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Scope of Study: A comparative study of different methods of
analysis of sheet pile retaining walls is presented
in this work. _Tﬁe methods selected are: Free Earth,
Fixed Zarth lNethods, Graphical Method, TFeuivalent
Beam Method, Newmark's Numerical Method, Rowe's
Method, Tschebotarioff's Method and Danish Rule.
The derivations of eruations for all methods are
presented in a form suitable for the use in practi-
cal design. The emphasis is placed on practical
considerations influencing the choice of method or
type of construction and on practical design.

,Finﬂings and Conclusion: The numerical example illustrates
: the various methods of analysis of sheet pile retain-
ing walls. Relative merits and suitability of these
méthods are given in the last chapter.
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CHAPTER I

HISTORICAL DEVEIOPMENT OF THE ANALYSIS OF SHEET
PILE RETAINING WALLS

Up to 70 years ago, sheet walls were made up al most exclusively
f fimber, and were designed by means of certain empiriéal rules,
hich had proved satisfactory in practice.

In the beginning of present century, inereasing water depths
ere demanded, and, at the same time, new materials were mad e
vailable, reinforced concrete and steel sheet piles. The question
rose of how these new types of anchored sheet walls were to be
esigned.

: in most countries where such design methods were attempted, the
‘heet walls considered as vertical beams, subjected to active ‘and
ossive earth pressures calculated by means of Coulomb's or Rankine's
ethods. However, when ordinary allowable stresses for the materials
n ouestion were used, very heavy sheet walls were found to be
ecessary, so that the new materials could not competie economically
ith empirically designed timber sheet walls.

The first to find a practical sclution to this problem was the
anish engineer, Rud. Christiani, in 1906. He started by making
‘heck'computatﬁons of a number of existing timber sheet walls, accord-
ng to the avove-mentioned method. He thereby found nominal stresses
n the timber, wh.ich were 3-4 times as great as the allowable stresses
ormally used. He concluded then that some redistribution of the
arth pressures must take plaece making the actual moments considerably
maller than the calculated ones; ani he assumed, finally, that the
ame would érply to sheet walls of steel or reinforced concrete, '
herefore, he decided to design such sheet walls for the calculated
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moments, but with "allowable" stresses 3-4 times as great as those
ordinarily used.

After Christiani's introduction of the empirieal calculation
principle described above, other Danish engineers tried to solve the
same problem in a different way, by changing the earth pressure
listribution assumed in Coulomb's theory. This resulted in the
empirical methods known as the Danish Rules. The Danish Rules for the
jesign of the anchored sheet walls in sand were first ﬁublished by
the Danish Society of Civil Engineers in 1623,

In 1930, E. Blum of Germany suggested Eeuivalent Beam Method.
By this method, ZJum succeeded in establishing a theoretical relation-
ship between angle of internal friction and the distance x from the
iredge time to the point of éontraflexure.

In the United States, nmethods: of the design of tha,bulkhé&dg on
the basis of classical earth rressure theories were devéloped and
introduced into practice of structural design by A, P. Penneyor, in
1933. |

some of the most careful and comprehensive model tests ever made
vith anchored, flexible sheet walls were carried out by Tschebotarioff,
setween the years of 1944 and 1051, at Trinceton University. In most
»f these tests the backfill was deposited successively and no dredg-
ihg took place in front of the wall, The results of the model tests
vith flexifle bulkheads showed that full restrain: of the lower
wertion of the bulkhead was effective when the ratic D/H eoualed to
).43, where the roint of contraflexure approximately corresponded tc
the dredge-line élavationlfor normal backfilling operations.

During the period from 1947 to 1051 a larger number of tests
vere made, by R. ™. Rowe in 8cotland, on model sheet pile walls of
rarying neights, stiffness and materials, Othervvariablés investi-

jated were the effects of surcharge, dredge level, tie rod locations,
fthe results of these tests, rroved that the bending moment and %tie-rod




THESIS
ROBERT COLLEGE GRADUATE SCHOOL PAGE %
BEBEK , ISTANBUL

loads of sheet pile wall depend principally on the flexibility of the
wall and the density of the subsoil.

Anchored Bulkhead design by Numerical Method was first developed
by Moran, Proctor, Mueser, and Rutledge, Consulting Fngineers, in
1953. The use of Newmark's numerical methods provides a rarid means
for determining the bending moments and deflections of the bulrhead
due to the soil loads,
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CHAPTER II
SHEET PILING

Sheet piling consists of special shapes of interlocking piles,
iven so as to form a continuous wall, which may}be a permanent '
taining wall, a cofferdam, a sea wall or a pier; The arplications
' sheet piling to other uses, such as for lining trenches, are only
riations of the same design problem that arises with river wells.

Sheet piles may be of timber, reinforced concrete or steel.
e choise will depend not only on the relative cost of the materials,
it on the suitability of a particular material for the intended use
id its durability. : ‘

: Reinforced concrete has displaced timber to large extent because
;8 greater durability, particularly where timber would be subject to
;tack by marine borers. Reinforced concrete is also cheaper in the
irst cost in areas where suitable timber is not readlly available.

Steel sheet piling is usually somewhat more expenqive than Te-
nforced concrete for permanent construction, but can be driven
nrough highly r351stant strata, and it is in general use for tpmro—
ary work becau se it can be extracted and re-used a numver of times,
nd has at the finish a salvage value. "here water-tightness is
ecessary, as in the case of cofferdams, steel sheet piling is in

eneral use.

The advan tages of sheet piling over other types of walls are

peed of construction, economy of materlal, and the ommission of

xcavation,

IMBER SHEET PILES

Sheet plllng of timber is used for short spans and 11gnt lateral
oads. In recent years timber sheet piling has been used much less

n permanent constructlon than formerly reinforced concrete having

aken its place owing to its greater durability, but for temporary

orks timber sheet-piles are still used because of their lightness and

he conseguent lightness of. the pile-driving eaquipment reaulired.
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Two types of timber sheet piles are shown at (a) and (bv) in Fig.
2-1.  Type (b) know as Wakefield sheet-p111ng, has been used for a
long time in the United States, It is both stronger and chearer
than type (a) as well as having less tendency to twist or warp.,
' Timber sheet piles of plain and rectangular sections are also used
for cofferdams of small height.

Timber sheet piles with square erds may often be driven in soft
‘8oils without damage, but if the piles are large or long, or if the
80il necessitates hard driving, the end must be protec*ed by a cover-
ing of sheet metal 1/16 in. or 1/8 in, thick forming a c t%ing edge
&8 in Fig, 2-2(c). The sheet metal also prevents cracking of the
‘timber, If the pile penetrates compact gravel or a stratum of shale,
& cast iron shoe as in Fig. 2-2(a) may be necessary. A shoe with one
,s}aping face only is usual for piles lining a trech excavation.

For timber piles, the resistance to decay is greatest with teak.
On'the other hami softwoods is not very strong and lacks an efficient
interlock, although it can be very Aurable when imrregnated with
%préservative chemicals. :

_ For permanent construction only a few varieties of timber are
qultabln in water where timber is subject to attack by marine borers.
As attack by marine borers varies from time to time in given locali-
ties, only comparatively expensive timbers such as green heart and
teak are generally immune. In recent vears, the use of timber sheet
piling is restricted to temporary works and to work on rivers and
canals where the water is too low for marine borers, Softwoods should
be pressure creasoted if used for other than temporary work,

REINFORCED CONCRETE SHEET PILING

Sheet piling of reinforced concrete is used occasionalily for
permanent work, but only where the lengths are comparatively short.
Concrete sheet piles are simply precast piles of seuare or rectangu-
lar cross section, driven side by side to form a continuous wall.

To keep the piles in line, some form of interlock is needed, such
as the tongue and groove joints shown in Fig. 2-1(g) and 2-1(h).
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It is both usual and the best practicé‘éo”rééﬁce the heads of
einforced concrete sheet-piles as shown in Pig éfB(a) to take a
riving helmet, unless the driving is easy and a head-packing only
s used. The section can in that case be uniform throughout to the
ead. The objections are, however, that the piles are then not so’
asy to guide and there is more to cut away to e¥yrose the main bars
‘or concreting into the coping or capring beam. If the head is reduced
n section and the driving is very hard, the shoulders should be
1oped. '

With concrete sheet-piles to be driven in soft soil a metal shoe
8 unnecessary. If the piles have to be driven to & &et,.gay in
tompact gravel, or driven through any hard s80il a cast-iroﬁ shoe, as
Mow in Fig. 2-2(b) is used. When driving, the slopirg edge of the .
ihoe is on the far side from the rile already driven. The’%hoé of
,he rile first driven, however, is gymmetrical, and 18 generallv

;llghtly sloped on both edges.

For the detail design of reinforced concrete sheet—pllos all the
yonsiderations affecting the design of reinforced concrete comﬁre531on
aembers apyply, except that with hard driving the piles may be pubgect
to stresses aprproaching the crushing strength of the concrete. The °
stresses during driving are dealt with elsewhere. The area of the
nain reinforcement bars in slender piles should be not less than 2
percent of the cross-sectional area of the pile, or 1 1/2 percent
if the slenderness ratio is between 30 and 40, ani not less than 1 1/4
percent for stiffer piles. ;

The main bars may be tied together by diagonal wire ties. a8t inter=
vals as shown, but, to prevent them coming inwards during concreting,

pressed-steel forks may. be used in pairs holdiing apart diagonal ly

opprosite cars., The only pbjection to the rressei-steel apacers is

tha* when eross—-cracking ‘of piles takes place,
ecdentrlc driving, the cracks generally occur at the points where
Thatever method is used for fiving the

el ther by Hepvy Loy

+ 3 o
v il

diagonal spacers are placed.
main relnforcempnt bars it is important that
pernitted to be too close to the surface because of

1

the main vars are nob
risks of spalling
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of the concrete cover and of corrosion, or be inside of their correct
position of the considerable reduction in resisting moment compared
with that calculated with the bars in their correct position.

All the bars in any one pile should be exactly the same length,
and should be placed wi th one end bearing on the shoe. The cover of
concrete over the ends of all bars at the top of the piie should be
the same, say, 2 in. The amount of the cover of concrete at the sides
of the main bars is a compromise between cost, therefore, the greater
the cost, unless the bars are placed further in from the face of the
pile, in which case the moment of resistance is reduced. TFor sheet-
piles in fresh water a cover of 1 in. may be sufficient with a concret
mixture of 1:1 1£2:3 and good workmanship and driving conditions which
are not too severe. For piles in sea-water, a cover of 2 in, is gene-
fally provided but, if the concrete is fully compacted and has a low
water-cement ratio, a cover of 1 1/2 in., may be just as effective.

PRESTRESSED CONCRETE SHEET-PILES

The ability to take advantage of the high comrressive strength
of good concrete and the great durability of such concrete even when
al ternately wet and dry, makes prestressed concrete very suitable for
sheet-piles. Generally,‘possibly thinner piles can be used so that a
prestressed pile may be easier to handle, transport and driven than
an ordinary reinforced concrete pile. UPrestressed piles are made
either by the prthensioning or post-tensioning methods. For thin
piles the former method is generally more suitable, because there is
insufficient space for the end anchorages. Files having pre-tensiored
wires are usually more economical for piles less than 30 ft. long as
is common for sheet piles, particularly if existing prestressed beds
are available. ‘Piles with post-tensioned wires or bars are rzic eco-
nomically at the site or in factores, particularly if long piles
are reauired: Some typical cross-sections of prestressed sheet-piles
are given in Fig, £-4.

Concrete for prestressing and the permissible stresses &are :
deseribed in Britisi and American Codes, but it is often common to
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tensioned bars, it is easy to remove and unstress the end anchor to
] avoid the tendency of the conrete to fly when cutting away the head,
| but with some other system of post-tensioning this risk has to be
taken., Piles with post-tensioned high-tensile bars can be extended
by using couplers to attach an additional bar,.and subseeuently
stressing them in the usual way, but this is not often needed owing
to the small bending moments near the top of the pile, For the

same reason piles with pre-tensioned steel can be shortened easily
by cutting, and can be lengthened by adding concrete reinfofced with
mild steel. :

In both types of pile, mild steel is generally only resuired for
bonding into the coping or capping beam; it is only in exceptional
' cases that question of extending sheet-piles may arise. It is desir—
 ab1e to provide links at the top and bottom of the pile as in a8
“relnforced concrete pile,

i_STEEL SHEET PLLING

Steel is, by far, the most frecuently used material for piling.
It is extremely used not only for temporary construction such as
§ cofferdams, but also for permanent structures such as bulkheads,.sea
walls, wharves and piers. This wide application of steel sheet
piling for heavy lateral loads and long spans can be attributed to
two factors: PFirst, it is generally recognimed that steel, if pro-

in both fresh and salt waters. Numbers of steel sheet-piling struc-
tures exist today, built twenty and thirty years ago, which testify
to this. Secondly, the simplicity, strength and economy of steel
‘sheet piling are very considerable,

Steel Sheet Piling has characlteristics which render it for a
wide variety of applications. It has the toughness and resilience
inherent in steel, enabling it to withstard rough handling and '
battering during construction focllowed by the stressed and impacts
of service. It is a finished product ready for use as shipped by

perly protected, is well adaplied for subsurface and marine constructi:
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the manufacturer. It may be stored, handled, set up and driven in
comparatively small units simplifying problems of erection and eruip-
ment, Its installation is less dependent on favorable temperatures

or weather conditions and may be independent ‘of other construction
operations. 'Then interlocked and driven, the resulting wall is conti-
nuous, earth-tight, and virtually water-tight to any depth to which
the sheet piling can be driven. Allowance for corrosicn is generally
made by providing excess metal thickness in the steel section. TFurthe:
protection may be obtained by coating with heavy bitumastic paint.

In the =one "between wind and wave", where corrosion is most severe,

a concrete jacket is sometimes cast around the pile,

: All makers of sheet-steel pi 1¢nb make special sections to form
corners and T-connections. Standard details for spllcing on addi-
tional lengths are available, but, unless the connection has the
- sage moment of inertia as the plain section, the ability to trgnsmit
' the full moment is not obtained, so that it is always desirable to
avoid splicing. If, however, splices must be provided, say,;o§c&use
- the sheet-piles cannot be handled or ritched in one length, the joint
‘should either be placed at a position of small bending moment or the
" necessary strength obtained by increasing the number of bolts. Weld-
ed connections, although more expensivé as the welds must be made at
the site, are preferable to riveted or bolted connections for obtain-
ing the full strength of the section for permenent work, but bolted
joints are used where the top length is %o be subsenuently recovered.

The sections entitled "United Gtates Steel" are typical of
American piles, and in many cases the sections rolled by the Bethlehen
Steel Compaﬁy and the Inland Steel Company are identical, JSections
similar to those of the Appleby-Frodingham Steel Company, Limited
are rolled on the Continent, for example by the Belval Company in
- Luxemburg, which Company, together with the Lorraine-Escaut Company
in France, roll sections suitable for cellular cofferdams.

In continental Europe similar sections of piles are in use and
in fact several types were introduced into Great Britain from there.
The .Frodingham type is known in Germany as Hoeschj Larssen is known
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)y the same name while the American sections, as M738 and 7738, have
rguivalents in the Kldckner types.

The section modulus of sections marked MP is based on separated
yiles neglecting any interaction due to friction of the interlocks.

with the European sections it is freruently assumed that the
"ull section modulus is developed, and the correctness of this assump-
;ion under normal conditions has been claimed to have been ffoved by
§ractical experience~in deep cofferdams and by tests. Tests in which
the actual section modulus has teen determined by careful measurement
)f the deflection of loaded pileé are reported to have shown that
sveri when the interlocks of the piles are nuite free and have been
yiled to reduce friction, something like 60 percent of the combined
section modulus is developed. A small amount of loose sand or other
naterial , which helps to develop friction, may be expected to increase
this figure to nearly loo pefcent. In a case in which, for example,
bhe piling is driven through a stratun of mud and then rests on top
»f hard rock which it cannot penetrate, it is advisable to make a'
peduction of as much as 25 percent in the combined section modulus of
the sheeting. Alternatively, adjacent piles can be welded to one
another so as to ensure that no sliding tekes place. It is &l so
advisable to make a reduction when the piles cantilever and filling
ig placed on one side of the sheet-pile wall after driving. There is
no reduction of efficiency if the interlocks are on both faces of the

vall.
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CHAPTER 111
ANCHORED BULKHEADS

Anchored bulkheads serve the samé purpose as retaining walls.
However, in contrast to retaining walls whose weight always repre-
sents an appreciable fraction of the weight of the sliding wedge,
bulkheads consist of a single row of relatively light sheet piles

Fig. 3-1 Anchored bulkhead with (a) free and (b) fixed
earth support. Dashdotted lines indicate
potential surfaces of sliding.

of which the lower ends are driven into the earth. The active
earth pressure is taken up partly by anchor rods which are tied to
the sheet piles at A in Fig. 3-1 at a short distance below the
upper edge (a) of the bulkhead and partly by the passive resistance
of the soil located on the left side of the lower part of the sheet
piles. The 'anchor rods are held in place by anchors which are
buried in the backfill at a considerable distance from the bulkhead.

In further contrast to retaining walls, bulkheads are flexible.
On account of the anchorage of the uppermost part and the passive
resistance of the soil adjoining the lowest part of the bulkhead,
the upper and the lower edges of a bulkhead are partically fixed.
Therefore, a bulkhead yields only by bending in a hori=antal direc-
tion and the maximum deflection occurs approximately at midheight
of the bulkhead. 3

e
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If the sheet piles have been driven only to a shallow depth,
‘he deflection of the bulkhead is somewhat similar to that of a ver-
iical elastic beam whose lower end d is simply supported without
)eing fixed, as shown in Fig, 3-1(a). Bulkheads which satisfy this
tondition are called bulkheads with free earth support. On the
yther hand, if sheet piles have been driven to a considerable depth,
18 indicated in Fig. 3-1(b), the lower end of the bulkhead is prac-
ideally fixed in its position, becaise the resistance of the sand
Wdjoining the end does not permit more than an insignificant devia-
iion of the piles from their initial, vertical position. :Therefore,
yulkheads of this type will be called bulkheads with fixed earth
support. An adequately anchored bulkhead with free earth sﬁpport
>an fail either by bending or, on account of a failure of the sand
idjoining the contact face (bd), by shear along a curved surface of
s1iding (df). A securely anchored bulkhead with fixed earth support
xan fai 1 by bending., In laterally loaded sheet piling total length
md unit weight can be materially reduced by anchorage of top or some
yther part of the near top. Anchorage may consist of concrete blocks,
ori-antal beams, piles or short panels of sheet piles. The canti-
.evered wall has limited applications, as the introduction of single
ow of ties reduces maximum bending moment to less than SO‘percent
hat .of the cantilever.

HEORETICAT. AND REAL PRESSURES ON ANCHORED BULKHEADS

Although many theories have been put forward to demonstrate the
orm and magnitude of the active and passive earth pressures on
sheet-pile wails, they are generally influenced by the desire to
)btain pressure diagrams Which'simplify the determination of the
u&ximum‘necessany depth of penetration. These simplifications are
ienerally agreed to be justified, since the results obtained cannot
)e more reliable than the information available about the characte-
~10tics of the soil which vary in course of time and may vary along
he length of the wall. - - :
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Fig. 3-2(a) represents a bulkhead with free earth support. The
inner face of the bulkhead is assumed to be acted upon by the active
Coulomb pressure (pressure triangle, abc). The force that resists
the outward movement of the buried part, eb, is represented by the
shad ed triangle, bef,

FPig. 3-2(b) shows a bulkhead with fixed earth support. The
triangle, abc, represents the active earth pressure on the inner face.
The assumed resistance against the outward movement of the buried
part of the bulkhead is indicated by the pressure area, edb. OSince
the elastic line of the sheet piles forming an anchored bulkhead with
fixed earth support is assumed to pass below a certain point b onto
the right-hand, or inner, side of the original position of the bulk-
head, it is also assumed that the earth pressure on the inner face
changes at the elavation ofjpoint b from active to passive (line cc,,

Ay "’/5:5},”"«':);‘ ey,
assive”

Passive Earth Ry 57
-{Pressure el RO AR £°

Active—

5

Pig. 3-2 Classical conceptions concerning distribution of

earth pressure on bulkheads with (a) free and (b)

fixed earth support.
Fig. 3-2(b), whereas the pressure on the outer face changes at the
same point from passive to active (line ggy). The depth of penetrat-
ion of the sheet piles (D) is computed in such a manner that the
elastic line of the sheet piles satisfies the condition of fixed
earth support. The computation is performed either by trial and error
or on the basis of supplementary simplifying assumptions.
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At the time when the assumptions illustrated by Fig. 3-2 were
originated, the physical conditions for the validity of these assump-
tions were still known. Since that time, many observational data
have been accumulated which are incompatible with the original assump-
tions. Nevertheless, the methods of bulkhead design remained practi-
cally unchanged.

EPFECT OF WALL MOVEMENTS ON EARTH PRESSURE

The design methods illustrated in Fig. 3-2 involve the assumption
that an infinitesimal yield of a lateral support is sufficient to
reduce the intensity of the earth pressure to its minimum value and
that a further yield has no influence on this pressure. This assump-
tion is incompatible with the results of large-scale earth pressure
tests which furnished accurate information concerning relations among
(1) the yield ratio d = Y/H of a vertical wall (Fig. 3-3(b) with
height H = 5 ft, backfilled with coarse, clean sand in a loose or in
a compacted state; (2) the coefficient of active earth pressure Kp;j
(3) the mobilized part @' of the angle of internal friction ¢; and
(4) the angle of wall friction. The tests led to the following con-

jciusions:

| The assumed value Kj for the dense sand was its minimum value
gcorresponding.to d = 0.0005. This value was retained until the yield
ratio became eoual to 0.0002., Further yield was associated with an
increase of K, toward the minimum value of loose sand as shown in
Fig. 3-3. At d = 0.0046 an audible slip occurred in the backfill.
Along the line of intersection between the surface of sliding and the
surface of the backfill & low fault scarp appeared.

The value of Kp for loose sard decreased from 0.4 to 0.30 while
| the yield ratio d increaéed from wero to 0,0003. Turther yield was

' associated with a less important decrease of Ky (Fig. 3-3(a)). At a
yield ratio of 4 = 0.0007, corresponding to the maximum distance

| through which the model retaining wall could be advanced, the value

of K, was still considerably greater than the minimum value for the

dense sard (0.23), and no slip had yet occurred.
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Fig. 3-3 Effect of Wall Movement on .Coefficient of Hori=santal
Earth Pressure

The angle of wall frictioncg assumed its full value before the
nternal friction was completely active. On the other hand, when the
all advanced toward the backfill over a distance of C.0002 H, the
all friction was still much smaller than its maximum value.

At any stage of the tests, as soon as the wall ceased to yield,
oth the angle of internal friction @' and the angle of wall friction ¢
escreased slightly at a decreasing rate. Tart of the decrease was
robably caused by the fact that the backfill of the model retaining
all was subject to intermittent vibrations caused by passing trains.

The backfill of bulkheads is almost never compacted by artificial
iethods, and the average yield of the bulkhead hardly exceeds a
raction of 1% of the height of the bulkhead. Therefore, it is un-
iKely that the lateral pressure of a sand backfill on an anchored
ulkhead is as low as the active earth pressure of the fill material.

In the tests illustrated in Fig. 3-3, the wall was not allowed
0 yield until the entire backfill had been placed. In practice,
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backfilling operations and yield take place simultaneously. In this
case distinction must be made between total and effective yield. The
term "effective yield" refers to that part of the total horiwontal
{movement of a point on the back of a lateral support which occurs
after the point has been buried. The value of the coefficient of eart
pressure depends on the average effective yield of the support and not
on the average total yield.

EFFECT OF WALL FRICTION ON PASSIVE EARTH PRESSURE

At the time when the analytical methods for bulkhead design came
into existence, it was generally believed that the Coulomb method for
computing passive earth pressure was as reliable as the Coulomb pro-
cedure for computing active earth pressure. Both are based on the
‘ésaumption that the surface of sliding is plane. 1In Fig. 3-4(a) the
‘surfaces of sliding are indicated by lines bec; (active wedge) and bd,
| (passive wedge). '

)
@
| = L]
325¢253
—-lo — — = .
Coulam b = a0 q
3'-15r LLLDfT’b
g@(&?&g@mﬁ *510 ."i
3 T AP TE 5o Lgcecid TEK Be
™ ‘ﬁ\ ’ 23 5r»~ ? g"‘d
. R i A l
% 0
TR S SR s Ny Tk
Coeff. of Passive Earth
Pressure,Kp
(a) (b)

Fig, 3-4 Diagrams illustrating errors involved in Coulomb's
assumption that the passive failure takes place
along a plane surface of sliding.

If the Coulomb assumption represented by line bd, were justified
the coefficient of passive earth pressure Kp, of a sand with an angle
of internal friction ¢, would increase with increasing angle of wall
friction § , as shown in Fig., 3-4(b) by dashed lines. Subsequent
theoretical investigations have shown that the based of the active
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edge (line be, Fig. 3-4(a)) really is almost a plane. Therefore, the-
Coulomb minimum value for the active earth pressure is almost correct.
owever, in connection with the passive earth pressure, both the theo-
ry of plasticity and various experimental investigations led to the cor
2lusion that the base of the passive wedge is not even approximately a
nlane. It consists of one curved section and one plane section, as
ndicated in Pig. 3-4(a) by line bd. On the basis of the knowledge
of the actual shape of the surface of sliding, it was found by computa-
vion that the coefficient Kp of the passive earth pressure on a verti-
'al lateral support (ratio between horierontal and vertical pressure at
iy depth below the surface) increases in accordance with the solid
lines, and not the dashed lines, in Fig. 3-4(b).

UBATLANCED WATER PRESSURE

If an anchored bulkhead is located at the seashore,-the earth
pressure on the inner face of the sheet piles is a maximum at low tide,.
At the'same time, the inner face is acted upon by an unbalanced water
preBsure becau se the water table behind the bulkhead lags behind the
receding tide., Unbalanced water pressures may also develop at bulk-
heads located at the shores of rivers or lakes, during a rapidly re-
ceding high water or during heavy rainstorms.

If the coefficients of pefmeability of the strata in contact
with the bulkhead are known, the distribution of the unbalanced water
ﬁressure on the two faces of the bulkhead corresponding to a hydraulic
iead H, can be determined by means of the flow net method, as shown
n Fig. 3-5, .for a dredge bulkhead with sheet piles driven into a
oomogeneous mass of fine, uniform sand. Fig. 3-5(a) represents the
low net and Fig. 3-5(b), the corresponding distribution of the un-
~alanced part of the water pressure over the faces of the bulkhead.

" the permeability of all the soil strata in contact with the
ulkhead is practically the same, it can be assumed, without serious
:rror, that the inner face of the bulkhead at any depth between the,

‘+#..7e 1line and the outside water level is acted upon by an unbalanced
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water pressure, in which 4, is the unit weight of water. Below the

- = /a/m //a i, /é-?.g—//)
the dredge line, Py decreases from Hy to =ero at the lower edge of th
sheet piles, as indicated in Fig. 3-5(b) by the straight line, de..

If the permeability varies in vertical directions between wide
1imits, the determination of the distribution.of the unbalanced water
pressure may reouire the construction of a flow net.

When the water table in the backfill is above the free water
level, the water percolates through the backfill in a downward direct-
ion, flows around the .lower edge of the sheet piles, and rises beyond
the outer face, as indicated in Fig. 3-5(a). The seepage pressure
exerted by the rising ground water reduces the effective unit weight
of the soil in contact with the outer face of the bulkhead and, as a
consequence, 1t reduces the passive earth pressure. If i is the
average hydraulic gradlent in the soil adjoining the outer face, the
corresponding reduction of the submerged unit weight‘X of the soil is

A =i H, (&g 7.2)
Under the conditions illustrated in Pig. 3-5(a), the average value'of
i'is somewhat smaller than :§§§ . Hence, the effective unit weight
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Pig, 3-6 Lateral Pressures Due to Point Loads

of the soil in contact with the outer face of the bulkhead will be
8lightly greater than

s AL . aq,?‘z; (£5.3-3)

The relationship between AY ' and 4,/D is shown in Fig. 3-5(c). With:
the backfill the water percolates in a downward direction and it pro-
duces an increase of the effective unit weight of the fill By AT
However, A ¥“ is very much smaller than A¥’ and does not require co:

gideration.

LATERAL PRESSURE RESULTING FROM POINT IOADS

Intensity and distribution of the lateral pressure resulting fror
point loads were investigated by Gerber and Spangler. The test re-
sults were practically identical.

Fig. 3-6 shows the distribution of the lateral pressure over the
back of the wall. The pressure is greatest along the line of inter-
section, ab, between the wall and a vertical plane through the center
of the load at right angles to the wall, Along this line, the unit
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pressure p, first increases with increasing depth, assumes a maximum
value at a depth which is somewhat greater than the distance between
load and wall, and then decreases again, At any depth the pressure

decreases in hori=ontal directions with increasing distance from line

ab.

None of the existing theories (1953) account satisfactorily for
jthe distribution over the inner face of a wall of the lateral pressure
produced by a point load Q, For values of m greater than C,4 the unit
pressures p, 2long line ab (Fig. 3-6(b)) can be estimated roughly by

use of the empirical equatlon.
;y;_) R s e g (E: -7 )

(772%2n%)
For values of m less than 0,4, a better approximation is obtained by
assigning to m in Eq. 3-4, 8 constant value m = 0.4, thus

L]

- o0 IR 3t - W ; ‘
’?(Z?”) 3. ("'o./éq-sﬂz)‘a Gh el

E
-
} The intensity of the lateral pressure on the back of the wall

. both sides of the line ab in Fig, 3-6(b) is a complicated function
qf the depth below the crest of the wall and the hori~onta distance
from the line ab, If the point load Q is located at a distance m H
from the wall, an upper limiting value for the unit preésuré,p at a
depth n H below the surface of the fill and at a horieontal distance
mH O (Pig. 3-6(c)) from the vertical line through point a cen be
obtained by use of the empirical equation:

B = b, CosB ) F) (Eep. 3-6)

kLATERAL PRESSURE RESULTING FROM LINE LOADS |
According to the data shown in Fig. 3-7 the information furnished

by the Coulomb fheory concerning the intensiry and distribution of thej
71atpral pressure resulting from line loads is incompatible with the
‘pxperimental data. More satisfactory is the agreement between the
imeasured pressure and the theory of Boussinesq. -According %o this
theory the hori-ontal unit pressure G, on a vertical section, ac,'in

Fig. 3-7(b) through a semi-infinite elastic medium, at a depth n H
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below the surface caused by a surface load Q per unit of length, acting
on & line at a distance mH from the vertical section is equal to
£ Q (mfa) . (T

R P
However, the application of tqe line tends %0 produce a lateral deflec-

tion of the vertical section, and the flexural rigidity of the bulk-
head interferes with that deflection. In order to obtain the lateral
pressure on a relatively rigid diaphragm, ab, in Fig. 3-7(b), located
@t the site of the vertical section, a second and erual line load Q
must be applied at a distance m ! on the right-hand side of point a.
his secomd line load doubles the unit rressure; therefore, the unit
pressure on the wall at depth n I below the surface is °

0y - ‘i’g,/mzi:z)z i
ard R N @9' F-5)

: /’95‘ T 7%en2)? ;

or values of m greater than about 0.4 the agreement between theory
observation is fair. However, for values smaller than 0.4, the
‘iscrepancy between observed and computed values increases with d§0—¢
easing values of m, For such values of m (leas than 0.4) it was found
oy trial and error, that the observed pressure distrivution has greater
imilarity to the computed distribution for m = 0.4 which is determined

y the equation:

5 S5 o203 7 . . &
Gt U g S ey

For values of m greater than 0.4

o e T e ) (2. o)

e 722 £/

For valﬁes of m smaller than 0.4

S ' P |
/i, = 0.8 (L. -1
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LINE LOAD Q@

VALUE OF n=2/H

VALUE oFp(H)
Q ,
§ T ity (b)

Pig. 3-7 Iateral pressure due to line loads

The observational data shown in PFig. 3-7 eliminated the Coulomb
heory as a source of information concerming the lateral pressure pro-
uced by line loads, and they made it possible to establish empirical
qquations for estimating upper limiting values of the pressures pro-
luced by such loads.

DISTRIBUTION OF EARTH PRESSURE
Theory and observation have shown that the distritution of the

Jressure on a lateral support is by no means necessarily in accordance
rith the Coulomb theory because it depends largely on the type of
rield, This fact is illustrated by Fig, 3-8 which represents the
listribution of the lateral pressure on the back of a 1atera1'support
‘or three different types-of yield. The effective yield at any depth
yelow the surface is indicated by the width of the shaded area at

shat depth.
In connection with anchored bulkheads, the validity of the Coulomb
sheory” was questioned for the first time in 1906 by Danish engineers

(SINVHADLON [STLISHINING IZVO0R
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on purely empirical grounds. It was argued that the lateral pressure
on bulkheads is a minimum midway between the dredge line and the anchor
line, as shown in Fig. 3 6(c). This conception received experimental
support by tests performed by J. P, R, N, Stroyer and received consi-
lerable attention because a lateral pressure with the distribution show:
in Pig, 4-8(c) produces very much smaller bending moments in the shect
piling than a pressure with Coulomb distribution (Fig. 3-8(a)) and equa
total  intensity. In 1638 J. Ohde computed the distribution of the
earth pressure on flexible walls with fixed upper and lower edges and
he also found that the pressure distribution should nave the characie-
ristics shown in Fig. 3-8(c).

Effective

Yield Earth

Pressure

(a)

Fig. 3-9 Intensity and Distri

Fig. 3-8 Influence of Movement , bution of active eax
- Type on Pressure pressure on inner fa
Distribution of relatively stiff

model bulkhead

R M0 M 2 URETASE Pha -a4 R S T
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Fig. 3-10 Pressure Distribution on Flexiable Model Bulkheads

Between the years 1944 and 1951 G. . Tschebotarioff, performed
large-scale tests on bulkhead models. Ile measured the lateral deflec
tion ard the extreme fiber stresses in the bulkheads at different ele
vations above their lower edge and he computed the pressure distribu-
tion illustrated by Fig. 3-8(c) for bulkheads of the dredge type only
The distribution of the earth pressure on the inner face of the model
of i1l bulkheads was found to be similar to that shown in Figs. 3-9
and 3-10, The tests represented by Fig. 3-9 were made with a relativ
ly stiff bulkhead with a maximum deflection eoual to about 0.1% of th
vertical distance H between the anchor line and the dredge line,

The corresponding Kp-value was nearly 0.4, which is approximately
eoual to the coefficient of earh pressure at rest. The intensiry and
the distribution of the active earth pressure on more fléxible bulk-
heads, having a deflection ratio of about 0,5%, is shown in Fig. 3-10
The corresponding Kjy~ value approximated that of the active earth
pressure, Curve 2' represents Test No, 2 after compaction of the fi]

B s e TR B T S
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by vibration. The line marked Kj=0.23 represents the Coulomb pressure
.computed on the assumption that ¢=34° and 2256. The line marked
K=0.4 represents the earth pressure was & maximum at some elevation
above the dredge line., They also showed that the real pressure distri
bution depends-on factors, such as the method of prlacing the fill, whi
40 not roceive any consideration in earth pressure theery.  Hence, the
agreenent between the real pressure distribution and the Coulomb pres-

| sure distribution is by no means perfect because the intensity of the
- lateral earth pressure is a maximum at some elevation above the dredge

l1ine (Fig.3-S and Pig.3-10) and not at the dredge line., The computa-

tion of the bending moments in the sheet piles on the basis of a

doulomb pressure with enual total intensity involves an error on the

uhsafe side,

d=005H d=0005H

C(Passive)

Fig, 3-<11 Diagrams illustrating the effect of subsoil conditions
on distribution of passive earth pressure and on type
of bulkhead deflection.

Mr. Tschebotarioff also experimented with composite backfills, Fig.3-1
Tests No, 4 and 5. The lateral pressure exerted by sand fills backed

'hy elay fills in Test No, 4 was found to be slightly greater than the

lateral pressure of a continuous sand’ backfill witnh iden’ical properti
2 '

[
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The lateral pressure exerted by sand fills located between the bulk-
head and a clay slope as in Test No, 5 was slightly smaller than that
exerted by the £ill in Test No. 4. P, W. Rowe determined the distri-
bution of the earth pressure on a flexible wall directly by means of
_pressure ¢elis in 1952. In agreement with Mr, Tsohebotar;off's find-
‘ings, he obtained the rressure distribution for dredze oqlkhrads as
ts‘hown in Fig, 3-8(e). However, he found that an anchor yield of ©0.19
lof the height of the bulkhead is sufficient to chamge the pressiure
‘distribution into one that agrees fairly c]oselyfwith the Coulomi
‘theory. The test results are illustrated in Fig. $-21L8); An Fig,>-
‘curve Cp Fepresents the distribution of the earth pressure.on the
‘inner face of the model bulkhead prior to yielding of the anchorage
‘and .Co represents distributicn after the bulkhead had yield. The tota
1ntensity of the pressure remained almost unchanged.

: The anchorage of Hr. Rowe's model bulkhead was allowed to yield
lafter the sand in contact with the upper part of the outer face of
?the bulkhead had been removed by excavation, whereas in praatice the
 anchorage yield gradually during the rrocess of excavation. This
tdifference may involve a considerable difference in the tvpe of pres-
’sura distribution. However, the yield of the anchorege may exceed

considerably the limiting value of 0.001 H, and the pounding of waves
of traffic vibrations may contribute further to a modification of the
pressure distribution. Hence, even in case of dredge bulkheads it
does not seem justified to depend'on the benefits to be derived from
‘a difference between the real pressure distribution and the distribu-
tion coﬁputed on the basis of the Coulomb theory.

Ourve/ C (Passive), Fig. 3-11(a), shows the results of the measu-
‘rement of the passive earth pressure that acted upon the buried part
_of the model bulkhead., In corder to obtain supplementary information ‘
::éOnderﬁing the'effect of the type of wall movement on the distribu-
“tion of the passibe earth pressure, MNr. Rowe experimented with a 3/8:4d
j‘Iate&.al plate that was buried to a depth of 2 ft. in ¢lean sand. The
%‘plate could be advanced toward the sand by rotation about a hori-ontal
j.axis. The passive earth pressure on the wall was measured by use of
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Beven pressure cells, space 3 in. on centers albhg the vertical axis
:of the area acted upon by the rassive earth pressure. The test results
are shown in Figs. 3-11(b), (o) and (d).

| . The pressure distribution represented by curve C (paszive) in
Fig. 3-11(a) is intermediate between those shown in Pig. 2 213 (e) ‘and
3=11(d), but none of them involves an increase of the pasSive earth
pressure in simply proportion to the depth below.the dredge liné. ith
inereasing flexibility of the buried part of the buikhead, the move-
ment of this part changes from a displacement dl most parallel to the
‘original ‘position of the buried part into a movement by rotation about
the lower edge of the bulkhead so that the distribution of the'pa35ive
earth pressure becomes increasingly similar to that shown 1n Fig. 3-11
(h), or Fig. 3=11(e¢). s '

QIHFLUEncE OF FLEXURAL RIGIDITY ON BENDING MOMEND

According +o the theories of bulkhead ana1r31s as illuatr@téﬂ in
?ﬁg. $5-2, the conditions of end support and the maximum benddﬁg mument
in the sheet piles are independent of the flexural rigidity of - the
'sheet piles. Acecording to the same theories, the maximum bending _
momené decreases with increasing depth of sheet .pile penet raulon, wha,-
ever the flexural rigidity may be. In fact, if .the sheet plles were
perfectly rigi&, the maximum moment would increase with increasing
depth of pile penetration. However no cbservational data were avail-
able concerning these important relationships until the results of
Mr. Rowe 's e\perlﬂenta] investigations were published in 1052, The
results of his measurements are shown in an abbreviated and simplified
férmvin Figs, 3-12 and 3-13, which illuetrate the effect of rile
flexure and soil deénsity on the bending moment of the pile. % can
‘be seen how critical these factors are, and how wide a range of bend-
?ing moments can occur under varying conditions.

L

J f ;A‘ﬁurvey of Nr., Rowe's results shows that for a pile of average
stiffness in a soil of average density (Fig. 3-12(b)) the bernding

I
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moment is of the same order of magnitude as the bending moment.cowputoi
by the conventional fixed earth sypport method. ~I1f a very 8tiff pile
has a toe embedment in a loose soil (Fig. 3-12(a)), the bending momen:
‘may be considerably larger, Tor a very flexible pile in a dense soil
(Pig. 3-13(c)) the bending moment may be smaller than that ecorputed

by the fixed earth support method.
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(0) Very Stiff Pile (b)Average Stiff {(C) Very Flexible
Pile Pile
Fig,. 3-12 Bending—momént diagrams for bulkheads in very loose
i soil. '
(@) Very Stiff Pile (b) Avera. stiff (C) Very Flexible

AR Pile

Fig. 3-13 Bend ing-moment diagrams for bulkheads in dense soil.

It should be noted.that in the following arbitrary pile classification
i(according to varying degrees of stiffness), it is assumed that (1)
piles of average stiffness include steel sheet piles in the lengths
normal ly used for anchored sheet-pile bulkheads; (2) very stiff piles
inelude reinforced concrete sheet piles and short lengths of the
heavier sections of steel sheet pile; and (3) very flexible piles
include timber sheetings and longer-than-average lengths of steel sheet
piles. |
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For very stiff bulkheads, the maximum bending moment M in the
lheet piles is practically independent of the flexibility number and
8 equal to the value M (max,) computed on the assumption of free earth
upport, Fig.3-2(a). However, if the flexibility number/‘3 exceeds a
rertain value, the maximum bending moment M decreases with increasing
alues of © and finally approaches a value approximatély_euual to one
third of M (max.). The critical flexibility /2 at which the maximunm
rending moment starts to drop below the value of M (max.) increases
idth descreasing relative density of the sand, Rowe's Method of design
8 described herein under a separate subheading.

The fact illustrated by figure shown in Rowe's Method - that the
)rending moment in sheet piles decreases with increasing flexibility
f the piles - is chiefly the result of the interdependerice between
he type of deflection of the buried part of the sheet piles and the
'orresponding distribution of the passive earth pressure. If the
xheet piles, with a depth penetration D), were perfectly rigid amd the
umahcrage unyildlng, the buried part of the sheet piles woulﬂ r@t&te
ibout ‘the anchor line. The corresponding distribution of thghggpth
&regéure would be similar to that shown.in Fig. 3-11(d), aﬁd“ﬁhe}center
f the pressure would be located at an elevation of less than /3
ﬁbove the lower edge of the piles, This condition corresponds to the
deal "free earth support". As the flexibility increases, the outward
wovement of the lower edge of the piles becomes smaller and smaller.
he yield assumes the character of a yield by rotation about the
lower edge, involving a pressure distribution as shown in Figs. 3-11(b)
ind 3-11(c). The glevation of the center of the passive pressure
ncreases to more than D/2, whereby the "free span" -eaual to the
|listance between anchor line and center of the passive pressure -
lecreases, and the maximum bending moment decreases with the third
ower of.the span. Finally, if the piles are extremely flexible, the
Lawest'part of the sheet piles will neither advance nor rotate, In
bthér wOfda, the lower ends of the sheet piles will be "fixed" as shown
n Fig. 3 3-2(b). '

!

. The critical value R of the flexibility number increases with
nereasing compressibility of the soil because the resistance of the
0il against tilt ard outward movement of the buried part of the sheet
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piles decreases. This interdependence is illustrated in Figs. 3-11(e)
to 3-11(g). If sheet piles are driven into peat (Fig. 3-11(e)), they
receive "free earth support" even if they are made of a flexible
material such as wood.

EDESIGN OF ANCHORED BULKHEADS

| The experimental investigations described in Part I have made it

j possible to eliminate the most serious misconceptions associated with
the customary methods of bulkhead design. On the basis of the find-
ings, one can reliably estimate the forces exerted on anchored bulk—
heads by homogeneous layers of soil with known physical propertiea.

. Hence, the uncertainties involved in the design of bulkheada no longer

. result from inadequate knowledge of the fundamental principlea_ihvolve
They are caused only by the fact that the structure of natural soil

deposits is usually complex, whereas the theories of bulkhead design

~ inevitably presuppose homogenous materials, - Not even the backfills

E composed of excavated and transported soils can be considered homo-
genous, Because of local variations of the soil prOperties within

.~ the borrowpit area and segrezation according to grain siwe during the
process of underwater deposition, the characteristics of the backfill
may change from place to place and its properties cannot te reliably
determined by tests in advance of construction,

Because of these conditions the most economical and expedient pro-
.cedurd consists in estimating the constants and coefficients - such
as the unit weights and the coefficients of earth pressure - on the
basis of the results of exploratory borings:'and of routine tests
performed on representative samples, and compensating for the uncer- |
tai nties involved in this procedure by an adequate margin of safety.

FREE EARTH SUPIORT METHOD

This method is based on the assumption that the soil into which
the lower end of the sheet piling is driven is incapable of producing
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effective restraint of the sheet piling to the extent necessary to

induce negative bending moments, The pressure distribution in & gra-
nular soil which corresponds to this assumption is shown in Fig. 3-14
:for a minimum depth of embedment D' compatible with enuilibrium, that

is, when the factor of safety in respect to the limit va ue of the
passive resistance of the soil in front of the bulkheads is enual
to unity (Gg=1.00).

_..j—-——-——sw

Fig. 3-14 The free-earth support method of anchored-bulkhead
design in sard.

Figure 3-14(a) refers to & condition where the depth of embedment
is just sufficient for limit eruilibrium, assuming that the mayimum
possible passive resistance is fully mobiliwed. The an chor pull can
be determined from the condition that the sum of the horieontal forces

‘is equal to zero:
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In the above equations 4" refers to the unbuoyed and ¥’ to the
buoyed unit weight of the granular soil; all the other svmbols:are as
shown in Fig. 3-14(a), The first bracketed expression in fa. (3-13)
represents the area (def) of the lateral-earth-pressure diagram Fig.
3-14(c), the second represents the area (efgh), and the third represent
the area (emh). Equation (3-14) represents the area (ngo). The depth
of embedment D', which will correspond to the limit eruilibrium, can
be determined from the condition that the sum of the moments aroupd
the point where the anchor connects with the bulkhead must erual =ero:

= St '{z %z ﬁ .é%?.dhucr
where
s /4 rrs)% F % / -bJ]f/d/(’dr‘ﬁ)LA ’Www]///‘” R éJ]?‘“
3 Z‘f'%wfﬂ )ég[;(”@fﬂ}¢4] 22 -/
o Ky
| d Iyt ' e e S
/%éz ____.2/7/3125/0 /AA/V*é"JZ'[) ) | l,@ )

In 'actual design all values contained in Ens, "3-16) and (3-17) are
selected and are numerically known, with the one exception of the
depth of embedment D', Thus after insertion of the corresponding. fi-
gures into these equations, Ea. (3-15) may be given the form

e

@R L DS e Dy O oy 5- 15

where cl, CQ,'C3,‘and Cq are numerical coefficients, so that tihie value
(of D' can be determined,

Once D! is known, Pg and Pp are determined from Eas., (3-13) and
(3-14) and the anchor pull Ap from Ea. (3-12). The numerical values
of all forces acting upon the bulkhead are then known, The Dending
moments induced by these forces can be determined in accordqnce with
the customary procedures of mechanics of materials. Flgure 3-14(b)
‘1ndicates the shape of the bending moment curve which will result
from such computations., : :

A
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The actual depth of embedment D is made‘greater than D' to obtain
the desired factor of safety against rupture of the soil in fromt of
the bulkhead and against failure of the entire structure. 4 factof
Lof safety of two (Gg=2.00) is sometimes chosen to that end, One of
| the freouently used methods of computation assumes that the effeétivel‘
mobilised portion of the passive earth pressure has the shape of a
trapesoid nvji, the area of which is equal to one-half of the maximum
theoretically possible triangular resistance area nwv, as shown in
Pig. 3-14(c). This assumption complicates the relevant computations
to an extent which does not appear justified, since 80 many other
approximations are involved in the Lasic assumptions of this design
methiod, For that reason the actual depth of embedment D from .

B TN L S

s This relationship appears to be based on the fact that, 'aa shown
in Fig, 3 3-14(c), the area of the triangle ngo will be one—half of the
area of the triangle nst if ng is made equal to D' and ns tOvB; as
indicated bty Eq. 3-19. This leaves out of consideration the theoreti
| cal increase of the total active pressure by the area mgsr. Tﬁére4“
| fore, Bn. 3-19 would provide an approximate factor of safety Gg=1.7,
 and not 2.0, as assumed, If Gg=2.0 is desired, then D should be

' made eaual to

v BURRNS 20 47 8 é%7u3-229

FERAPHICAL METHOD OF SOLUTION OF FRER EARTH SUPPORT

Yhen it is renuired to find the minimum penetration the graephical
method in Fig. 3-15 is applicable. TFor this case, the total pressure
on the front of the wall plus the tension in the ties must erual to
"the total pressure on the back of the wall, There is no pressure on
' the back of the wall near the bottom if the pendtration is just suffi.
cient to prevent the wall moving forward.
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4% the outset of our investigation the depth D at which point {a)
is located is unknown, Hence we are obligated to make a first guess,
represent the valve D=bd in Fig. 3-15(a).

Divide the diagram into any convenient number of strips, 1, D
etc. and calculate the total pressure corresponding to the area of
each strip. Tlot the total pressure along the base line of the moment
vector diagram (Fig. 3-15 f£) to any convenient scale and mark points
‘1, 2, 3, etc., corresponding to strips 1, 2, 3, ete, join these points
‘to the pole. ' i s

‘ Project horisontal lines through the center of gravity of each str
‘and number the spaces these lines 1-11. Ther we replace the continuou:
‘system of forces 1-11 as shown in Fig. 3-15{t). In spaces 1,11  draw
Tlines parallel to lines pole 1, pole 2, etc. in the vector dlagram d ow:
~to point 0. The lines drawn are part of the bending moment curve,
@l.?ig 3-15(c). - - e |
| By taking moments about 0, determine the value of Ape. udﬁ@lete
‘the lower part of pressure diagran ard cornplete the vector‘di&gram,
;;and bending moment curve as already described, check the calculateﬂ
V:valve of Ap with the velue obtained from vector diagram. | '

‘ &Tﬁduce the 1ine in space O to intersect the line of the tne-bar.
A line joining this point to the foot of the bending moment curve is
the base line of the bending moment diagram.

| DANISH METHOD

This empirical -method for the design of anchored bulkheads was |
developed by Danish ehgineers in 1926. Although numerous dredge and
£i11 ‘bulkheads designed from these rules have been constructed in ‘
water depths of up to 40 ft., no failures have been recorded except

for a few cases of excessive anchor yield,

, Although certain details in the Danish Rules can be criticiwed,
' it is a fact that, by this method, a great number of sufficientliy,
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safe and economical bulkheads have been constructed. On the basis of
this extensive practical evidence, it is maintained that any design
method which consistently leads to greater dimensions than those reeui
ed by the Danish Rules must be considered uneconomical.

Fig. 3-16 shows a sheet wall anchored at point A. It is assumed
simply supported here and at anchor point E, located at the pressure
centre of the passive pressure necessary for eemuilibrium,

The diagram of the active earth pressure is first calculated accor
ing to Coulomb's thoery (withdg:z 0), but is then modified by means of
a parobola, decreasing the pressure in the middle of AB by an amount

g and increasing the pressure at A by 1.5 B

‘ Assuming simple supports at A and B the corresponding reactions
‘and maximum moments are calculated. The wall and the anchors are then
designed with @llowable stresses which are 25% higher than usual. The
fﬁhepreticglly necessary-d?iVing depth 4 is determined by the condition
.fﬁﬁat the passive earth pressuré,\c@lgulated according to Coulb@bfs
theory (withd,= 1/2 ¢), should equal the reaction D. The actual
;fdriving.depth should then be d1/§: corresponding to a nominal safety
1*£aotor ol 2. i ' 3
with reference to Fig. 3-16, the main values for the design of a
bulkhead according to the Danish rules are determined empirically as
- follows:

Pirst, the ordinate g of the pressure diagram shown in Fig. 3-16
'is computed from the ecuation (3-21). The trape~ium ADFZ represents
- the active pressure, using any formula by which a hydrostatic pres-
sufe=distribution'results,'and A is the point to which the tie is
| attached. The net pressure acting on the sheet wall below the tie is
“ then the shaded area A'ADFBM'A', the curve Bl'A' being a parabola with
_the hori~ontal axis such that j 1

h)gﬂﬁ,/= g = L{Z~ o) 24%, Zz F-Z/
s S~ o) '
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Fig. 3-16 = Danish Method of Modifying Pressure niagramffag;,f
: Flexible %alls in Sand i Sites L

where pp, is the eouivalent uniformliy-iistributed unit pressure on the
wall between A and B, that will give with simple supports at A and B
the same bending momentas the load area ADFBK',

] The pressure diagrsm ADFDL is always very nearly a triangle; ma-
thematically the moment at a level 1/2° L (Pig. 3-16) is always 1/8 IL
for a ﬁriangglar,.rectangular or any trape~oid shape of loading diagrax

between these limits, and
i == @ (AT % FB)

:whére o0 = distance EMM' in Fig. 3-16
2 .

h
Ly level, transformed to correspond to the unit weight

distance AB in FPig. %-16

i

height of surcharge and of the soil above the anchor

of the soil above the anchor level
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pp = uniformly distributed unit load which will produce the
game bending moment in the sheeting as the load trape-
»0id ADFB.

The coefficient k is given by the empiricel formula

& et / ‘. E?JZE"

ratio of the negative bend;nésﬁoment at anchor 1eve1 to
the positive bending moment of the span below it

E = Young modulus for sheet-pile mauerial il

a = wall thickness or, for steel sbeetlng, dlstance between

where n

extreme fibers

G = permissible bending siress

.'J¢5

= anble of internal friction.

3‘Q£ten result in the same, or s‘igztly greater.
lgg
the |

=)

. !Tne theoretical minimum deptn of penetration d is e [’
?Vﬁélng egual to 0.30 or 0,35 of the depth Hy from. water level
‘dredge line, The actual depth of penetration D for & factor of

\
safety Gg=2.0 is made D=«~2.d.
| - Once the pressure-distribution diagram has been established as

e

indicated above, the bending moments-and the anchor pull Ap are deter-

mlned for estimation purposes

R Lol IR RS LS ol WL
A I 2 Mo = =T 4 &
A = Ao - A, -/@; é;d’ cf%?~~f-32;
g 4 P 5 j
B e M P 5 R -—{}:’—’— i o e 3 é—-c;;. T

1

[ﬁhere + Mo meximim positive bending moment to be used for design
' of sheet piling

the two reactions of a beam of span
E

1| /
A

Mo,Ap; Do = bending moment a
1, freely supported at A and b and Joaded with the

4 Y

trapesoid ADFD
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My = negative bending moment at anchor level
Ay = reaction component esual to the area enclosed by
pressure curve above anchor level
q = pressure-reduction ordinate computed from Za. 3-21,

. Tschebotarioff made tests on large model flexible walls at: Frince-
ton and found agreement with the Danish rules in so far that the re-
duetion in pressure due to arching occurred al most entirely below the
level of the tie.. However, the distribution of pnessure for clean
sand was very different from, and almost the contrary to, that assumed
by~the Danish rules. It was concluied that it appaared unadvisable
to”rely on arching effects in sand for a reduction of the oending
wmomants, but rather the contrary if increased pressure by hori»pptal
arc@ing is possible. ‘This distribution is valid only for a ca@ﬂlerely
ug?iéidlng anchor support ‘Such a condition is ndt llkely to ﬁrise
dn the field, except for sheet-pile bulkheads on the lard sldezaf
rmiiqving platforms, In addition, the method is valid only fq%hwanl-
 um'embedment D produ01ng a condition on the verge of famluﬁbﬁ&ﬁﬂ nif
'nwolves very complicated corpu tion, : ‘3“‘1?]'

[
;

FTXED BARTIL. SUPPORT  METIIOD

The lower end of a bulkhead is assumed to be fixed if the depth
;pf penetration of the sheeting is sufficient to prog&uce an elastic
dine . of tae uype fepresented in Fig. 3-17 by the dashed line 5,  The
S-gliape of this line represents the combined result of tue flexibility
énd of the deep penetration of the sheet piles. Owing to the fact
thét ‘he active earth pressure produced bending between the anchorage
‘and une.earqn support, the bulkhead yields toward the left, is a
‘resul t, passive earth pressure sufficient to maznta;n the equilibrium
‘of the aystem is mobilimed in the sand addo"nlng the .upper part . {(bc)
Vof the gsection (bd) of the sheet piles,

} 0 4 \ i
. Dn the other hand, at a greater depth, below some point . (c)

located beuween (b) and (d.) the sheet piles must deflect to the right
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of their original position, because if the sheet piles were long enough
the elastic line E would ultimately become identical with the straight
vertical line (an). This asymptotic approach to (an) can only be
accomplished by successive deviations of the elastic line %o the left
and" o 'the.right of {(an), which gradually die ‘out with depth, A
leflection of the elastic line toward the left of its original posi-

Elastic Line E /

=3

L N~ F Ay, - -~ oy 3 T e oo Y W Y
Tg e =L {a) a1l and (b) assumed distribution of heri-

9

sontal pressures-on the two sides of a bulkhead

&

with fixed earth-support.

fon;involves She mobilimation of the passive earts pressuré on the

< ol

left . side of the sheet piles while the right face is-acted uvon Ly
the active earth pressure, A deflection toward the right has the
Opposite effect, In order to ascertain the extreme bourdaries. for
the values which the earth ppessure can assume af differeni:depihs
below the surface the designers reagsoned in the following manner,

L

Phe smallest value which the earth pressure on the.right-hand Tace of

the bulkliead can assume is erual to the active earth pressure. The

horisontal component of this pressure is represented by the pressure

e
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area (ankap), Fig. 3-17(a). The hori-ontal pressure ererted by the
buried part bd of the bulkhead on the adjoining soil should nowhere
‘exceed the horizontal component Ppn of ‘the passive earth pressure
‘divided by the safety factor Gg. At any depth =' below p01nt b the

ipreesure Ppn is | 4
’gﬂ A e ""’/‘D ‘@.J.Zé

wherein Fp is the coefficient of passive earth pressure.' In order to
the safety reauirement the hori~-ontal unit pressure shoild ‘not exceed

/ 5L P | :
Bom =5 Ba - vz Lpm | Ep seez
! j 7 ; jonhis
e | e

| * ‘Ag a rule it is assumed Gg=1 because therc is Y:rﬁly;anﬁfﬁehger
that a bulkhead with fixed earth support may “ail on accaunt'of?inade—
‘quate passive earthpressure. Ilowever, the nworical valne of G. has
“nﬂ‘influence on the following analysis. Therefore, the i,st nation

‘between Kp and Kp

i In ig. 3=17(a) the pressure Yrm 18 represented by abscissas of
the line (bkpm,., No limiting values are needed for the 1ateral'pres_
'8sure exerted by the section (cd) of the bulkhead, becaise this rres-

m will be retained, _ bt T

sure is always very small compared with what the soil can sfand.

The effect of the deflection of tne bulkhead on the intersity
‘Bnd distribution of the hori~ontal pressure on the two sides of %ne
" bulkhead is shown in Fig. 2_17(a) by the pressure area located Letween
the bulkhead and the line (abprd) for the right-hand side and Uy the
pressure area (bstd) for the left-hand side, The resultani preasure
per unit of area of the bulkhead is given by the abscissas of the
‘iine (abpuv) in Fig. 3-17(b) with reference to the verticel line (ad).
These abscissas are enual to the algebraic sum of the abscissas of
. the lines (abpr) and (bst) in Fig, o e 00 PR

Qur first problem is to determine the depth to which the piles
‘must be driven in order to get an elastic line &imilar to that shown
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n

|

in Pig. 3-17(a). In order to simplify this rroblem we add to the pres
sures indicated by the abscissas of the curve (bpuv) (Fig. 3-17(B))

two eonual and opposite pressures represented by shaded areas and we

replace the entire positive pressure which acts on the lower end of
the bulkhead, including the pressuré + P represented by a shaded are=
by its resultant Ry per unit of length of the'bulkhead.‘ The point of
épplication of the resultant pressure Ry is located aprrovirately at
point (d;). Thus we replace the two real pressure areas (b,udy) 24
(@yvd) with curved boundaries by one triangular area {b,dpdy) located
on the left-hand side of the bulkhead section (bd) and one concentrate

|
"1
£
|
!

~force Ry aciing on the right-hand side of this asection. " The section
f(dld) of the bulkhead located Lelow the point of applicgtion~6f-3d is
L asaumed to be fixed. % (At

w3

mUIVALEN’“ BEAM MRETHOD _. T 5 -:‘__‘.;1.;,.,-:3

The ehulvalent beam method represents a simplification’ af th
elastlc line method described in the preceding article. I* 1nvoaves
.8 considerable saving in time and labor at a small sacrifice of accu-—

r&cy‘ As the depth of the sheet piling increases the polnt of ‘eontra-

flexure will move up, and for the most economical depth, this point o
eontraflexure will alsfot coincide with the point of esugl active and
pagsive pressure intensities immediately under the lower surfage., Fo
computatiion purposes, therefore, the upper portion of ihe consirained
gheet-plling wall, where the maximum bending moment occurs, ean be
replaced by & beam simply supported at the point of anchorage and the
it point of mero pressure intensity. The shears ani nomeitus of
“$his equivalent beam will approximate very closely the shears snd

momenta in the constrained beam.

‘ Eig. 3.18(a) and %-18(b) illustrate,the principle on which this
nethod is based. ' Fig. 3-18(a) represents a losded beam of which one
enﬂ (b) is fixed and the other end (a) is simply supported. The

. correspondlng moment curve is shown in Fig, 3-18(b)}. The poinut of

in®lection of the elastic line is at ¢. If we cut the beam at point
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c and provide a free support at c for the 1eft section ae of the baam,

the bendlng momenta in the section ac remain unaltered. The beam ac
is called the eauivalent for the section ac of the lLeam ab,

The application of this reasoning to the design of bulkheads with
fixed earth support is illustrated by Figs. 3-18(c) and 3-18(f).
Pig. 3-18(c) represents the systern of forces which act on: the bulk-
head according to Tig. 3-18(a) and Pig. 3-18(f)shows the correspondlng
moment curve. : :

'>;n order :o apply the enuivalent beam method fo oﬁr problem.we
must ascertain the location of the point at which the bending momgnt

in the sheet plles is equal to wero. <his point is identical. wlth the
point Biin Fig. 3-18(f) at which the closing line 1nteraecta tha moment
curvs. It is located at a certain depth x below the origlnal ’ﬁrface
Gf the'ground The bulkhead analysis by means of the elastic‘iine
@gﬁhod (Pig. 1—18) furnishes the following values of x for dlﬁ?pﬁént
values of ¢ A

; & = b b Jo For 2
B il X = o o o084 _g.007 4
The angle of internal friction ¢ of sandy bakefills is approximate
Ly ‘309 correspondi ng to a value of x af about 0,1H. Hence, if both
the baekfill and the earth on the left-hard side of bd; in Fig. 3-18(c)
are sandy we are entitled to assume x = 0.1l withoul risking a serious
error. This assumption makes it rossitle to solve our rroblem by means
of the eauivalent beam method, illussrated by Pigs:. 3-18(a) and (b).
After tracing the .boundaries abjdnd; of the pressure areas, we cut the
ﬁheetapilcs at B (Fig. 3-18(c)) at.a depth x = 0.1H below point b. We
}réplace the shearing force at 1 by a reaction Rp per unit of length of
the bulkhead and replace the earth pressure acting on all uy a system
EOf}inﬁividual force 1 to 6 as shown in Mig. 3-18(d). "e tlen construct

wthe polygon of forces (Fig. 3-18(e)) and the corresponding funicular
fpolygon LRsE. 3~18(f)) with the closing line AB. By tracing the ray
{0B in the polygon of forces (Fig. 3-18(e’) parallel to the closing

1
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line AB in Fig. 3-18(7) we obtain the magnltude of the reaction Rp as
weli as that of the anchor pull Ap as shown in Fig. 3-18(e). The maxi-
mum bending moment Mgy in the sheet piles is determined by the funicular
polygon (fig. 3-18(f}).

The. lower part Bd, of the sheet piles (Fig. 3-18(0;), th a depth
Dl-x, is acted upon by the upper reaction Rp, by the eartn‘pressure
represented by the pressure area located between Bpdp and Bd, (Pig.
3-18(c)), and by the lower reaction Ry. ' The moments abgut any point,
for%%nstance poirt d, in Fig. 3-18(c) must be enualjtovaero, - This
eondition renuires that

P S ot \E . 3 ] Re 2%
_.4,_%,_:",4 (»Cep,,, 78 ,:/_,;__i_/ pabest ég“

e%is,\_'_-..;-ff e <) - ) o

‘Snlving thla eouation we ohtaln

rn .“.-
o

3/5/ g } é»g ~
v»Zf o - &4 prn"éﬂ g

i S
i ) 5 B S

‘The second term under *re root is very smell cc~pared wth the

‘ 4
flrSu one and can be neglected, Ience we can write
P /‘ THE - A
e g 4o . Y
v e g i e : .
, AT - 4 C,._)/)Z &A J/ ;

The value D, is obtained by means of computasions shown aboves
‘For practicel purposes it is aimissatble 3o assume without any further
iinvestigatiﬁns that the sheet piles shoald be driven Lo & lepih
iD‘ =] 20,

GRAPHICATL, METHOD

‘The following grarhical procedure (which is approximate, but |
‘préctical)'has been found to be in reasonable agreement with more
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dp, 4
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Pig. 3-18
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~with Tixed earth support.

Eeouivalent beam method for computing anchor pull '
and maximum bending moment in anchored bulkhead
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on eaual to 2/3 ¢, To avoid arithmet’
akie values of active pressure canabg“ﬂ

jon ~ and the error will be small.'%ﬂmi?'

%

i(a)  ‘Force Tolygon L (b) %Momén#gi&g?aﬁ.w‘i"}'i
‘ :,j'; : ' Pig. 3-19 Graphical Analysis T'i?   ;" ¥,
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j”he base line will actually lie somewhere in between line OT (whi&h
is tangential to the force polygon), amd line OA (which is drawh~sc
that My = M») If there is no fixity at the-toe, the maximum valué
will be Mp (wnlch is erual to My). ’ ‘

(e) The tie-rod pull is obtained from the vector dlagram by
'draw1ng a wvector 0'S parallel to line 07, amd measurlng the‘reﬂuitazt
foree. The value of the tie-rod pull obtained by this rrecedute.
1(aasuming that there is no toe fixity) is a maxirvmin. In mos* céées
where tbe fixity occurs, the tie-rod pull is less, but® uv u51ng the
‘maximum flbure an ade~uate. safety factor is autowaxicalxy~inuroauned

;struetural gteel is used.

(d) The renruired penetratlon of the toe ‘of ‘tHe plln 13;
axter ‘the amount of toe fixity has been estimated. Thq‘éﬁﬁ.f":'
tidn deperds on (1) the density of the soil and [2) the see;w ;

lus of the gheet plllng. Sard and

cohe31onless state.

"  if it is proposed for economic or other reasons %o use & sheet
pile with a section modulus aderuate for the maximum be!d*ng moment,
the foe can be cut off at the elevation of the point T',  AlGernative-
1y, if the soil is dense enough to develop full toe fixity, a lighter
gection of sheet pile can be used; the toe penetraftion is then exfend-
‘ed to the elevation of point 4. In order to provide a reascnalle
‘margin of safety against toe failure, the actual lenzth of pile must
‘be ineremsed so that the penetration is 20 more than the minimum
Apehetration found by this method. (For an average bulkhead design
{this reauires a'pile'length approximately 5% greater than the theore-
\ rical length.) '
8

: (d) For ylles of average stlffness, the positive moment N, can

|
k 1

Wbé‘ﬁsed to obtain the renuired section modulus (assuming that M epualt
‘Mp, s shown in Fig. -19(b). :

Tor very flexlble shee+ plllnb, the actual bending moments will
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be smaller than M, or My, but it is not advisable to meke any further
reduction in the section modulus of the sheet pile without a very
thorough investigation of soil properties and ahrigdrous anal ysis of
earth pressures and moments for the particular pile section that it
is prOposcd to use, e

.~ Por very stiff piles or for piles embedded in a loose soil, the
bending moment can be taken as the full positive value without end
fixity (Mg in Fig. 3-19(b). In the case-in which the densitly of the
soil is doubtful, value of My enual to 1/2 Mp can be used.

For determining thevbending moment  the grapnieal ﬁethod is*ﬁhe
most satisfaction and accurate, It is also possible to determing the
'Gepth‘to which the sheet.piling must be driven in Order po'u@;%iée te
,tﬁéymaximum the constraining action of the earth amnd therEEyjéggélop
A%h@'léast.maximum bending moment for a given lateral 1cad;i;i{j§his
b@é@haﬁ it is necessary fo comstruct a deflection diagraﬁ;'ﬁh?§§:§eve—
Eﬁéﬁs‘into a very intricate problem. For a simple probleﬂ,é??%ﬁ#?aly_
E#ibﬁlwme§hcd would be ouicker and easier. For more compligﬁ@g@iCondi—J
rﬁians, the graphical method is simple andi more accurste and“h§53the

Bl A , : i A LR S pa
“Further advantage of being nore amenable to analysis if the tie-rod ©
RETo T 2

;elevation has to be adjusted or the sheet piling reinforced. flowever,
“n most cases the anslytical method is sufficieatly accurate for use

in practice and for a check on the grayhical solution,

JPSCHEBOTARIOFT S HETHOD
‘Fig. 3-20(a) illustrates the lateral-eartii-pressure diagram
. which is proposed for the design of flexible anchored bulkheads in
| sand. It corresponds to the results of the model tests with flexible
k anchoréd bUlkhéads at Princeton University, which showed that full
‘réstraiht of the lower portion of the bulkhead was effective when
the ratio D/II jecualed C.43,lwhere the point of contraillexure appro-
ximately corresponded to the dredge-line elevation (x = Q) for .
riormal backfilling operations. This depth of embedment D provides
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a factor of safety of at least Gg = 2.0, since tests performed with
a ratio D/H = 0.27 still showed full stability of the bulkhead.

The proposed procedure represents a simplification of Zlum's
‘equivalent-beam method. A depth of embedment D = 0.43%H is selected,
and a hinge is assumed at dredge-line elevation, ' The active pressure
Py, 8bove dredge~line elevation are computed with the help of the

equations
S Tt ) e » o
4 e i e
Loy n Ky & ' Pk dﬁ?.éﬁiﬁ

In the above eauations h is measured from the top'of thé'ﬁéck-
£111 downward. 4" dis the unit weight of the backfilly end Thes
p?cduct T /2 represents the weight of the overburden at the‘déﬁth o
Phe coefficient £''' is intended to express the effect of wall fric-
‘tion on the reduction of the active earth r?essﬁre. it can bé“ﬁaken
Into account the uncertainty concerning the relative irportaﬁﬁbfbf
,fhe passive earth pressures above anchor level and the tensilelbtrengtP
of the sand layer saturated by capillarity above the water lewel, = .

b

-

a
S wia Jedh !
{ D
L4

ST b | 5 1 ,
0:-043H Doy i Dl | Layer 3
T AR SRR S i G PRERS et t !
v SRR ST e ] l |
3y . ‘% Ak o | - e { ] l
B L A " Lol i v
¥ L

S TS R
Fig, 3-20: The simplified eouivalent-bean method for the
- design of anchored bulkheads. (&) in clean samd
: (b) in clay

M AR T 1R
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14 »
'-,.;.44. -.“u-b

This coefficient may vary between the values £! = 1.5 &nd £ =
It is recommended that until further suudles and observatians

the‘value of this coefficient be taken for deasign pufposes a% fiﬁiL,

i

- The maximum positive bending moment conputed Wlﬁ the hélp ﬁf
Fig. -20(&) and Eo. 3-32 can be used for design purroseg in qqnaunc-
_tiqn with a 33 percent increase in the permlsslble unit streaﬁis in
4the 8teel from 18,000 psi to 24,000 psi. The factor of safetv of
GS = 1.4 which is thus obtained in respsct o the yield peiﬂt Q§ the
steel 1s believed to.be sufficient %o take care of vibratiﬁn &nﬂ OI
ofhgr'possible unfavorable effects where sheet plling is uaed 1p ‘elean
?édnd”'in view of the duetility of the piling raterial and af th& ob~
aerved decrease of the active lateral rressures which takgs pxgge w;th

an increased flexibility of the bulkhead, ‘Many earth struétw -
Jincludlng dams and embankments, often do not have @ f&etqr
inst rupture of the soil ‘higher than Gg = 3,0, To'en 
j_th of tliese parts of the stchture, some designerd h
@mn increase of the ‘permissible unit stress im the sh&ég'
ilfqelastnc 1imit. Danish designers zyppear to have actual 70
‘ha‘rractice ‘ ) 2.

1

3#.4‘- Gt
T

_No correspondlng decrease of factors of safety 1s rermi&ﬁﬁ@le ig
;the design of the anchors and of their supports and: 0onnect1‘nsﬁ espe—:
cially if there is sore “ncercdlxt' concerning the propertias of: “the
'soil beneath the dredge line. Ainy excessive yielding of the 3011 in
‘ffoht of the bulkhead may be counterscted, in part, by an ¢ncreased

reaistance of the anchor,  For that reason it is recommenied Ho 1ncréas

in8l1 cases; the anchor-pull values computed from the diagram of Fig.
3+20(a) by dividing them by thé expression

|

! //—~—~)+ | S 752
| i The coefficient "' can be taken to esual unity in cases wihere
|

reliable granular material is located Leneath the dredge line. Any
un@ertainty concerning the nature of .this material and, hence, concern-

ing the safe depth of embedment, may be partially compensated for oy

by |

decreasing the value of £'', : : : i
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ROWE'S METHOD

i *

Pblone of pressure, Jf the wall is made nore

Fig.'3—20(b) suggests a lateral pressure diagram for the design
of anchored bulkheads in clay soils. The proposed depth of embedmend

and alfactor of safety Gg = 2.0. Therefore, D = 2D°', is established
by taking moments around the point of applicatlon of the anc%or pull
AF. If both the layers 2 and 3 are composed of soft claj, the distanc
d in Pig. 3-20(b) should be made enusl to »ero, and the clay of both

'ilaﬁers in front and behind the bulkhead may be strenr nened by means -

of samd pitec or drains, ; v

¥ ; ,’,_wvl'
. The investigations of Ir. Rowe have shown that no tangihME bene-~

jvfité‘can be' obtained by driving the sheet piles deeper than‘ﬁﬁa derth
larﬁqﬁired to assure an adecuate margin of safety with respeet: ﬁq a

,“fhiiure restliing from an outward movement_of the buried parﬁkuf the
'“%heet piles, and a sufficiently small no“lnon*a] dlsplacementﬁpf tke

lewer edge of the sheet piles. 3  hgt-

I the rrofile of the soil into which the sheet piles will be
driven is erractic or if no reliable data concerning the details. of

| the soil profile are available, the maximum bending moment in the

sheet piles should be computed on the assumption of free earth suppor:
The naxinum bending moment can be determined by analytical or‘gfaphica
methods in the usual manner,

Briefly a stiff wall will be subject to free-earth-support condi.
flexible, the pressure
distribution will approach that assumed by the fived-earth-sipport
- pressure dia*“aw, and at very high flexitilities the pressure distrib
tion will arprocach that corresponding to complete firity. The 'change
ls'a*conulnucus process, injependent of all variables in the design
other than the relative density of the subsoil, The resulls of the
invest:gatvoﬁ° OQVAJC ed. in Scotland 'are shown in the two ewpiricgl
mpment»redqcuLOu curves. in Tig. 3-21 [H4D) is the total height of

™ P o

the Sbee piling in inches; E denotes the modulus of elasticity of

]
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LOADING DIAGRAM OMENT DIAGRAM
Notes
v I is obtained by successive trials of sheeting si-e until
design ' 7 »
max, bending stress in sheeting eaquals allowabkle bending stress.
24 No reducsion in hmax' is permitted for penetration in fine grained
s0ils or loose or very loose coarse grained soils,
3. Flexibility number 'is computed on the basis of lutricated interlcc

Reduction
due' to wall

Pig. 3-21

FUTRER——————SEEE S

440

flexibilit;

A= . 2 e U SR A 5 Wi X -
bend ing -momenss anicnored bulkhead
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the sheet-pile material in pounds per saouare inch; I is the moment of
inertia of the sheet-pile cross section in inches 4per foot of sheet-
pile wall, :

The results of the Scotland investigations signify that the fle-
xibility, and therefore the nature of the material of the piling must
be considered in the design, BSpecific moment-fléxibility~cqrves~for
different materials of wall are shown in Fig, 3-22 which allow the
S(Conc.) C S(‘-teel :

M (4 LRI AN 0 o i o
i "o T (Timber)
| A
1 1
i l(Steel)
SRE
|
: ; : |
i oy :
v 6 I 2
~ |‘ | 4 l :r
e 1 !Z“, { L0
e e , : ‘ jz"j',
o .4 1 | | g 34
E : d' : | 20: : : =
3 5, N . | ! e O
Foe R} ifs 'Pyt l Pa :
% T | | | J ol R
Flexibility Number A2 in (ln/Lb

per Foot of Wall

Fig. 3-22 Graphical procedure for determining tolerable moment
reduction.

choice of the most economical type of wall and si~e of seciion., In
Fig, 3=22 M is the maximum bending moment on the sheet-pile wall in
pound inches per foot of wall length. Curve A was plotted from the
maximum frec-earth support moment and by interpolating from Pig., 3-21
for sand with medium density will be considered.

~

The firat step conaists of computing the maximum bending. moments
for free earth support, M(max), and of the cross seetion of

thremiles
required to withstand ¥(max). The flexibility nunter © of these
jpiles is determined by En. '
P = H Q,‘/_; Eg 3357

At a specified value of I(nax) the moment of inertia I and the
‘correspordlng flexibility nuwuer/o depend on the value assigned to tle

(')

allowable fiber stresses and on the construction material. IHence, at

— W AU
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. ’s‘pecifiéd value of l(max), very different values of A mey be obtained
uch as/D‘i for timber piles, o for steel piles, and/oc3 for relnforced
cncrete ‘piles, -

c The next step consists in plotting the moment—reductlon ourve,
rhloh is shown as the heavy curve in Fig, 3-22, This curve is obtained
:y multiplying the ordinates of the curve for sand with medium density
n the Rowe diagram (Pig. 3-21) by ! M(max). The abscissa £ of point C
Lt which the @urve starts to descend represents the critical flexibility
1umber. If the flexibility number of the pile reeuired by N(max) is
smaller than/o the maximum bending moment in this pile is determlned

By the condition of free earth support and is erual %0 m(max)

&;A‘ In Flg. 3~-22 the sheet piles with flex1b111tv numbers,o ‘4 such as
% 5P, nd/%} are represented by roints 5. At a glven valuéiof
&(naxg the flexibility number of timber sheet piles w1th the rﬁnulred
hmment of inertia has the greatest value-designated as p01nt S (tlmber)-
',ﬁ that of reinforced concrete piles the smallest value-deaignhﬁed

, point S(conerete). Foint S(steel), representing steel ahaet piles,
pcéﬁpies an intermediate position. -

g If point 5 is located on the left-hand side of C, no moment re-

iuction can be teolerated. ‘A position of point S on the right—hand side
of C indicates that the pile represented by the point is stronger than
necessary because the maximum bending moment in the pile M; will be
less than M(max). In order to select a more economical profile for

thé sheet piles, the allowable bending moments M', M",... and the
corresponding flexibility nunberSfo/of...L.for various weaker profiles
are computed.: In Fig, 3-27 these weather sheet piles are represented
by points such as 5'(steel) with the ordinate ' and the abscissa . |
A1l these p01nts are located in proximity of a curve that intersects
the moment-reduculon curve at N, with abscissa A and ordinate Ma.

The corresponding moment reduction is M (max)-blg. However, because of
mhe rudimentary state of present kxnowledge of the performance of bulk-

heade under field conditions, the computed Dendlng moment }(max) should
.

be reduced by not more than 1/2 (I(max)-ma)
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If the sheet piles are to be driven into a homogeneous of”dqnée
or medium silty sand Mr. Rowe's moment-reduction curves for medium and
loose sand should be used instead of those for dense and medium sand .
Sheet piles to be driven into loose, silty sand should be dimensioned
‘for free earth support because the copressibility of such sands may be

wery high.

ANCHORED SHEET PILE DESIGN BY NUMERICAL WMETHOD

Dr. Newmark's numerical nethod for solving beam problerns was used
and direct solutions were obtained raridly and easily by this method.

Phe following is a brief description of the numerieal procedu*e
 for anal y=ing beam problems which was developed by Dr. Jpwmark‘ The

4advantaée of this procedure is that almost any besm proulem ean be re-
-&uced rather easily to & problem of simple ‘arithmetic., PFig. 3L23 show:
a centileover beam carrying & load which has a raniomn distriuuti@n of

lintensity. If we cut the load at various intervals along the span and
bapﬁly the l1oad within each interval to a simple suprorted auxiliary

'beam, the reactions reouired to suprort each end of the s¢mp1e beam cal
[ be computed. If the length of the simple beam 1is designated by the i
]\éerm "Rt it is obvious that if "h" is very small, a aimpie trape»oxda

Y10ad distribution will be good approximation for the ‘aetual disteibuti

Original Load on 4Aetual
Beam

{b) Load and Reactions on
Auxiliary Ceans

|

Fig. 3-23 - lMethod of replacing & distributed 1oad by concentrates
loads .on a bean. 1

(e) Eruivalent Zoncentrated
Loads Acting on Actual
lean

-
-~ -

TS
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PR

trape~cidal loading
In order to make a betiter approxima-

tion to a ourved loading diagram, a parabola may be passed through any
given three points.

iover this interval. As the length h increases, the
will probably be more inaccurate.

Pig. 3-24 gives the expressions_for the reactions at the ends of
the auxilidry beams which carry trape~ocidal or parabolic loads. For a
given problem either set of reactions may be used and the results will
nearly be identical if "h" is taxen very small,

npw. the straight or curved loading

For 1érger valves of
diagram willl be choSen, whichever
fite the conditions better.

After end reactions for the auxiliary beams have been computed,
these reacilons are now aﬂplled to the actual beam. We have réﬁlaced
the. Jlsur1~u ed load on the beam by a set of concentrated loads which
lare stutically eouivalent to the original Toads i nle condltlon,xs
illustrated in Fig. 3-23(c).

&

o] a ) g c

h P h .

R = 2 : P iay | R=R+R= n
ﬁﬁ-s(¢o+b) %5.6(2b+o) ab 20+b) = R Cbh+4b+c)6
(a) Trapewoidal Loading

a C
L leda % D (3q+10b-
| Rﬂb 2‘( 0+6b C) bq 2[‘\ a+ i
i R= R+R :b_.(o +10b + ¢)
b ba be 12

(o) Farabolic Loading

Pig, 3-24 Expressjoﬁs‘for the Reactions at the Ends of
~ the Auxiliary reams.

e
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The sign convetion described in Dr, Neward's paper is ag Tollows:
+ loads act upwards;
+ shears act upward on the left side of a cut section; .
+ moments produce compression in fhe.tob fivers of the beam;
+ deflection is downward; and ’ ‘
+x is to the rig

The deflections and slopes are assumed to be small so that

0’4//2‘( N
AR NI ‘

o
B
=
14
o
{.,

dinary beam rela ions hold, that is
ek vecrrorn s ' RN
s/ope |

o SRAL GURAALIIAL S é‘[a’_g_ R bt
ey ek A SR

FZN. = ol =3 ;{3 — A Strr b r‘&/ /di?d'?,’
e X 5
To determine the shear at any point in the bean, it is d#Ly neceé

gF

aary to start at some point of known shear (usually a roint of’ ‘»ero
Lshear), and add up the concentrated loads as the cowrltatlon progresses
lacross the beam. Fig. 3-25 is a sample problem consisting of & canti-

lever bear carrying & uniform load of 10 1b per ft, The eruivalent
concentrated loads are determined by use of the enuations in Fig. 3-24(

(since the loading diagram is a straight ine) and are Jdesigpnated as p
in Step No, 2. To f£ind the shear at any poiri, stert from the ;

end (free end) of the beam where the shear is »ero, and adl the values
of the equivalent concentrated loads as the computa.lior proceeds towa
the right end,  The shear diagram consists of a series of sSeps as sho
in Fig. 3-25(b).  If the value of the shear in each suxiliary ULean is

fsuperposed‘on the step-shear diagram, the exaci 1iagram 18 ovtained.,

i Of our purpose, however, it is sufficient to note that the step shear
lﬁiagram eoincides with exact vualue at-mid-span of each h-interval,
Cdﬂaequéntly, in Step 3, the value of shear is writtern in the niddie
Yof the h-interval, When it becomes necessary 10 evaluate the shedr at




‘conjugate beam, Since the moment diagrap is curted the cone r
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the end of the h-interval, the concentrated load acting at the right
end of the h-length riust be computed and added to the value of the
average shear over this h-length, That is, at a point b, as shown on
Fig. 3-24, Ry must be computed and added to the value of average shear

over the length ab to give the correct shear at point b.

Ir order to evdl uate the moments, it is necessary to multiply the
value of shear by its moment arm to the point in sueation. Ordinary
it is easier to solve these problems by assuming all val ues of B to be
@ausl. Then to find moment, the shears are simply added from left to
right and the common multi rlication factor is carried as a conman term
in the Tight hand margin of the problem., In Pig. 3-25(a) h/6 is the
common term for the concentrduei loads and shear, The moment renuires
mylt1p1¢0dt10n by another h so the common term now becomes hglﬁm_ The

value of moment is exact at each h point, : ¢ “‘f
4 g e

The distributed angle change, =M/%I, consitutes the 10&& on the
rated

' reactions are computed from Fig. 3- 24(t). The term h/12 becpmmi‘

| -23,000 h4 , or ¥ = SL_ :

factor in the .common term. The concentrated angle changes cbzrepnond
fto the concentrated loads of Step 2. For Step 7, %o determine the

. slope (or the shear on the conjugate beari), start from the right end
Fof -the beam,  hen proceedlng Trom the right end of the.beam 0 the

left, subtract the next number. Thus for -ero slope at the right end,
the concentrated angle chage is -2430, 80 the slop at mid-h is +2430,

‘efc., until the left is reached, where the slope is +7680 % .

The slope at this point is consistent with the sign conven-="
tion mentlioned previously.

For deflections, again start at the right (fixed ) end and
subtract the values of slope as computation proceeds toward the left

“end, The value of deflection at the left (free) end is found to be

4

This answer is identical to the exact answer because the loadin

| aiagrams p, and OC , consist of straight lines and parabollc curves,
R RR S
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Step No. v Auxiliary Beam

f 36 6 2 &y : '
Sl | M”I;} Hq L T

Distributed Ioads

oy SERRERRRRER T
' Eauivalent Concentrated Toads

3 s :
\\\‘ P\
i e —
\\ \\J
o v
Shear = ‘ :
\.\
4 —
L’-‘.n :..‘5.
Moment

Conjugate Leam is loaded
with the -Diagram, or
by the -M/BEI Diagram

A1}
PEELEREETNY
e —

mguivalent Concentrated

3 gl |} 1 |} l ‘ngle changes

Shear on the Jonjugate
[

T Bear, or Slope.of the
: Actual Heam = '@

8 _ Moment on the Conjugate
Beam, or Deflection of
(=) the Actual DLeam y
{
Pig. 3-25(b) Diagrams of the ValuesComputed in (a)
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respectively. Thus, the expressions givén in Pig. 3-24 gave exact
answers instead of approximations. o

The foregoing procedure applies to any beam problems for whieh
the load distribution can be established. The method is not Gompll—
cated by a change of moment of intertia of the beam along the span
as might occur when reinforced pile sections are used. This simply
enters the picture in Step 5 (Fig. 3-25) where the value of momenb
is divided by the moment of inertia to give the ordinate to the
angle. change diagram. The reader is referred to Dr. Newmark 8 paper
for more details on this method. '

-1

N Al
e >0
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CHAPIER IV

CANTILEVER SHEET PILE WALLS

The simple case of a sheet pile wall is where sheet piles are
driven to a sufficient depth to retain the earth without any support
at the top of piles. Cantilever sheet piling wall is a wall which
has no anchorage or bracing, but owes its stablllty excluslvely o

- the fact it is supported by earth on both sides.

Cantilever walls may be used to advantage on occasion hﬂﬁﬂahould

| generally be avoided where an anchored wall can be used to high ‘beam
- 8trength renuirements for corresponding lateral leads., In pﬂg@?nent
| eantilever walls the piles are apt to creep out of allgnment~"j to

'1acP of uniformity in the supporting soil at the toe and due tbffrost
;;actlon and hydrostatic head in the retained soil. bofferdam 1lls

nof sheet piling are freruently cantilevered for some ilstancéﬂﬁpwn

‘on soil alone for support as in a true cantilever. .- ju,gtﬁﬂ

Fah Cantilever walls may be applicable for some s*ructurps, such
as harbor protection walls in shallow water, jetties, and wing walls

. for bridge abutments, Lateral stiffness and added resistance to

-guitable centers and connected to the sheet pile wall by tee connect-

pressures may be gained by sao called buttress piles:; that is, two,
three or more sheet piles driven at right angles to the wall at

iona., Welding the tops of these buttiress piles greatly increases
their supporting value.

PRESSURE ARD LOADIWG DIAGRAMS

Cantilevered sheet piling may be used to protect an evcavation
against laterdl earth pressure and water during the prqocess of exca-

| yation and of building the foundation or structure that goes in 1t

-In almos* all: cases, the sheect piling is “noved when no longer

| needed. ! Sometimes the excavation inside ‘the sheet piling is not

i T T e

to the first row bracing this construction does not, however, depend"
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unwatered, but generally one of the most important functions of this
temporary structure is to facilitate conduct of the work "in the dry".

- One simple type of sheet piling is shown in Fig. 4-1(a). 1t consists

of a.single wall of steel sheet rLliﬁg which encloses an area and whic
is driven into the ground below the bottom of the proposed excavation
far enough to enable the earth at &) to hold the piling in place. The
lateral  pressure of the ground above D bends the piling as & bheam thatl
is cantilevered above this vicinity. The supporting soil is no¢ rigid
hence the upper resultant reaction is below Dy ' The lateral préasure
is assumed to be hydrostatic in character. However; the wost%uncertai
part of such a sheet piling is the resistance of the 801l below (B

Fig. 4-1 shows ideallred pressure diagréms for a cantllever
bulkhead Pig. 4-1(b) indicates minimum penetration of the ﬁﬁdbtlng
as renuired for stability.  'This bulkhead is subject %o rruix@islvel
increasing deflection as the soil at the surface of ths -*ratﬁﬁ rlelﬁs

‘under pressure and with time. The deflection can be rediiced | y

increasing penetration of sheet piles as shown in Fig, 4 -1( ﬁ}"‘?or
: - TaRRR e

C : S < e

e

[0 Sl (b ) Min. Pene tration (c] Point Restrained

Pig., 4-=1 Pressure jlagrams
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bulkheads where alinement and safety are important, increased penetra-
tion above the minimum reouired for stability is essential. Cantilever
bulkheads should be of limited height and should be restricted to use
in consolidated or compacted soils. '

DESIGN OF CANTILEVER SHEET PILING

The type of calculations for a cantilever sheet pile wall are
indicated below. In this example the loading is simpie, but the
method can be readily applied to submerged and surchanged condifiona.
Pig. 4-2(a) shows the derivation of the pressure diagram and Fig. 4-2
(¢) the probable combined diagram together with an approximation ;
'ennslsting of straight lines. The derth d of penetration for stabi-
lity can be determined by trial and error. An approximate vafﬁe'for

d is selected (Fig. 4-2(a)) and lateral forces at the back and front
‘of the wall are determined from the pressure diagram (Fig. ¢4§Ic))
 The algebraic sum of these forces should be »ero, and the alggbraic
‘sum of their moments about the foot of the piles should be nero. If
calculations reveal that these conditions are not satisfied, another
‘value for d is selected and the calculations repeated, This method
is simpler and more readily followed than the solution of complex
equations which give a value for d direct. The passive resistance

Pz is concentrated and can be considered a point load écting at the
extreme tip of the foot. The base of the pressure diagram for Py ean
‘be assumed horimontal and at the tip of the foot. This simplifieé®
the calculations for moments about the foot, but 20 percent should be
added to,the'value of d so determined., The maximum B,¥, occurs at
some point just below the ground level in front of the wall and can
'be determined with sufficient accuracy by trial and error. If the
pressure distribution is irregular in form, owing to variations in
strata or other factors, L,17, is often more readily determined by

& graphical method in which the loading is divided into sections and
a polar diagram and link polygon employed. Cantilever walls should be
adopted only where the soil has a relatively high angle of shearing

resistance.
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Fig. 4-2 Cantilevered Sheet Retaining Wall

‘ The classical method of computation involves a number of arbit-
rary simplifying assumptions. The passive resistance of the soil
behind the wall at its lowest tip 1s replaced by a concentrated force
P3, as shown in Fig. 4-2(b).

Active pressure at right-passive pressure at left + the dotted
line area = 0

_,_gbgzwayf.Qp‘éﬂjf—ﬁii;fj7= &

S 4y & hra -3?K¢:311 Cuixd Jem
or
A2 Sy /e

¥ R < :,4____,)__/:1'.{_‘___/_ _‘.'_]_4; :?2/) oF ot

{ »(.o" ,/ '-W/ ) o~ v‘//

Taking moment at the base of the wall:
i s S R, 2>~ R T o T R e R
é&z%MQO—/Cpaqfxﬂ~ﬁ‘Na/ﬂe““%) ¥ e 2 e
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The unknowns are x and 4. Substituting Eecuation (4-1) in
Equation (4-2)

é/'gp - i @’ /cf,g T H f-cj/}j = . £ - e

‘

The depth d can be obtained from En. 4-2(a).

___‘*_._E‘
Tz ‘/' -
= g - : g
(Kp-Ia) X !(z'p-t.;ﬂrx' l(krléa)x i H*M)Mpnmﬂc} Ma s
= e | primer s i 7Py R . R 2
‘lv(a) CorcermrpaTen lLaoan (&) DistraipuTten LATEZAL Pacssua

Fig, 4-3 Cantilever Sheet Piling

Fig. 4-3 shows a cantilever pile subjected to the action of a
concentrated load I, acting at a distance h above-the ground. In order
Tto maeintain equilibrium, lateral earth pressures must act 1in opposité
;directions just below this ground surface and in the same direction
farther down. These pressures are brought about by movements of the
;pile against the earth; the resulting pressures can therefore be
ieﬁaluated as the difference between passive and active pressure._ It
’13 now assumed that this passive resistance will.be fully mobili~ed
ldawn to point E, which is a distance » from the bLottom; and also fully
‘mobilimed in the opposite direction at the bottom of the pile, Thg
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change in pressure between point E and the bottom is assumed to vary
according to a straight line,

Fquating to =»ero, the sum of all forces gives

D (Hp - kg )T 2 F (i - Kg) XE & 2.3
or : '
e & (S Ko/ X02 S8 .o

Zd o M‘J\/\
Taking moments about the bottom of pile gives

L (Popx) -2 Y o —Kig ) & %J (Zp -5 ) X &S —.—  v EI? o
Substituting in Eo. (4-5) the value of » from En. (4-4) gives

A J/Zp Z5) '/m,o—éa)a’ =GR
With load and soil properties known, the depth of penetratian can
be determined from Eo. (4-6), which is solved ouite readily by trial,
. (4-4) gives the shape of the load diagram from which, in tmnﬂ@ can
be determined shears and moments, PRSI

. The case of a cantilever pile subjected to distributgd‘Iatérui
pressure on the portion above ground is shown in Fig. 4-3(b), The <
baasive resistance on the left side is the same as for the concentrated
load; but, due to the greater overburden, the pagaive resistance at
the bottom of the pile has been increased. By eruating to =ero the sum
of all forces and taking moments about the bottom of the pile, the
following four eouations, revised for the case of distributed load,
can be obtained:

L )(??/( J-—‘-J)#é,‘/‘/{b)()//vp /77,4‘,,'(/2//6‘7_/ & %/.i

A Sy v o
S i et ’C")\ Bidce Z-d- R
2 (o iz ) x A T - Fhs

i : T R P : X0
£ihin)- 23/ i) s £ JHe2) T - B ) ¥ 4G [0 57
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and, eliminating =,

ot “ 3/
D LYIrX )~ K (‘—70"\1

)&+

[rlp Atz)g?z’éz;J e AL

In these last eouations the symbol L represents the resultant of i
all forces above the point A where the pressure intensity becomes ~ero,}
h denotes the distance from the resultant to this point, and H is the
distance from the top surface to the point A. ’

It should be noted that the difference in penetrhtion, which
results from the application of either Egs. (4-3) to (4-6) or Eas.
(4-3a) to (4-6a) to the case of distributed load, is very small; and,
inasmuch as the former are simpler and always on the safe aideﬁ'they
are often applied to all cantilever piles regardless of mannar oi

loading.
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CHAPTER V

ILLUSTRATIVE NUMERICAL EXAMPLE

The classical design methods for anchored bulkheads involve a
consideration of the stability of the bulkhead under the imposed soil
loads without consideration of the bending flexibility of the piles.
Since their development by R, A, Pennoyer, these methods have been
used contlnuously in design offices for the selection of sheet pile
lengths and section properties. The three methods commonly used are
(a) the "Free Earth Support", (b) the "Flastic Line", and (c) the
"Eouivalent Beam" methods: each method has been discussed fully in
this paper. Even with the introduction of more elaborate methods,
which take into account the flexibility of the pile, the classical
methods give the preliminary design which is then modified in accord-
ance with the pile flexibility effect, T. W. Rowe's method considers
the influence of pile flexibility in modifying the bending moment
established by the free earth support method.

In the present methods for calculating the loads and moments
reaultlng from earth pressures, the free earth support method involves
the solution of a cubic algebraic eruation, and the elastic line method
utili~es the methods of graphic statics for moments and deflections.
Both types of solutions are straightforward but time consuming. The
author has found that the numerical method developed by N. M. Newmark
provides a simple and rapid solution by each of the three classieal
bulkhead design methods.

In the examples, the bulkhead has been rotated into a hori~ontal
position to simplify the arrangement of the computations. The upper
free end of the bulkhead is placed at the left margin of the sheet,

The anchored bulkhead is held in eeuilibrium by the loads of the
80il retained by the bulkhead, and by resistance provided by the anchor
and the soil pressure on the embedded length of the bulkhead. Soil
pressures are determined as active or passive Coulomb rressures depend-
ing upon whether the bulkhead is moving away from or into the soil mass

R e N S
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ANCHORED BULKHEAD DESIGN BY NUMERICAL METHOD

Design Based on Free Earth Support - Free earth support reyrresents the
limiting resistance reached when the entire embedded portion of the
bulkhead moves outward. Horiwontal soil loads are developed on both |
the loading and restraining surfaces of the bulkhead because of the }
bulkhead movement and the overburden weight, as shown in Pig. 5-2(a).
If the bulkhead is considered to be fixed at a particular depth, =,

the resultant forces produced by the soil loads above this depth may _
be designated by Pp for the passive force amd by Py for the aqtive‘eartﬁ
pressure force. The point of application of each of these forces is at
zp and #,, respectively, as shown on Fig. 5-2(b). Stability considera-
tion reruire that the summation of the moments of these forces about
the anchor point be gzero, or '

}AAP‘:PAZA-PP ZP=0 see s s ea e s e s s s s s et s st e s (5"’1)

As explained in Chapter 3, the Newmark procedure permits a rapid
evaluation of the total shear V,, above a given evaluation z, and of the
total moment, M,, of the soil forces about the point », If we ignore
the anchor force temporarily,_as shown on Fig. %~2(b), the moment of
the soll forces at the depth » is given by

M = PBylz - 2,) - Pulz - 2p) = (B, - Pplz = Bygy+ ppep

or since Vo = 'Ry .~ Pp,

Ll”=v"""-BﬂAI @ %2 000 00 0 s es s g (S'—Z)

When En. 5-1 is satisfied, En. 5-2 becomes

N’ = V“f’, .....'aoo.o. ----- ee e s s s v e (5‘3)
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Thus, the total soil loads and moments in a cantilever pile are remuired
for each interval along the length. The computétion proceeds by start-
ing from the upper free end of the pile and continuing downward until
the depth = is reacned at which Eq. 5-3 is satisfied. Table 5-1
illustrates the use of the Newmark procedure to determine loadis, shears,
and moments which exist at different depths along a particular bulkhead
loaded as shown in Pig. 5-3. These values are given in lines 1 through
€ of Table 5-1. Line 11 is the yalue of shear V, from Line 4 multip-
lied by the corresponding depth z below the anchor point., The depth

at which the value of moment, M, in line 6 enuals the value of V,e in
line 11 is the depth renuired- for enuillbrium by the free earth aupport
method. This point can be estimated from the numbers in Table 5-1, or
it can be found graphically be plotting these values, as was dﬁnc in
Fig, 5-4. At the depth g = 46.2 ft. the anchor load is numeri@ally
equal to the unbalanced horimontal shear (Vz= 2 ) or for the example
it has the value, Ap= 29,700 1b per ft. The bending moment in the pile
is obtained by adding the moment given by z Ap (line 12) to the soil
moment (line 6) to give the net bending moment (line 13). The maximum
net bending moment of ~186 ft- kips per ft determines the rile sectlon
required.

Thus, a solution for the tree earth support condition requires
only the computations on lines 1 through 6, and 11 through 13 in
Table 5-1.

Degign oased on the Blastic Line lethod - Fixed earth support of the

bulkhead provides a restraining moment on the embedded portion of the
bulkhiead. This causes the deflected shape of the bulkhead to corresponx
to the dashed line shown in Fig. 5-1(b), which is called the "elastic
l1ine" of the structure. The embedded portion of the bulkhead moves
outward to a depth Dy and moves inward below this depth. . For purposes
of computation, it is sufficient to establish the &epth Dy and to
compute the total depth D as/1.2 Dj.-

The elastic line method is based on the assumptions that (a) at
the depth Dy, Lelow the dredge line, the bending moment is ~ero, the
‘slope of the pile is ~ero (vertical) and the outward deflection is
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=ero, and (k) that the ourward deflection of the anchor_point is ~ero.
The slope of the pile at depth D, will not actually be ~ero, but it
will be so small that assuming it to be ~ero causes insignificant
errors. This is a statically indeterminate problem which is golved by
making use of the deflection condition that anchor point has ~ero
lateral displacement with respect to a point on the'pile.at.the embed —
ded depth D;. ‘

In the process of determining the reruired depth of embédment, th
bending moments produced in a cantilever beam by the soil loads alore
are computed to a depth slightly below the anticipated depth Dy. Thes
moments are given in Table 5-1 to a depth of EI. =64 ft for the bulk-
head shown in Fig. 3. Then the outward deflection of the anchor point
caused by the soil loads alone, can be determined by utili-ing the
moment-area method of structural mechanics. Migs. 5-5(a) and (b) show
the soil loads and bending‘moments, respectively, acting~on4the“5u1k-
head with fixed earth support. @Mig. 5-5(e¢) illustrates the outward
movement of the anchor point which would occur as a resultlof'ﬁhe;e
801l loads if the anchor restraint is removed and the bulkhead acts
2s a cantilever fixed at depth ». The first proposition of the moment
area method states that the change in slope between any two points in
a bean is equal to the area under the M/EI curve between the two point
about the point for which the deflection is desired. Thus, bty using
these propositions, the change in slope between points a' and b in
Fig. 5=-5(c) may be evaluated as the angle €. Alsc the deflection y,
at the anchor point due to the scil loads may be determined. This
value of deflection due to the soil loads must be counterbalanced by
an eoual and opposite deflection provided by the anchor pull.

In the conventional graphical procedure for determining the re-
cuired depth of embedment, a depth g2 (corresponding to an embedment
depth Dl) is guessed frém inspecvion of the N, diagram (shown in Pig.
5-4),'and the bulkhead is considered to be fixed at that elwation,
The outward deflection of the anchor point due to the soil loads is
evaluated graphically and is compared to the inward defleciion which

results from the concentrated anchor load of value, Ap = Eﬁ_ aprlied

-
-

:

e S e v e | G —
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to the cantilever structure. If these deflections are not approximate

1y of eoual magnitude, the process must be repeated. Usually several
trials are recuired.

By use of the Newmark procedure, the deflection of the bulkhead
due to soil loads is most conveniently calculated by using the anchor
point as a reference and working downward toward the pile tip. By
considering the bulkhead to be vertical (slope = 0) and to have no
outward deflection at the anchor point, the deflection y, &t &ny depth
can be computed directly as shown in Table 5-1. 'The resulting def-
lection curve is illustrated by Fig. 5-5(d). Since the chenge in
slope between any two points along the length a' b is eétab}iaﬁﬂ@ by
the area of the }/EI diagram between these two points, it ié:éiident
that the same elastic curve exists between a' and b in Fig. 5-5(&)
‘and (d). The curve of Pig. 5-5(d) may be obtained by rotating the
curve of Fig. 5-5(c¢) through an angle of ©. Thus, to determine.the
anchor point deflection, ¥,, by means of the numerical procedure which
defines Yo and Oq at successive depths we can use the relatio§“;¢

s A

Yazgzz"yz B0 &N e, N o-oocoo-co‘oooo;...(S‘j")

This deflection must be enual to that produced by the anchor pull, or

A 23
y‘.\}, = ____I ..-voonoooto-btoalooonooo.oo.oo(5-5)
o i |

The anchor pull, Ay, nust produce 2 moment at depth 2z which is eaual
in magnitude and opposite in sense to the soil load moment Mz from
line 6 of Table 5-1, or

A:} = I-:z @ s 8 s e s s e s e e o.--oooo'-uncoc.-oo(s—g)

After substituting Er. 5-6 into Eq. 5-5 and setiing Egqs, 5-4 and 5
ecual to each other, the final expression to be satiasfied is:
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M‘zz 3 % : ,
z =Ozz-y2 .......’......‘.......'..6..(5->7)

In the actual evaluation of Eq. 5-7, by substituting values from
table 5-1, the El-terms drop out and the expression reduces from

e <]

\

RS A B NG e R
Taa REREEE.
- R R G LEO ke
W | i 5 4 4 oy 1R
g : + » levation to A 1N

o e R G ST EN N ¥
s | 1 s Point of Fixity A i
: el n ~—~g,——-i_/k}\l\ zok§<‘?_.,y, _.t,.,r___.! i e
3= bmi,¢ :Qﬁ}.Jn~§—1—<+_ﬁ dsa 5 et
:§3'01;FQ{L|1¢1 o

Elevation- ft g i
¥ig. 5-6 . Graphical Solution of Eo. 5-8
’g" » &and

. A¢ a particular derth, z;, the numerical values of MZI, 7

: S will satisfy Eq. 5-7, which establishes that

(8) the bending moment in the pile is gero at depth 24,
(b) the slope of the rile is ~ero at depth z9, .

(c) the deflection of the pile is gero at depth 213 and
(d) the anchor point deflection is zero.

(&)

S ; 5 ~ 2
to h;zz = (Be, Tor 8} 1000 R -7’ “ "= (Ko, for 3/2) 1000 h
ST LR et 12 B 1

s

(Xo. for @;)250 h.os - (Na: for y;) SRGLHR iy | wen ol hia

which may be solved graphically as indicated on Pig. 5-6. The inter-
mediate computations are given in lable 5-2.. Note that for use in

1
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e

| Col. 3 of Table 5-2, it_is necessary to evaluate the slop, 0:, and the
deflection at the same ~» depth.

The graphical solution of En, 5-8 on Fig. 5-6 determine the point
of fixity at El, -56 ft, or D; = 28 ft. Then the total depth of
embedment

The anchor pull is Ap = M-56/56 = 27,5000 1b per ft. The net pending
moment is determined by adding line 14 of Table 5-1 to line 6 to give
line 15, which determines a maximum moment of =143 kips per ft.

Design Based on the Eouivalent Beam Method - The eemuivalent beam is a
simplification of the elastic line method obtained by cgnsidering an
imaginery hinge in the bulkhead. The location of this ~ero moment poin
depends upon the characteristics of the backfill and the material sup-
porting the embedded bulkhead length. _For sandy materialsxaupporting
the bulkhead and in the Backfill, the ~ero moment point is appréxima-
tely at 0.1 I below the dredge line, where H is the distance from the
top of the pile to the dredge line as shown in Fig. 5-1(c). For the
example considered herein, H = 40 ft, and the hinge is assumed to ‘be
located 0.1 H = 4 ft below the dredge line, or at E¥, -32 ft.

The moment given in line € of Table 5-1 is due to the soil loads
alone acting on a cantilever pile, In order to produce a poinf of
»ero moment at Bl. <32 ft, an anchor pull must be applied which pro=
duces a moment eoual and opposifte to the soil moment at thet elevation.
For the eocuivalent beam the anchor pull must be

Ko Ma (a45;/a_v._524t) Ak s o 526'0,4,
39 JE 52
e distribution of anchor pull moment with depth is given in line 16,

Table 5-1 and when this is added to line 6 the net moment is

A e  5- 2 - EvaLuAaTIioN ©F &uAHTI S ECE T el A
Z A  JorBs) oo 2 | (Mo for Jz) dooc ol Cot. (4)
PR ] 25 M) o TMJ*r?%fooy ] SN P oe e
(1) (2) , R e e Do ey e
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given in line 17. By the equivalent beam method the maximum bend ing
moment in the bulkhead amounts to -118 kips per ft.

The concentrated reaction Ry at the hinge location (Fig. 5-1(c))

is obtained by subtracting the anchor pull from the total soil shear
load given in line 4 of Table 1:

. v /
Ro— (52811 +i1964) 2 _ Ap = dotee -2éccc =/d5=c/b//y

From Ecuivalent Beam Method, the expression for the total depth of
embedment reocuired is

-
; e 2
b, H“_f, e _'_J b - (f“l")
D=2 w12 1z i (£ep-<a)k '

For this example, x = 0.k H = 4 ft, H = 40 f%t, F.P = 3.0, Ky ‘= D83,
and % = 62.5 1b per ft. After substituting these wvalues in'Eq; 10,
D was found to be 33,9 ft. ‘
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CHAPTER VI
CONCLUSION

The general enuations of the seven selected methods of analysis,
namely the

1. Pree Earth Support
2., Danish Rules
3. Fixed Earth Support
4, Eguivalent Beam Support
5. Tschebotarioff Method
6. Rowe's Method
7. Numerical liethod
ineluding the Cantilever oSheet Iile '7all enuations were derived,

Bulkhead design literature contains many theories and mathemati-
cal studies on the action and effect of earth pressure. The very
number of these analysis support the fact that no single method has
universal application, and that a wide range of error in thé assessing
of pressures can be expected. o

The purpose here is not to advance a new procedure that will
remove all uncertainties from bulkhead design. This paper contains
suggestion for revisions on the basis of the experimental and obser-
vational data which have been secured during the last few decades.

The procurement of site and soil data is of paramount importance.
A gite survey that includes the history and general geology of the
area is essential. Unless soil conditions are knownwith certainty,
borings should be taken at representative locations throughout the
gite. Undisturbed samples of cohesive type of soils and disturbed
samples of céhesionleés materials should be tested for their physical
properties. .Active and passive earth pressures should be determined

from these datz.

The importance of the errors involved in the estimate of the
's0il constants appearing in the eruations depends to a large exient

B A A NI T e e e e
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on the complexity of the structure of the strata into which the sheet
piles are driven, on the degree of uniformity of the material in the
borrowpit area, and on the ~uality of the subsoil exploration.f There-
fore, it would be unwarranted to establish rigid rules for the factors
of safety that should be used. One of the responsibilities of the
designer is to evaluate the prevailing uncertainties and to choose

the factors in accordance with his findings.

No bulkhead theory can possibly anticipate all the varieties of
subsoil and hydraulic conditions that may be encountered in practice,
and every case renuires a certain amount of independent judgment.
Hence, if the subsoil conditicns do not conform to a standard pattern,
designers who are not thoroughly familiar with the basic principles
and technisues of soil mechanics are advised to assume free earth
support and to use conservative factors of safety. "“hen solving un-
usual problems, the designer should consult the observational data on ;
which the design procedures are based. : %

: \
Suggestions for Further Study - During the course of this inveatigation§
improvements and possibilities for further study have become apparent. j
The following list serves as tabulation of these items: |

1. DNo precise reeommendations can yet be made concerning the
design of bulkheads where the natural soil and the backfill are com-
posed of sand-clay mixtures. Until further research is periormed all
such design computations should include larger factor of safety.

2, In the case of bulkheads a computation based on a gstate of
failure (for example, one in which a yield hinge is suprosed to deve-
lop in the.wall) has until recently not been possible because methods
have not been available for determining the earth pressures correspond-
ing to arbitrary movements of the wall. However, following the deve-
lopment and application of such methods of investigation to anchiored
bulkheads, nothing should prevent the engineer‘from designing such
structures on the basis of a state of failure.
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3. The relatively new science of soil mechanics is responsible
for greatly improved means of evaluating earth pressures, based on
the sampling and testing of materials. The most promising avenue to
further progress seems to be in the field of prototype or field mea-
surenents for testing the validity of existing design methods.
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APPENDIX. NOTATION

The following letter symbols conform essentially with ASCE Manual
of kEngineering Practice No. 22 ("Soil Mechanics Nomenelature”) and
American Standard Letter Symbols for Structural Analysis (ASA 730.8-
1949) prepared by a Committee of the American Standards Assocmation,
with ASCE participation, and approved by the Association in 1949:

Ap = anchor pull;

D = depth of sheet-pile penetration;

d = the ratio of deflection to the height of a wall, :
E = the modulus of elasticitys

f = the allowable stress in bending of the piles;

fy = the yield point;
Gg = the factor of safety;

H = the height of a lateral support, total lenzth of
sheet piles;

Ha = the vertical distance from the anchor to the dredge
line;

Hf = the vertical distance between the dredge line and
the surface of the backfill:

Hy = the vertical distance btetween the free water level
and the water table in the baeckfill;

= the moment of inertia of the cross section of a
sheet pile;

i = the hydraulic gradient;

e~
I

K, = the rressure coefficient for earth at rest;

Ky = the coefficient of active earth pressure (the ratio
between the normal component of the earth pressure
on the lateral support and the corresponding fluid
pressure ) ;

Kp = the coefficient of passive ear*h pressure;
Iy, Ly, and Lz = the vertical distances from centers of pressure;
M = the maximum bending moment in a sheet pile:

M(max) = the maximum bending moment in a sheetpile
computed on the assumption of free earth
supyort; :
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ml

the allowable bending moment for a sheet pile with
a given flexibility number;

Mg = the nmaximum bending moment in & sheet pile with
flexibility numver _

Ii. = the maximum bending moment in a sheet pile wifh a
given flexibility number;

m = the ratio between the horirontal distance from the wall to
the height of the wall;

n = the ratio between the depth below the surface of the back-
fill and the height of the wallj;

P = the total normal pressure on a lateral suprort produced by
a8 point load;

P, = the unbalanced water pressure;
p = the unit pressure:

p' = the hori-ontal pressure produced by a line load per
unit of wall length;

P = the effective unit pressure;
pa = intensity of ‘active earth pressure;
pp = intensity of passive earth pressure;
py, = pore water pressure;

Py = the hori-ontal unit pressure yproduced by a point load
along the intersection between the inner face of a
wall and a vertical section through the point load,
perpendicular to the wall; -

O
i

&g point load;
a = a uniformly distributed surcharge, per unit of area:

a' a unit line load;

i

gy = the unconfined conpressive stirength of cohesive 80il;

¥ - the unit weight of a soil including the weight of water
contained in its voids:

%'~ the submerged unit weight;

% = the effective unit weight of silt or clay (the sa-
turated unit weight above the water table and the
submerged unit weight below the water table);

A¥ = the reduction in the submerged unit weight resulting
from seepage pressure exerted by rising ground water;

AY = the increase in the effective unit weight;
%,= the unit weight of water;
& = the angle of.wall friction;

B T AN it I b ST
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F = the flexibility number; _

feo = the flexibility number corresponding to the point of
intersection N

#. = the critical flexibility number at which M becomes
smaller than M(max)g

O = the normal stress;

8, = the hori~ontal unit pressure:

4 = the angle of internal friction;

¢ = the angle of partly mobilized international friction; and

& = an angle
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