P. Brown 12).
In computing the relevant values by the con
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Effect of different stages of consolidation of 
the "blue clay" as measured in the lateral earth 

pressure meter.

FIG.5
ventional "free eartn support" and the "fixed 
earth support" methods Mr. Brown neglected wall 
friction and assumed Ka « 1/3 for active and 
Kp - 3.00 for passive pressures. The results 
do not agree in all respects with similar com
parisons published earlier 3)» 4). The data 
contained in Fig. 10 is based in part on Bef.2 
and leads to Conclusions (6) and (7).

Fig. 11 illustrates the very strong effect 
of the lower boundary, - i.e. of the dredge 
line, - on the reduction of lateral pressure, 
as compared to values obtained by conventional 
design methods; also the much smaller but never
theless noticeable effect of the upper bounda
ry which is present at water level since the 
sand above it has some "apparent cohesion".

Ref. 14 obtain by methods of mathematical 
analysis a distribution of passive reaction 
pressures beneath the dredge line similar in 
shape to the one obtained during our model 
bulkhead tests.

There is no reason to doubt the general 
model similarity of our results as recorded at 
the lower boundary although the results of 
this test as reported on Fig. 10 and 11 were 
obtained under higher bulkhead bending stresses 
and, hence, under larger bulkhead deflections 
at the dredge line than would correspond to 
prototype conditions. However, the test stage 
"A" shown on Fig. 9 of Ref. 13 did, correspond 
to conditions of complete model similarity in 
respect to bulkhead deflections. Essentially 
the same type of deviation of pressure distri-

Rate of consolidation of the "blue clay" as 
affecting the settlements measured in a conso- 
lidometer and the decrease of lateral pressure 
measured on the upper active ring of the lateral 

earth pressure meter.

FIG.6
bution at the dredge line was then obtained; 
hence Fig. 11 is qualitatively correct. Further 
tests with varying degrees of bulkhead flexi
bility and depth of embedment are to be per*- 
formed to provide a closer quantitative check 
on the values given in the table Fig. 10.
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paper.

Messrs. Edward R. Ward, John R. Bayliss 
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CONCLUSIONS

1) The ratio "K" of lateral to vortical inter- 
granular pressure in all soils so far test

ed at Princeton was found to have approximately 
the same value of K ■ 0,5 at locations with no 
adjoining boundaries capable of restraining de
formations parallel to such boundaries. This 
refers to sand in a loose and in a dense con
dition and to the "consolidated equilibrium" 
condition of two clays as measured both in the 
Lateral Earth Pressure Meter at different press
ure intensities and on Model Flexible Bulkheads.



Decrease of bending moments in the sheet piling 
with the consolidation of an originally fluid 
silty red clay backfill during the combined 
active and passive earth pressure(test no. 21}

FIG.7

FIG.8
2) Displacements of supports produced a decrease 

of lateral pressures and a drop in the "K"
value in the vicinity of boundaries of more 
rigid material which exercized some restraint 
on the parallel deformations of the adjoining 
less rigid soils. This applied both to the ver
tical and to the upper and lower horizontal 
boundaries of a soil mass of all soils tested, 
including clays in a semi-fluid condition when 
such clays were placed next to a pervious rigid 
boundary.
3) The following hypothesis is advanced to ex

plain the above observations:
a) Rankine’s theory is valid only within

Variation of essential values with time. 
Test no. 51»

FIG.9
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AS MEASURED DURING MODEL TEST NO. 51 TO TH£ CORRESPONDING VALUES - 

COMPUTED _BY CONVENTIONAL PROCEDURES

FIG.10

a large soil mass and in respect to the "at 
rest" or "consolidated equilibrium" condition 
of all soils. The value of the frictional coef
ficient "at rest" applicable to Rankine’s theo
ry under such conditions appears to have ap
proximately the same value of tan <p - 0.35; - 
(i.e. qp = 19°) for most inorganic soils.

b) The above coefficient of friction of 
soils "at rest” does not correspond to the angle 
of natural repose of a soil or to the angle of 
internal friction as determined from conven
tional laboratory shearing tests carried to 
failure.

c) In the case of granular soils both the 
angle of natural repose and the "laboratory"

SHEAR in PRESSURE l,V t« DEFLECTION *o«s

s u n

—j

MODEL BULKHEAD BENDING MOMENTS. SHEARS, LATERAL PRESSURES 

AND DEFLECTIONS AT THE INITIAL AND FINAL STAGES OF FLUID 
CLAY BACKFILL CONSOLIDATION DURING TEST NO. 21.________
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(A)'ASSUMED CONVENTIONAL PRESSURE (B). OMERVIO ACTUAL PRESSURE (C). DIFFERENCE BETWEEN (A) ANO(B)
DISTRIBUTION =  DISTRIBUTION =

SCHEMATIC DIAGRAMS ILLUSTRATING THE OBSERVED  

D IFFERENCES IN PRESSU RE DISTRIBUTION -  ESPECIA LLY 

AT THE DREDGE LINE BOUNDARY-  WHICH CAUSE 

A PPRECIA BLE D ECREA SES IN THE ACTUAL BENDING 

MOMENTS AND ANCHOR PU L L S. A S COMPARED TO 

VA LUES COMPUTED BY CONVENTIONAL DESIGN 

METHODS

FIG. 11
angle of internal friction are strongly in
creased, - as compared to the angle of friction 
"at rest", - by the interlocking of the indiv
idual grains and by the resulting structural 
resistance to motion.

d) Cohesive forces in plastic soils come 
into play only as a result1 of deformations and 
decrease lateral pressures, - as compared to 
the "at rest" condition, - only in the presence 
of boundaries restraining deformations parallel 
to the boundary.
4) The present combined active and passive 

earth pressure tests with model flexible
bulkheads have confirmed the findings of the 
first Princeton model bulkhead testing set-up 
concerning the simultaneous decrease of bending 
moments, anchor pulls and deflections during 
the consolidation of an originally fluid clay 
backfill, as well as the conclusions based on 
these findings 9), 13).
5) Pervious boundary layers are capable of 

exercizing restraining effects on the paral
lel deformations even of originally fluid clay 
backfills largely due to the particularly rapid 
consolidation of the clay next to the pervious 
boundary.
6) Combined active and passive earth pressure 

tests at Princeton with model flexible bulk
heads and sand backfills have recorded reduc
tions of thirty to sixty percent in the anchor 
pulls and in the maximum bending moments as 
compared to the values obtained by the conven
tional "free earth support" and "fixed earth 
support" methods. These reductions appear to 
be a function of bulkhead deflections in the 
vicinity of the dredge line which decrease the 
active pressures above the dredge line and in
crease the passive resisting pressures immedia
tely beneath it. Control tests with greater 
bulkhead rigidity are to be performed.
7) As compared to our test results with sand 

backfills the design recommendations of the
Danish Society of Engineers appear to be some
what on the unsafe side. No evidence of de
crease of bending moments due to arching was 
obtained during our tests with normally placed 
backfills.
8) Backfill compaction by very severe vibration 

did not increase the active lateral press
ures to the extent sometimes assumed. In part 
this appears to be due to a decrease of passive 
resistance of the sand below the dredged level 
in front of the bulkhead by the vibrations 
transmitted to it from the backfill during its 
compaction with a resulting yield of the bulk-

head and partial re-expansion of the backfill;

- escansión of granular backfill due to any 
cause is liable to decrease its lateral press
ures by bringing into play the resistance of 
interlocking grains. Field observations can 
provide the only reliable final criterion con
cerning the actual effect of continued natural 
traffic and earthquake vibrations.
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