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The abutment has a length of 17 meters and 
& weight of 3190 T.

The normal stability reserve is obtained 
by adding the following moments:

Due to dead load of the bridge: - 220 Tm 
live load on the bridge: - 1655 Tm 
weight of the abutment : 28390 Tm 
upward pressure on

foundations : - 12290 Tm 
earth pressure : - 1370 Tm

We obtain from this: = + 12.855 Tm.

We now assume that the critical situation 
corresponds to the following conditions:
Dead load reactions of the bridge 10% in
creased
Live load reactions of the bridge multiplied 
by 2
Weight of the abutment reduced by 10%
Superimposed load on coping multiplied by 2
Angle of repose: I50
Density of dry earth: 1,9 T/m3
Impact factor on the bridge: 1/7
Hising of the water level in the earth:50 cm

The moments acting on the wall become:

Due to dead load reactions
of the bridge: - 240 Tm. 

live load reactions - 3310 Tm.
weight of the abutment - 25550 Tm.
upward pressure on foundations

- 13330 Tm.
earth and water pressure - 4410 Tm. 
impact — 780 Tm.

It follows that the critical stability re
serve is equal to Mc = 3*480 Tm. which is a 
satisfactory value.

Let us note in conclusion that if we had 
based our opinion on the value of the factor 
of safety y. , we should have found a value of

15. 880 e  - 1 C

>**“  5:025 5,25

when taking as sole overturning factors, the 
live load reactions of the bridge and the earth 
pressure, and a value of

' ' • - § ^ § 5- - 1,83

when adding to the group of overturning factors 
the dead load reactions of the bridge and the 
upward pressure on the foundations.
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SUMMARY

The paper introduces, for economical reasons, a borrowed fill dike method for 
construction of quaywalls when the available fill material on the site is of a poor 
cohesive unconsolidated nature. It analyzes theoretically dikes of various shapes 
determining their variation in effectiveness with their size as well as the sizes 
required for full effectiveness. Finally the paper gives the results fo several 
teste on such dikes performed at Princeton University for the Bureau of Yards and 
Docks, U.S. Navy Department, and compares same with the analytical results.

ECONOMICAL CONSIDERATIONS

The sheet piles and the backfill, which 
constitute the main cost of quaywall construc
tion, are economically interdependent.Heavier 
and longer sheet piles will permit the use of 
an inferior backfill and a better backfill will 
result in shorter and lighter sheet piles.When 
the material on the site of a proposed quaywall 
is of a poor unconsolidated nature, it may be 
economical at times, in order to save on the 
cost of sheet piles, to import from a distance 
at a greater cost a good sandy granular materi
al for the fill. In some cases it may even pay 
to dredge off and dispose of the poor local ma
terial and substitute for it a $ood borrowed 
fill. The use of the borrowed fill method de
pends on the unit cost and the quantity of the 
borrowed material required. It is not necessary 
however, to have the entire fill made of inpart
ed material; enough good material may be placed 
to form a dike against the quaywall and the re
mainder of the fill may be pumped in hydraulic- 
ally from the local inferior material, the dike 
being analagous to an earth dam, where an earth 
fill is depended upon to retain the full water 
pressure. However, the dike dimensions can be 
made much smaller than the dimensions of a si

milar earth dam, where in addition to retaining 
the full water pressure-entirely absent in the 
case of the quaywall dike, such considerations 
as imperviousness to water seepage, accessibil
ity to land construction equipment etc. enter 
into the determination of the top berm.

The borrowed fill quantity required is de
termined by the size and dimensions of the dike 
necessary to render same fully effective against 
a hydraulic clay fill. The full effectiveness 
of the dike is said to be attained when the re
sultant pressure against the wall is the same 
as for a level fill of the dike material.

The reduction in the horizontal pressure 
from a hydraulically placed clay fill by means 
of an intervening sand dike can be conceived as 
resulting from the three following causes:
a) The drainage afforded by the continuous sand 

dike.
b) The increased friction of the sand against 

the sheet piles as compared to the friction 
of the fluid clay.

c) The structural strength or the shearing re
sistance of the sand dike.

The size of the sand dike required depends 
largely on the relative contribution of each of 
the above 3 causes to the reduction of fluid
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pressure. If the drainage is the dominant fac
tor in this reduction, the size of the dike 
would he limted only by the practical consider
ations of placing same, since the drainage-ac- 
tion of a sand filter is independent of its 
thickness. However, a critical consideration 
would tend to discount greatly the effect of 
the drainage on the pressure reduction, for,al
though the drainage factor is undoubtedly ope
rative, its effect is evidently too slow to 
make itself felt under the driving force of the 
material's own weight.

The factor of wall friction, on the other 
hand, may play a more significant role; there 
is no question but that the interposition of a 
comparatively thin sand blanket between the 
fluid clay and sheet pile wall induces a poten
tial friction force at the wall; to render this 
force effective would however require a definite 
sand thickness. The beneficial effect of wall 
friction is based on the transfer of a portion 
of the sliding wedge weight to the sheet piling 
thereby reducing the weight causing sliding 
along the rupture plane. This weight transfer 
must be accomplished by the shearing strength, 
Pn M , of the sand section between the fluid clay 
and the wall, where Pn = normal pressure a n d = 
friction coefficient of sand. The maximum poss
ible relief due to wall friction is obtained, 
therefore, when the entire sliding wedge is 
composed of sand and in no case can the effect
ive friction between the sand and wall be greater 
than }i . However, even under these most favor
able conditions, the maximum possible reduction 
in the^active pressure is 23% for a level bank 
and 27% for a triangular dike as can be seen 
from Fig. 1 for Q = 1.0. A reduction of this 
magnitude cannot account for the full effective
ness of a sand dike which amounts to a reduction 
of about 60& or more in the case of fluid clay. 
The principal source of the dike's capacity to 
relieve the sheet piling must come, therefore, 
from the third factor, namely the structural or 
the shearing strength of the sand dike. It is 
this shearing resistance which causes the mag
nitude of the horizontal pressure to drop from 
the full fluid clay value at the boundary be
tween the dike and the clay to the greatly re
duced sand value at the sheet pile wall, the ac
tion being similar to a drop in potential across 
an electrical resistance or to a reduction in 
head in a water pipe due to friction. An analys
is of the shearing strength of the sand dike un
der the action of a fluid clay pressure should 
enable us to determine:
a) The minimum dimensions of the sand dike to 

make it fully effective against hydraulic 
clay fill (the sand dike may be of rectangu
lar, triangular or trapezoidal shape) and 
t>) The variation of the effectiveness of the 

sand dike with its size and dimensions.

Influence of wall friction

FIG.1

RECTANGULAR DIKE

Fig. 2 shows a rectangular dike of thick
ness tH behind a sheet pile wall subjected to 
a hydraulic clay fill. Consider the equilibrium 
of a trapezoidal prism ABCD, above an assumed 
rupture plane BC. The sand dike prism ABCD of 
weight W, is subjected to a force P, on the 
face CD due to the liquid clay pressure. The 
tendency of the prism to move downward along 
the rupture plane toward the sheet pile results 
from the body force W, and from the force P, . 
lesistance to movement is offered by the fric
tion along the surface BC and by the wall's ho
rizontal reaction, equal in magnitude to the 
active pressure Pa. The formulae for the magni
tude of the various forces involved are given 
in general terms in Fig. 2, both omitting and 
considering wall friction, and are based on the

Rectangular dike 
FIG  2  . 3
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assumption that the full shearing resistance of 
the sand dike has been mobilized. The curves of 
Fig. 3 have been plotted, for comparison pur
poses, for the definite sand and clay proper
ties as established by the Princeton tests.
These curves give the variation in the active 
pressure on the wall and the percentage effect
iveness of the dike with the dike thickness as 
well as the thickness required for full effect
iveness.

The total active pressure Pa of a sand ma
terial, with any positive or negative angle of 
surcharge, 9 and any angle of internal friction 
tp is: o

pa = °*5 Ka *■ H • (1)

where y, is the weight of the sand and K is the 
active pressure coefficient determined ^from 
the curves on Fig. 4 for the given values of 0 
and cp (a similar set of curves for K , the 
passive pressure coefficient is given^on Fig.5) 
The above formula is that usually used in design 
as a standard procedure by the profession at 
large and presupposes that the full shearing 
resistance of the sand material has been mobil
ized.

By definition, the full sand dike effect
iveness is attained when the active pressure on 
the wall is the same as for a level sand bank 
which by equation (1) with Ka = 0.333 (Pig. 4 
for cp = 30° or 0.577; and j, = 60 p.c.f. is

p= = °*5 Kd i, H2 = 10H2 p.l.f.cL cL
This pressure is represented on Fig. 3 by 

the heavy horizontal line Pa = 1 0 H 2  and inter
sects the dike pressure curve at t = 0.7 indic
ating that the full effectiveness of a rectang
ular dike is reached when its thickness is equal 
to 0.7 its height in case no wall friction is 
considered. The pressure curve, considering full 
wall friction, practically coincides with curve 
for no wall friction up to t = 0.7, confirming 
the insignificant effect of the wall friction 
factor as stated above. Full effectiveness in 
this case is attained when t = .86 where the 
prolongation of the pressure curve intersects 
the line Pa = 7.72 H2 which, from Fig. 1, is 
the active pressure for a level sand bank for 
Q = 1.0.

The fluid clay pressure against the dike 

ls:Pc = 0.5 k  h2 = 0,5 x 56 H2 = 28 H2

( 4» = 56 p.s.f. buoyed weight of clay).

The full effectiveness, therefore, repre
sents a reduction of (1-10/28) 100 and 
(1-7.72/28) 100 or 64.5% and 72.5% for a rec
tangular dike without and with wall friction 
respectively.

The sand dike effectiveness is increased 
with the increase in the ratio of i*/j(2 as can 
be seen from a comparison of curves on Fig, 3 
plotted for ratio of nearly 1.0 with
corresponding curves on Fig. 6 which were plot
ted for a ratio of 60/40 =1.5.

TRIANGULAR DIKE

Fig. 7 shows a triangular dike; consider 
the trapezoidal prism ABCD above an assumed 
rupture plane BC. The area ABC is the upper 
triangle of the sand dike of weight W . The 
triangle ACD of weight Wg composed of clay fill 
has the horizontal force P acting on the ver
tical surface CD. The formulae for the various 
forces and the resultant active pressure, Px 
on the wall are shown clearly in Fig. 7. This 
pressure (IV curve) is plotted for the ratio 
H'/jj = 60/56 on Fig. 8 for various slopes of 

the rupture angle in terms of H2. The curve 
Pa = 1 0 H 2  denotes the active pressure for a

Active pressure coefficients

FIG.4

Passive pressure coefficients

FIG.5
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Rectangular dike

FIG.6

t  IN  T E R M S  OF H* )

Triangular dike

FIG. 7,8
level sand bank as found above. For rupture 
planes in which the P^. curve falls within the

pa curve there is reserve strength in the wall 
and no additional shearing resistance is re-

Influence of dike slope on its effectiveness

FIG. 9,10
quired of the sand dike. However in the region

x = 41° to x = 68° the PqT curve falls outside

the Fa curve showing that additional shearing

resistance must be provided in the sand dike
in order that the force against the wall should
not exceed P„ = 10H2. a

This strength may be provided by having 
the triangular dike deposited on a slope p 
flatter than )i , p being equal to m u  , where 
m is a coefficient less than 1.0. Fig. 9 shows 
such a dike giving all the body forces as well 
as the horizontal forces and their formulae.
The curves for the active pressure, Pfi, on the

wall and for the effectiveness of the dike are 
plotted in Fig. 10 for different values of m.
An analysis of these curves shCws that theore
tically full effectiveness cannot be attained 
with a triangular dike.

TRAPEZOIDAL T)TK~R
Another way of providing additional strength 

for the triangular sand dike is by the addition 
of a horizontal berm of thickness tH, t being a 
factor less than 1.0. Such a dike is shown on 
Fig. 11, which gives the formulae for all the 
body and horizontal forces as well as for the 
active pressure P ^  in general terms, both for

n = 0 and n = .577. The active pressures (P__
Bjl

curves) are plotted in Fig. 12 for various 
values of 2 and several different values of t 
assuming a ratio of 60/56. The only Pffl

curves that fall entirely within the curves

Pa = 10H2 for n = 0 and P ^  = 7.72H2 for

n = 0.577 are the curves for t = 0 .5 1 and 
t = 0.62 respectively, giving the required berm
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(IN TEÄMS OF H*)

Trapezoidal dike

FIG. 11,12

VALUES OF t

FIG.13

for full effectiveness in these two limiting 
cases. The percentage reduction in the active 
pressure is the same as for the rectangular 
dike previously discussed. The variation of the 
dike effectiveness with t is shown on Pig. 13 
for the two cases discussed.

SURCHAR6B
The surcharge influence on the several 

types of dikes analyzed is very important in 
the design of qualwalls, since these are usu
ally subjected to considerable surcharge loads.

P«-*H
HYDRAULIC

I F'LL

RECTANGULAR DIKE

p . S U L  
* Of„+|l L'+Kx

m .
«*+H-

TRIANGULAR DIKE

P«T

FOR LEVEL BANK TRAPEZOIDAL DIKE

P“ ̂  [*!onU)] P* “ W,H {oc^i+}i5+nC<VH-i}

n,* PRESSURE ON WALL FOR RUPTURE ANGLE X a  n  > 0 

II,"PRESSURE ON WALL FOR RUPTURE ANSLE X f t  n > 0  

Wj " SURCHARGE IN P.3 .E

Resultant pressure on walls due to surcharge

FIG.14

A partial consolidation of the fluid clay be
hind the dike wall will undoubtedly have taken 
place by the time it is subjected to the sur
charge. The rate of consolidation will also be 
increased under the increased draining force 
of the surcharge and by the additional drain
age course of the pervious pavement. The sur
charge load is, however, a temporary force and 
may be of short duration, its consolidation 
effect being doubtful and hardly capable of be
ing determined analytically. On the other hand, 
the surcharge load will be transmitted fully 
to the sand by means of pore pressure in the 
clay. The formulas for the active pressure on 
the wall due to a surcharge load of p.s.f.

are given in Fig. 14 for the several types of 
dikes discussed both omitting and considering 
wall friction. These may be combined with the 
active pressure due to the sand and clay fills 
as given above to get the resultant forces on 
the wall disregarding the probable partial con
solidation of the clay.

TESTS

The Bureau of Yards and Docks, of the U.S. 
Navy, has successfully used the borrowed fill 
dike method in quite a number of instances,al
ways utilizing the trapezoidal shape. Being 
desirous of reducing the amount of borrowed 
fill to a minimum, the Bureau proposed this 
problem as the original object for the tests 
performed by the Princeton University.

The conclusions reached based on these
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tests are given by Professor Tschebotarioff in 
his paper printed in the January-1948 Proceed
ings of Am. Soc. C.E. According to these the 
effectiveness of a vertical sand dike is;
100% when t = 1.0 i.e. wh-n the dike thickness 
is equal to its height; 5Oji when t = 0.5; zero, 
when t = 0.1. The effectiveness indicated by 
the analytical method as shown on Fig. 3 is 
100% for t = 0.7; 77% for t = 0.5 and 17% for 
t = 0.1. Since there are no test data for values 
of t between 1.0 and 0.5 there is no actual 
check on the minimum thickness of a vertical 
dike required for 100% effectiveness.

According to the tests the full effective
ness of a trapezoidal sand dike is attained 
when the dike is placed on the natural slope 
(1: 1.73) with a maximum top berm of 0.2H while 
analytically the full effectiveness should be 
obtained only when a top berm is o.4H. This 
discrepancy may be due to the probable error 
in measurement readings, estimated to be 5% • 
Errors of this magnitude are sufficiently large 
to account for the difference. Thus the total 
pressure for the trapezoidal dike with berm 
width t = 0.2 is 10.5H2 , whereas for the level 
sand bank it is 10.OH2 , a 5% difference. An
other possible explanation is that the fluid

clay in the lower regions may have partially 
consolidated and did not exert full liquid 
pressure against the dike.

The present tests do not as yet furnish 
enough data to determine the variation of the 
effectiveness of the various dike types with 
their dimensions and the nature of the dike 
material; neither did these tests determine 
the influence of a surcharge on the effective
ness of the dike. The tests are still in pro
gress; it is expected that the future tests 
will supply the missing data for a full compar
ison with the analytical method.

CONCLUSIONS

1) Active pressures against quaywalls from 
backfills and superimposed surcharge may be

reduced as much as 70% by means of sand dikes.
2) The sand dike effectiveness increases with 

the increase in ratio of the bouyed weight
of dike material to that.of fluid backfill.
3) The rectangular dike shape uses the least 

borrowed material but is expensive to place
and should be used only in special cases.
4) The triangular dike ranks second in material 

economy, is easily placed and should be used
wherever possible.

-o-o-o-o-o-o-
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SUMMARY

Under the auspices of the American Railway Engineering Association, question
naires were sent to the chief engineers of all the American Railways requesting in
formation about retaining walls or abutments that had failed or that had experienc
ed progressive movement to an undesirable extent.

The questionnaire brought forth information about a large number of retaining 
walls and abutments. The failures and movements have been analyzed with respect to 
their probable causes. It has been found that, with very few exceptions, the diffi
culties were due to misjudgment of foundation conditions rather than to incorrect 
assumptions regarding the backfill pressure.

INTRODUCTION

In 1945, the Committee on Masonry of the 
American Railway Engineering Association ap
pointed a subcommittee on earth pressures 
against masonry structures. The principal as
signment of this subcommittee is to study and 
revise the current specifications of the As
sociation with respect to retaining walls and 
abutments.

As one of the initial steps in this stu
dy, a questionnaire was sent to all of the 
principal railroads of the United States and 
Canada to obtain information about retaining 
walls and abutments that had performed in an 
unsatisfactory manner. In particular, inform
ation was requested concerning retaining walls 
that had failed completely or that had expe
rienced movements of such magnitude that their 
function had been impaired. Data were not re
quested, however, about failure of abutments 
by scour.

The chief engineers of 77 railroads were 
invited to contribute information. Of this 
number, 37 or 48 % did not reply. An addition
al 24 or 31% reported that no difficulties of 
any consequence had come to their attention 
or that failures had occurred only in very old 
walls designed according to rules of thumb now 
considered obsolete. The remaining 16 or 21 % 
reported that the behaviour of at least 3ome 
walls and abutments had been unsatisfactory 
enough to cause concern. These 16 submitted in
formation about 44 walls and abutments that 
were considered unsuccessful. The location of 
these structures is shown in Figure 1.

Inasmuch as almost 80% of the individuals 
to whom questionnaires were sent either re
ported no difficulties or did not reply, it 
would appear to be a reasonable conclusion 
that the great majority of retaining walls 
and abutments can be considered successful and 
that as a rule the present methods of design


