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COMPUTATION OF A QUAY WALL.

by the late Prof. Ir., A,S, EEVERLING BUISMAN,
adepted by Ir. T,K, HUIZINGA, Director of the
Laboratory of Soil Mechanics, Delft, Holland,

INTRODUCTION.

Buisman considered this computation scheme for these and similar problems
to be a solution, which, although it may not be mathematically perfect,might
give an insight into the various forces with their resulting stresses and
strains and which provides a result, in which at least the essential propert-
ies of the foundation soil are expressed.

I feel that, although the computation dates from 1931, the contents are
as yet insufficiently known. Therefore the basic thought is here given for
publication without paying undue attention to the calculation of stresses in

the various parts of the construction.

DESIGN OF THE QUAY WALL.

The design of the quay wall is given in
fig. 1. The slab, carried by timber pilles,was
laid on the original ground surface, which was
afterwards raised to 1.50 m + NAP. An over-
burden of 4 ton/m2 is allowed for.

DATA NEEDED FOR THE COMPUTATION.

The information necessary for a complete
computation on stability and strength consists
of: specific gravities of the foundation soil
layers and of the future sand fill, friction
properties of these soils, and, in view of the
combined action of soil and pile groups, the
elastic properties of the piles and of the
soil after the driving of the piles. Another
factor which has considerable influence on the
result of the computation is the horizontal
pressure in the soil prior to the dredging in
front of the quay wall. One can only indicate,
on the basis of theoretical considerations,
the higher and lower limiting values of this
pressure, and only investigations in the field
can extend our knowledge in this respect.

HORIZONTAL PRESSURE.

Owing to the 5 m fill on the area behind
the quay wall end also to the expected over-
burden, the soil mass behind the wall is load
ed with ebout 10 ton/m2. The active earth
pressure in the sand fill, occurring with a
slight yielding of the superstructure can be
fairly accurately determined (cohaesion = O,
P = 30°)., The active earth pressure in the
801l below 3,50 m - NAP will be more difficult
to calculate. Probably one is on the safe side
if one neglects cohaesion and keeps to the mee-
sured angle of internal friction of 27°. In
the usual way a diagram can now be drawn of
the active earth pressure, assumed to act ho-
rizontally on a vertical plane through the
back of the slab (fig. 1) (Also in this plane
an appreciable vertical friction will be act-
ing. This will influence the horizontal for-
ces only to an extent of e.g. 10-20 %. This
favourable effect is here only mentioned pro
memoria). Any other diagrem showing the same
or greater surface area above any point of the
vertical will be equally consistent with the
maintenance of equilibrium. The stress distri-
bution is in fact statically undetermined and
depends on the possibilities of deformation.
Where the pile groups show elastie bending un-
der the rigid superstructure the stress dis-
tribution will tend to concentrate at the rig-
id superstructure, end along the piles it will
be a8 small as is consistent with the local
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conditions of equilibrium. These conditions
require a relationship between the principal
stresses of t32(455'-%), but it is proved that

this ratio, which gives the limiting condition
for a slip @, , is different from the ratio
limiting a remolding @,, which is the only de-
formaetion locally possible. Terzaghi pointed
to this difference and for send he gave ratios
between the principal stresses of 0,288 to
0.106 for slip, end ratios of o0.15 to 0.1l6
for remolding. For colloidal clay he finds
practically equal values for both cases. For
sand, direct measurements for the determina-
tion of the g&for remolding is not feasible,

and the only way out is an experimental test
for the case of a flexible wall with lateral
earth pressure. Even with very slight deflec-
tions it appears that the pressure in the mid-
dle of the wall is very small so that one is
inclined to substitute the usual straight-
line earth pressure diagrem by a curved one.
In this case the values of the bending moments
drop to half the values obtained by the
streight-line method. For clay direct mea-
surements may be feasible, Here the difference
is small.

Therefore, with regard to the lateral
loads of piles, it is of great importance to
find out if there exists a great difference
between ¢1 and ¢2.

COMPUTATION OF THE AXTAL PILE IOADS.

Computations of the axial loads on the
piles have been carried out by means of two
methods:
firstly by the approximate method, dividing
the piles in 3 groups and assuming equal for-
ces in the piles of each group, secondly by
the elestic method, assuming a rigid super-
structure on piles of equal elastic properties
(method Nokkentved). It appears that both
methods give almost the same result (20 tons
compression, 10 tons tension in the most un-
favourable cases). Only for the purpose of
checking the dimensions of the superstructure
the elastic method is preferable,

Next, the bending stresses in the piles
and in the sheet piling have to be investigat-
ed, and new and important questions arise in
this respect. To simplify, a rigid layer (sand)
is assumed below 12 m - NAP and the soil above
thie send is assumed to be homogeneous.

COMPUTATION OF THE SHEET PILING.

Be the pressure in vertical plenes di-
rectly behind the sheet piling p; then the
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value attainable by p at a certain depth will
be limited, because D cannot exceed a certain
value. For it is clear that with increasing
depth, the increment of the weight of the
earth mass I (fig. 2) is partly carried by
friction, so that the horizontal pressure from
a certain point downwards does not increase
any more. This is the case as soon as

v
p-(f+ 2-2—-d)~F =0.t. ¥
from which it follows that
.4, & 0,5x1x1
p=/ 12 =
(A, +2md)f (1+0.5)x0,6

In bay II, between the first and the
second row of piles, the horizontal pressure
will be greater, because the first row is de-~
flected by the excess pressure of II over I,
snd also because the ratio between area and
perimeter 1ls less favourable for II then for
I. If the pressure in the bays between the
successive rows of piles_would decrease lin-
early from E = 5,7 ton/m? at the back to p =
0,6 ton/m? in front and if this pressure was
evenly distributed over the 14 pile groups,
then there would be a pressure in bay II of

P+ %ﬂ = 1 ton/m2

which pressure per m' depth does not provoke
sufficient friction along the piles to carry
the weight of a 1 m thick soil layer.

A favourable circumstance is that the
second row of piles is battered and there-
fore with increasing depth approaches the
first row. If, starting at the top, one tries
to find out whether at a certain depth the
vertical pressure will exceed 2.66 ton/mc and
therefors the horizontal pressure will exceed
2.66( tg 45 - 27/2) = 1 ton/m?, it appears
that at a pressure of slightly more than 1
ton/m? a state of equilibrium will exist. Al-
so from the computation of the pile forces
(as shown below) it follows by elastic con-
siderations, that in bsy II a pressure slight-
ly higher than 1 ton/m¢ will occur, so that
in this bay and even more so in the bays fur-
ther shoreward the so0il will be carried by
pile friction to such extent that it seems
sufficient to assume a lateral pregsure on
the sheet piling of onlz 0.6 ton/m“ as a re-
sult of the "bin effect".

If, therefore,the horizontal earth pres-
sure was evenly distributed over all the piles,
whereby each pile would carry 400 kg/m', then
the sheet piling would, under the influence
of the bin effect, deflect more than the ad-
joining row of piles, so that the sheet pil-
ing has to resist ultimately only the "bin
pressure”. With uneven distribution of the
earth pressure over the piles and low initial
horizontal stresses in the soil mass, the
piles at the back would have to resist more
than the piles in front snd the latter would
show less deflection. In that case the first
reasoning with regard to the load on the
sheet piling is even more applicable.

While computing the strength of the
sheet piling the gquestion arises to what ex-
tent it may be considered to have a fixed end
in the deep sand. From a calculation (theory
of elastically supported beams) it appears
that the bending stress in_the sheet piling
amounts to about 150 kg/cm< under the most
unfavourable conditions.

= 0,6 ton/m*>

HORIZONTAL PILE FORCES.

In order to solve the problem of the
plle deflections, we know the values of the
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horizontal pressures in front and behind,but
it remains to find a sensible approximation
of the distribution of the pressures over

the piles. This depends on the flexibility

of the piles, the shearing modulus of the
801l and the horizontal compressibility of
the soil after the driving of the pilles. To
this end en investigation into the elastic
properties of the soil in the undisturbed
state (E and G) 1is required, and also en in-
sight into the horizontal stresses of the soil
after the driving of the piles. The higher the
horizontal stresses were, prior to dredging
in front and filling up of the area behind,
the better it is: the future horizontal com-
pression of the soil will be smaller, but

not the horizontal relaxation in front.

This relaxation however is not so essential,
so that generally speaking a greater pre-
stress will result in smaller deflection dif-
ferences of the piles and to an equalization
of the individual pile reactions against the
total pressure difference. It is obvious that
low compressibility of the layers in horizon-
tal sense in itself already (e.g. sand) would
promote this equalization and also that a
high shearing modulus will lead to a shifting
of the stresses to the soil and away from the
plles. Here also, as was the case at the sheet
piling, there is the uncertainty about the
position of the point of contraflexure of the
pile. Without field observations one can only
go by one's personal technical feeling.

The soil mass under the foundation slab
will be pushed forward if the resistances of
the soil and of the piles do not counteract
this. At the top the only resistance comes
from the piles; at the bottom there is the
resistance of the soil in front of the wall,
but mainly the shearing resistance of the
heavily loaded soil mass. The piles will bend
while trying to keep the soil mass in place
and every pile has a point where the deflec-
tion is greatest and the slope of the pile
axis the same as before. In this particular
layer, run through by piles at an unchanged
angle, square angles have suffered no change
and shearing stresses do not exist!

It is of prime importance to know at
what depth d under the foundation slab this
layer is situated because - apart from even-
tual small shearing forces in the piles which
may be acting at the points of the greatest
deflection - the total earth pressure of the
layers above must be resisted entirely by the
superstructure.

Retween this plane at depth 4 and the
bottom of the foundation slab, the soil
layers will be able to transmit shearing
forces, At the bottom of the foundation slab
these will be very small, either because the
s0il may be free from the foundation slab, or
because of the low vertical effective stress
in the soil with the resulting very small
shearing strength.

The diagram of the shearing forces with
the depth can be approximated by a parabolic
curve, the ends of which, above and below,
are determined by the prevalling conditions
viz. below by the gradually ineclining pile
(for calculation purposes all piles are as-—
sumed vertical), above by the gradually in-
creasing power to tramsmit shearing forces.
The diagram of the pile loads is then trian-
gular (fig. 3) and it diminishes from the
value 21/4 above, to zero at depth d, where
T represents the total horizontal reaction of
all the piles at the top, in as much as it is
needed for the equilibrium of the soil mass.
The bending moment Mmin of the piles at the
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fixed end at the top, is then 1/4.Td and at
depth 4 (Mmax) 1/12.7d_and the corresponding

T (T and d are as

1
deflection is T
Y piles

yet unknown in this expression). In order to
determine them, it is proposed to neglect at
first the lateral compressibility or expansion
of the soil and to consider exclusively de-
formations caused by shear. In that case all
the piles will deflect an equal amount and
consequently offer the same resistance, so
that the reaction T at the top of the piles
will be distributed evenly over all the piles.
One might proceed conveniently by assum-
ing first that the soil mass containing the
piles 1s free to move forward, as if all the
piles were cut, and then to determine for this
case the deformation caused by the pressure
of the soil mass below 3.50 m - NAP at the
back. To this end the various shearing forces
have to be determined first. A difficulty here
is the choice of the value for the passive
earth pressure. However, it appears that this
has not much effect on the result as the in-
fluence of the shearing forces diminishes
sharply with the depth (greater shearing mo-
dulus). In this way a certain displacement of
the layer at depth 4 is found. Now we intro-
duce an imaginary counter force T with a cor-
responding couple, which, applied at the head
of the piles, bend these back to their origin-
al position, and during this action not only
the deflection of the piles above the layer
concerned comes in, but also the pushing-back-
ward-again of the soil layers. Thus a certain
value of T may be found. However, while de-
termining the displacements by shear, one
should have taken T into account from the very
beginning, because shear strains are not di-
rectly proportional to the forces but follow
more complicated laws, and this precludes the
application of the principle of superposition.
From tests on undisturbed samples it is found
that the shear can be approximately expressed

by T

§= *z= (tig 4)

T

The results of this investigation may
best be embodied in a table and afterwards il-
lustrated by plotting the successive deforma-
tions ot the layers at an estimated value of
T on an exaggerated scale, in order to deter-
mine the deformation of the soil nass. The de-
formation must check with the deflection of
the pile at this estimated value of T. If not,
the same process must be repeated for sanother
value of ¥.

DISTRABUTION OF T OVER THE PILES.

Up till now we assumed the soil mass to
be undeformable in horizontal sense and we
have only dealt with the elastie relative
defornmations of the layers caused by shear.
Under these conditions, and also when local
rigid sandlayers act as a bracing between the
piles, resulting in equal deflections, all
piles would carry an equal share of the ho-~
rizontal earth pressure.

This is not the case, if we taxe account
of the fact that the soil, before the dredz-
ing in front of the sheet piling and before
the filling up of the area at the back, was
in a state of horizontal stress, which stress
might be determined by field tests and which
later on will decrease at the front and pos-
g8ibly increase at the back, resulting in def-
inite expansions and contractions in a horiz-

ontal sense. Consequently the deflections of
the piles will be unequal and therefore more
dangerous for the piles that deflect most.
This points to the necessity to try to evalu-
ate the unevenness of the distribution.

If one now assumes that the dredging in
front end the filling behind is done, but that
the soil is still undeformable i.e. the coef-
ficients A and B in the formules for the elas-
ticity moduli of the soil for compression and
expansion (Ec=A.0" and Ee=Bq" ) are infinitely
large, then the diagram of‘the horizontal
earth pressures between the successive rows
of piles (which here agasin are assumed vertic-
al) from back to front will be a straight
line and all the piles will show at depth 4
an equal deflection forward with respect to
pile head and pile point,.

If one assumes next that the soil sudden-
1y acquires the deformations resulting from
the changed conditions of stress, then the
distances between the pile heads will remain
constant owing to the foundation slab, and
also between the pile points, because of their
location in sandlayers with very large A.Any
change in the distances of the pile points
would for that matter cause only smaller stres-
ses in the piles so that the fixing of heads
and points is the most unfavourable assumptian.
The elastic lines of the various piles will
now not be identical any more.

Next we shall try to determine which
ratio will obtain for eny pile between the de-
flections at the depth 4 for the case of
equal deflections of all piles (W) and for
the case of the real deflections (W' = W +AW),
or, between the original linearly assumed dia-
gram of horizontal pressures and the real
one, where deformation is teken into account.
The difference of the deflections of two con-
tiguous piles (4W') must check with the ho-
rizontal strain of the soil in between. igain,
each deflection in particular depends on the
pressure difference at both sides of the pile.

If we now consider the bays numbered x-1,
x and x + 1 (fig. 5), then the pile x-1, x
gill show a deflection of

- P -
x-1 X_.W, snd pile x, x+1 : Px Px+1'wv

80 that the difference of deflection will be

P - 2Px + Px+l W
C ?

where C represents the pressure increment in
the soil from pile to pile, so that a deflec-
tion W' will correspond with a pressure in-

x=-1

L}
crement of %— . C and with a reaction of the

c W' T
pile head of g TumheT of piles

Px is a function of x, the horizontal

distance to a fixed origin in the plane at
depth 4. By means of the Mac Laurin series
for P and P y & deflection difference
x+1 x-1

of d W' « £(X) - w is found. The differen-
tial equation of the force distribution, ex-
pressing that the compression is equal to the
deflection difference, follows:

P
a X W
I85 =93
(compression = deflection difference)
where a is the distance between the piles.
It will be sufficiently accurate, if
the range of Py is not too great, to assume



a constant B, which however must have 2 dif-
ferent velues viz. for the area where pres-
sure increase is expected (at the back) and
for the area where pressure decrease takes
place. The typical stress-strain diagram of
a soll sample (fig. 6) may illustrate this.

The differential equation for the area
of pressure lncrease is then:

i Py =P o ¥
Ec xT
and for the area of pressure decrease
px-po w W
a ————— = PyF
Ee
Solved: b —bx
Py~ P, =0 e +Cye

which gives after differentiating twice forx

- 2 bx - bx 2
(P = Po)" = D7 (G &% - Cy © 7 P)u v(py - )
C.8

2 )
where b~ represents ﬁfﬁ

If we choose the zero point for x at a point
of constant pressure, then O = Gl + C, or

C--C °

1 2 -
The pressure in front must be 0,6 ton/m* and
at the back 5,7 ton/m2. Therefore (fig. 7)
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Dividing the former by the latter:

by Xy

e
-b X
a

v v _

b, x
e 3 8 _o

which condition is satisfied by choosing the
origin in the second bay from the back:

xa--2 XVSIB

Since the result does not check exactly, we
must use the values ca and Cyr which will

not differ much.
13\’93. SN E A
Ee _ - e

6.3 =

a

Cy follows from s
- 044 = c, \e

C

Now the state of stress at any point in
the s0il can be computed and plotted on a
disgram. It is obvious that the computation
is most essential in the outside bays. It ap-
pears from the calculation that the stresses
in the bay behind the sheet piling, rise so
high that the stresses are not determined by
equilibgium conditions, because they exceed
1 ton/m-.

This same computation can be carried
through also in the case of piles of which
the heads are not wholly fixed in the found-
ation slab.

Ca follows from
0,07= Ca

«0=0=0=-0=-0=-0~

SUB-SECTION Ve

EARTH PRESSURE AGAINST UNDERGROUND CONSTRUCTIONS
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EXPERIENCE WITH FLEXIBLE CULVERTS THROUGH RAILROAD EMBANKMENTS

0.K. PECK
Engineer of Structures D,and R.G.W. Railroad, U.,S.A.

RALPH B.

PECK

Research Professor of Soil Mechanics University of Illinols, U,S.A.

INTRODUCTTION.

In about 1926, installation of large-
diameter flexible steel culverts was initiat-
ed on the Denver & Rio Grande Western Rail-
road in Colorado, Utah and New Mexico. About
thirty such culverts ranging in diemeter from
7.5 to 15 feet were placed beneath £ills vary-
ing in depth from 2 to 50 feet. The behavior
of these culverts has been closely observed
since that time, deflection measurements have
been made on a pumber of the structures, and

measuremeuts made in detail on two that were
subjected to extreme conditions of backfill-
ing. This paper describes the results of the
observations,

GENERAL DISCUSSION.

The culverts consist of corrugated steel
or iron plates bent to a circular shape before
delivery, and assembled into a cylindrical
unit in the field, The thickness of the steel
varies from .1719 inches to .2812 inches, The




