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PRZ FACE

The analysis, design and construction of coastal structures is of

great concern to a broad cross-section of the population living near ma-

jor fresh and salt water bodies. Realizing this concern, the New York

Sea Grant Institute instituted a project to develop a manual to assist a

variety of user groups in addressing the problems associated with the

development of coastal structures and coastaL facilities. Although the

engineering community will find the manual to be of use, the focus of

this manual has been to develop a simplified user's guide which focuses

on the analysis, design and construction of coastal structures. The em-

phasis has been on understanding the structures and their behavior, min-

imizing higher level mathematics, and presenting design charts and de-

sign examples for smaller scale structures, typical of those of impor-

tance to a small community and the individual homeowner. Large scale

developments should be handled by design professionals with expertise in

the field.

This project was initiated in late 1977 by the New York Sea Grant

Institute and has been developed by the School of Civil and Environmental

Engineering at Cornell University. The project was initiated by Drs.

Fred H. Kulhawy and Dwight A. Sangrey. Dr. Sangrey left Cornell before

much progress was made, and subsequent work has been supervised by Drs.

Fred H. Kulhawy and Philip L.-F. Liu.

Under the auspices of this project, the following reports have been

prepared and submitted to New York Sea Grant:



1. Coastal Construction Materials", November 1979, by Walter D.
Hubbell and Fred H. Kulhawy

2. "Environmental Loads in Coastal Construction", November 1979,
by Walter D. Hubbell and Fred H. Kulhawy

3. "AnaLysis, Design and Construction of Pile Foundations in the
Coastal Environment", April 1981, by Francis K.-P. Cheung and
Fred H. Kulhawy

4 "Breakwaters, Jetties and Groins: A Design Guide", March 1982,
by Laurie A. Ehrlich and Fred H. Kulhawy

5. "Analysis, Design and Construction of Bulkheads in the Coastal
Environment", May 1982, by Thomas M. Saczynski and Fred H.
Kulhawy

Additional reports to be completed in the near future include:

a. Boat Ramps

b. Docks, Piers and Wharves

Further topics to complete the manual should be initiated prior to the

end of 1982.



ABSTRACT

The extensive employment of bulkheads in the coastal environment

represents considerable capital expenditure. In many instances these

bulkheads are constructed with little consideration for pertinent

soil properties, soil-structure behavior or fabrication procedure.

This work is intended to describe the complex behavior of these systems,

to provide a rational and simplified design approach and to discuss

other pertinent design and construction aspects.

Based upon the evidence disclosed by the literature, a particular

design method was selected and a computer program was coded. The Free

Earth Support method, as modified by Rowe, was used as the basis for

a procedure to design anchored or cantilever .bulkheads in sand or clay.

The program was then modified so that parametric studies could be

conducted and the results could be incorporated into simplified design

charts. The reliability of the chosen design method and resulting

design curves were tested by probabilistic methods.

Other design considerations, such as external loading, cost

effectiveness, and component design and dimensioning, are elaborated

upon. Examples are given which illustrate the use of the Free Earth

Support method, as modified by Rowe, and the simplified method de-

veloped. Construction procedures and their impact upon wall perform-

ance are also discussed.
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CHAPTER 1

INTRODUCTION

Watorfront use has always posed. a very basic problem: access

to waterborne vehicles from the shore. The bulkhead has been exten-

sively employed as the solution to this problem. The casual observer

may conclude that the installation of these critical structures is a

simple process. In reality, the only simple aspect of bulkheads is

their geometry. The actual design, construction and behavior of these

soil-structure systems is complex. Simplified approaches have often

resulted in either overly conservative design or failure, both to the

detriment of the owner. A. rational approach is required which incor-

porates an understanding of bulkhead behavior, a sound computational

procedure and good construction practices. The objective df this work

is to provide such an approach, emphasizing a simplified design chart

format.

Application of the approach suggested herein is intended for

bulkhead sites where shore activity is relatively light, such as private

residences and marinas. Sufficient flexibility does exist, however, to

permit use over a broad spectrum of loading and soil conditions. Dis-

cretion is always incumbent upon the designer, especially where bulk-

head heights exceed 15 feet �.57 m!, soil conditions are complex,

heavy loads are anticipated or environmental conditions are severe.



1.1. Statement of the Problem

Bulkheads are flexible soil retaining walls which derive their

stability fram the structural ~embers and the strength of the soil.

The soil, as well as providing stability, creates loads upon the system

which must be resisted. Figure 1-1, illustrates the configuration of the

basic anchored bulkhead.

The principal component of the system is the sheet pi,le. Horizon-

tal stresses exerted by the soil on the backfill side of the wall tend

to move the piles outward. This outward, movement is resisted by that

portion of the wall embedded in the subgrade. If the penetration of

the toe into the subgrade is not sufficient, failure will result whereby

the toe "kicks out."

The horizontal stresses acting on the pile cause bending, making

the pile function as a beam. Therefore pile design is twofold: the

pile must be long enough to resist toe failure and it must be. stout

enough to resist, flexural stresses induced by bending.

The sheet piles are tied together by wales. These members are

designed to resist bending and are fastened to the piles by bolts or

nails. At various points the wales will require splices which must

resist the same loads as the wales.

The resistance to outward movement of the wall may be enhanced

by employing a tie-rod and anchorage. Since a portion of the horizontal

load is transmitted to the anchorage through the tie-rod, the tie-rod

must be suitably designed. The anchorage must also be adequately

dimension.ed and properly positioned. If the anchorage is too close to

the wall, it will be located within the failing soil mass, or failure

wedge, and will be of no use.



Figure 1-1. anchored wall



1. l. 1. Sheet Piles

Sheet piles are usually made of steel, concrete, or pressure

treated wood. Other materials may be used as well, such as aluminum

and asbestos.

Wooden sheet piles are generally a foot wide and vary in length

and thickness to suit design conditions. An interlocking system, such

as tongue-and-groove, is built into the pile as shown in Figure 1-2.

The configuration of steel and concrete sheet piles varies

considerably. The choice of the appropriate section is a matter of

computing the required engineering properties. Steel and concrete

sheet piles also have interlocking devices, such as ball-and-socket

connections shown in Figure 1-3 for steel. Concrete sheet pile inter-

locking is normally tongue-and-groove.

The anchored bulkhead described. earlier may be altered to produce

another bulkhead type. The most basic variation is to remove the

anchorage and tie-rod, creating a cantilevered wall  Figure 1-4!. This

variation may prove to be economical where relatively low walls are

installed. In such cases, the additional penetration depth required to

compensate for the lack of anchorage may very well be less costly than

the anchorage.

A smooth- or flush-faced bulkhead may be designed by locating the

wale on the backfill side of the wall. Although this may enhance boat

docking to some extent, it requires more fasteners than the wale on

the dredge side of the wall.
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="igure 1-3. Typical ball and socket  United States Steel, 1975,
facing p. 1!



Figure 1-4. Cantilevered wall



The navy bulkhead is another vax'iation of the anchored wall.

These walls incorporate the use of S in �03 mm! diameter fender piles

located in front of the sheet pi.les, as shown in Figure 1-5. The

presence of the fendex' pile adds considerable rigidity to the system.

This is warranted only for xelatively high walls or for locations where

there will be large external loads. Otherwise, the presence of the

fender piles is not required.

Bulkhead types may also be categorized by construction sequence,

i.e., a bulkhead may be a fill type or a dredge type. The sequence for

a fill type is: drive the piles, install tie-rod and anchorage, then

backfill. The sequence fox' a dredge type is: dxive the piles, install

the tie-rod and anchorage, backfill, then dredge in front, of the wall

to the desired depth. A consequence of construction sequence is the

resulting stress distribution. Some advantage may be realized where

dredge bulkheads are required as the soil behavior tends to be

beneficial.

l.l.3. Soils

One of the most critical aspects of the bulkhead site is the type

of soil present. Tn a very gener'al sense, there are two types of soils

that the designer must contend with: cohesionless soils, which can

be referred to as sand, and cohesive soils, which can be rexerx'ed to

as clay. The behavior of sands is x'easonably predictable and reliable

designs may be rendered with minimal complications. Clays, on the

other hand, are complex soils. Their strength varies considexably from

point to point and their behavior depends upon a wide range of condi-

tions, such as mineralogy, so'l structure and stress history.



Figure 1-5. Viavy bulkhead  AWPI, 1970, p. 3!



The presence of sand in the majority of bulkhead sites in New

York State suggests that the design of most bulkheads may proceed in

a straightforward manner. The less fortunate designer who must deal

with clay is advised to use a cauti,ous approach when attempting to

determine the characteri.sties of the soil. A more detailed discussion

regarding site and soil characterization may be found in textbooks

 e.g., Wu, 1976!.

l. 2. A roach to the Solution

The key element in the design of bulkheads is a sound computa-

tional procedure. Such a procedure depends largely upon the adequacy

of the mathematical model chosen to represent the behavior of the

system. An examination of prior investigations of bulkhead behavior

not only reveals weak and strong points of the various models, it also

provides valuable insights as to the behavior itself. The valid aspects

of the various approaches may then be incorporated, while questionable

assumptions and details may be disregarded. A sound design procedure

will be the result. This is the objective of the next chapter: to

examine previous work, glean the useful facts, and formulate a compu-

tational approach.

Unfortunately, existing bulkhead design methods are cumbersome.

Obviously, a simplified version of the most valid method is desirable.

A simplified design procedure is therefore the major goal of this work.

The third chapter explains such a simplified method and the means used

to compose it. The fourth chapter explains the recommended design

procedures.



Although the pile and tie-rod dimensions are the most difficult

parameters to design, there are other considerations. Location and

design of the anchorage, design of wales, splices and fasteners, ex-

ternal loadings, environmental factors, and, the properties of the

structural components are discussed in the fifth chapter. Other topics

concerning the construction of bulkheads are contained in the sixth

chapter.

The seventh chapter is a qualitative treatment of the reliability

of bulkhead design. It explores the probability of failure in pene-

tration depth, tie-rod pull, and moment of a hypothetical anchored

wall. The design deals with sand and clay subgrades and lends credence

to the statement that clay subgrades pose more difficult problems than

sand subgrades.

Examples are provided in the appendices to illustrate each portion

of the design procedure.

1 i 3 SUURaVjT

The problem to be solved by the bulkhead designer is to compute

the dimensions of sheet piling so that the toe is driven to an adequate

depth and the section is large enough to withstand bending stresses,

If the designer opts for an anchorage and tie-rod, these must also be

properly designed.

Herein, a procedure is developed in detail for the design of

bulkheads.



CHAPTER 2

EVALUATION OF SOIL STRESSES AND THE
DEVELOPMENT OF BULACHEQ! DESIGN

Prior to the turn of the century, bulkhead design was governed

by classical approaches or merely by rules of thumb. As worldwide

commerce increased, the demand for port and harbor facilities also

increased. To accommodate this demand, sites had to be utilized which

required bulkheads with greater dimensions than previously necessary.

The larger dimensions invalidated rules of thumb and rendered the

classical approaches obsolete because of economics. A state of the

art evolved for bulkhead design. as a result of the continuing attempt

to understand the complex behavior of these structures.

Each investigation and explanation of bulkhead behavior required

simplifying assumptions so that ehe complexities of horizontal soil

stress distribution could be dealt with. An examination of the various

thoughts on bulkheads serves to determine the adequacy of the underlying

assumptions, to highlight valid contributions which should be incor-

porated into a design scheme, and to give an. overall concept, of the

true nature of bulkheads.

2.1. Soil Stren th and Horizontal Stresses

The computation of stresses in fluids is relatively simple.

Consider for example a vat of water as in Figure 2-la. The stresses

at point A are determined from the height of the water above A, h,

12



Figure 2-1. Horf.zontal and vertical stresses



and the unit weight of the water, y . The vertical stress is a
w v

Since ehe water has no shear strength, the horizontal seress, o< is

equal to the vertical stress.

Soil seresses are more complicated to determine because the soil

does possess shear strength. Therefore, the stresses in a soil mass at

point B in Figure 2-lb are given by: a y h, where y is the unit
v s s

weight of the soil, and a ~ Kcr , where K is a horizoneal soil stress
v

coef f icient.

To illustraee the concept of horizontal soil stress coefficient,

consider an infinitely rigid, infinitely thin wall retaining

an adjacent mass of soil of height H, as shown in Figure 2-Za. The

magnitude of the coefficient K depends on the amount of deflection,

with respect to the wall height, H. With no wall defleceion, the soil

is said to be at rest and the coefficient is designated as K . Aso

the wall is defleceed away from the soil mass, the stress exerted

reduces eo a lower equilibrium state, known as the active state. The

active stress coefficient is designated as K . If the wail is deflecteda'

into ehe soil mass, the stress exerted by the soil increases until the

soil reaches an upper equilibrium state, known as the passive state.

The passive stress coefficient is denoted by K
p

Tests perf ormed by Terzaghi �954! revealed that minimum deflec-

tions are required to reach the limiting active and passive states.

As suggested by Figure 2-2b, relatively small defleceions are needed

eo reach the full active state and relaeively large deflections are

needed to reach the full passive state. Also indicated in the figure

is that ehe net change in stresses is much greater for the passive



Figure Z-Z. Horizontal stress coefficient as a function of
def lection  Terzaghi, 19S4, p. l24 3!



case than for the active case for the same magn,itude of deflection.

The soil stress coefficient depends upon the shear strength of

the soil as well as the relative deflection of the wall. Shear strength

is defined in terms of the Aohz-Coulomb failure criterion as

�-1!z ~ c + o tan $

in which: t shear strength, c soil cohesion, ! the angle of

internal fziction, and a normal stress on the failure plane. Figure

2-3 illustrates this concept, which shows increasing strength with

increasing normal stress.

For the purpose of this work, shear strength will be in terms

either c or !. Sand, silt and gravel are assumed to possess only fric-

tional strength, so that c ~ 0. This applies to any combination of

these granular soils. Clay soils are more complex, demonstrating

different properties for short- and long-term behavior. Mhen a cohesive

soil is rapi,dly loaded to failure, water pzessure in the pores is not

allowed to drain and the soi.l exhibits cohesive strength only. lf

the pore mater is allowed to dissipate as the soil is loaded to failure,

it will exhibit frictional strength and may be assumed to maintain none

of its cohesion. Therefore, the short-term strength of clays is

represented by the undrained strength where p 0, and the long-term

stzength is represented by the drained strength where c = 0. The

drained and undrained strengths vary over a wide range.

The horizontal stress coefficients for soils with friction, in-

cluding the drained case for clays, depend upon the angle of internal

friction, P, the angle of wall fri.ction  i.e., strength. of wall-soil



Figure 2-3. bohr-Coulo~o failure criterion
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interface!, 6, and the angle of inclination, ~, of the backfill with

respect to the horizontal. The active stress coefficient, K , isa'

given by

cos
2

�-2!

cosy cosu

The passive stress coefficient, K, is given by
p

cos
2

Kp  L ~sin  +6! sin  M! L/2 2
cos 8 cos<

The angle of wall friction is often taken as

2a
3

�-4!

�-5!P yh-2c
a s

�-6!Pyh+Zc
p s

when dealing with the undrained strength of clay.

If the length of the previously described hypothetical wall

 Figure 2-2! is increased so that it penetrates into the subgrade to a

depth, D, the wall deflection will produce an active state on one side

and a passive state on the other. If D is sufficiently large, static

equilibrium exists as the horizontal forces exerted on the active side

for wood and steel walls  Rowe, 1952!. Further discussion of the wall-

soil interface appears later in this section.

The active and passive stresses, P and P , may be computed using
a p

Rankine's formulation for frictionless soils,



19

are balanced by the horizontal forces on the passive side. A canti-

levered bulkhead is thus established as in Figure 2-4a. The depth of

penetration required below the dredge level to achieve equilibrium can

be decreased by employing a tie-rod and anchoring system near the top

of the wall as in Figure 2-4b. An anchored bulkhead is thus established.

With a known or assumed stress distribution, the depth of penetra-

tion, tie-rod load, and bending moment in the wall may be computed.

By examining the evolution of bulkhead design, scrutiny of the under-

lying assumptions of each approach is possible. As the evidence produced

by each investigation is accumulated and evaluated, it becomes clear

which assumptions are valid and which aspects of a procedure are worthy

of retention. These are the components of the design procedure which

will result in the most representative calculations of depth, tie-rod

load and bending moment.

With these concepts in mind, an examination of the evolution of

bulkhead design follows.

2.2. Classical Theories

2.2.1. Fixed Earth Su ort

The Fixed Earth Support, method, one of the classical approaches,

relies on the premise that the toe of the wall does not move. With

this assumption, the wall may be considered as a cantilevered beam

above the point of fixity, permitting the assumption of a reaction at

the point of fixity, F, as shown in Figure 2-5a. The third assumption

is that the passive stress resultant is applied at a depth 0.8D.
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Tschebotariaff �951! are given by:

Z ~ tan �5 � p/2! and2 �-7!

K ~ I/K
p a

Aside from the cumbersome numerical procedures involved, the

Fixed Earth Support method has serious shortcomings that stem from the

assumptions, Model tests have shown that deflections at the toe always

occur  Rawe, 1952!, thereby invalidating the premise that the wall may

always be treated as a cantilever. Fixed Earth Support assumptions

are good only for limited applications where toe deflectians are

relatively small.

One way to analyze this case is to assume a depth of penetration,

D, and compute the deflections of the wall based upon simple beam

theory. If the deflection is not, zero at 0.8D, another trial depth is

attempted and deflections are recomputed. This process continues until

a depth of penetration is achieved where the deflection computed at

0.8D is zero. This is the elastic line approach  Figure 2-5b!.

Another approach simplifies the computations by assuming a hinge

at the paint of contraflexure, C, in Figure 2-5b. This permits the

wall to be analyzed as two equivalent beams. The upper portion is

treated as a simply supported beam with reactions at the tie-rod level

and point of cantraflexure, as shown in Figure 2-5c, The resultant

forces are summed about the tie-tod level.

The active and passive stress coefficients suggested by
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2. 3. 2. Free Earth Su ort  FES!

This other classical method assumes that the toe of the wall is

free to move, thereby enabling the full passive stress to develop

along the pile below the dredge line. At the time of toe failure, the

Free Earth Support  FES! stress distribution shown in Figure 2-6 can

be computed using Coulomb's definitions for active and passive stresses.

Ezperiments have shown that the stress distribution for inadequate

penetration is accurately described by the FES values  Rowe, 19S2!.

This means that the minimum penetration depth where failure is imminent

may be computed. The penetration is then adjusted so that the minimum

depth is exceeded and. a margin of safety is realized.

For penetration less than the required minimum depth, equilibrium

is not achieved and the wall rotates as a rigid body. For penetration

ezceeding the minimum value, rigid body movement no longer occurs and

the stresses are redistributed because of the flezibility of the wall.

This redistribution causes the computation of bending moments, based

upon FES assumptions, to be overly conservative and thereby uneconomi-

cal. In spite of this inaccuracy, it still remains a useful procedure

for computing penetration depths, although an alternative procedure

for calculating bending moments and tie-rod loads is warranted.

2.3. Danish Rules

In spite of the rational approaches provided by the classical

methods, quay walls in Denmark around 1900 were. built with the guidance

that "dimensions appear to be reasonable"  Tschebotarioff, 1951!.

Increased commerce at this time led to the demand for higher walls,
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Figure 2-6. Free Earth Support assumptions



which in turn necessitated more stringent design procedures. Use of

the Coulomb procedure to check timber walls already built showed that

the stresses in these walls were three to four times higher than

allowable stresses for timber. Since the walls had withstood the test

of time with no apparent malfunction, it was surmised that the actual

stresses were substantially less than the stresses px'edicted. from the

Coulomb method. With this deviation in mind, the Danish engineers

Christiani and Nielsen designed the Lalborg Pier in 1906. This was

considered a daring undertaking, not only because the pier was

underdesigned with respect to Coulomb guidelines, but also because it

was made of reinforced concrete and not timber. Although the design

has often been criticized. for lack of conservatism, the structure has

stood for decades  Tschebotarioff, 1951!.

One reason for the pie» not failing is the presence of piles

driven through the backfill into the subgrade. These piles transfer

any surcharge load to below the subgrade so that this load does not

add to the horizontal soil stresses already acting on the wall. Another

more significant reason is a x'edistx'ibution of stresses because of

soil arching. As the wall deflected horizontally, the fill deformed

so that an arch of soil formed between the tie-rod and dredge levels.

The arch then carried part of the horizonta.l load imposed by the

fill. This arching concept formed the basis for a set of design pro-

cedures called the Danish Rules.

The stress diagram for this formulation appears in Figure 2-7.

The Free Earth Support stxess is reduced by an amount defined by the

parabola with ampLitude, q, such that:
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Figure 2-7. Danish Rules assumpeions
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k � + 10 h/L!
5 + 10 h/L

�-9!

1

1 ~ 0.1 �+n Ea!
sing Lo

�-10!

in which: h distance from the tie-rod to the top of backfill, n

the ratio of bending moments at the tie-rod and at the dredge level,

E ~ the elastic modulus of the sheet pile, a ~ the wall thickness,

P ~ an assumed distributed load, and o ~ the allowable bending stress
m

of the wall.

The depth of penetration is taken *s 3 to 3.5 times the distance

H and then multiplied by a safety factor.
w

Although the Uanish Rules have produced successful bulkheads,

this approach is not recommended as it lacks rigorous analytical or

experimental substantiation. However, the rules demonstrated the

validity of using reduced stresses acting on the wall.

2.4. Limit E uilibrium A roaches

A method for solving soil stress problems based upon rupture

theory was devised by Hansen �953!. The underlying principle

of this approach is that a soil mass in a state of failure takes on a

specific geometry, i.e., a specific fig~re of rupture  Figure 2-S}.

When the figure is established, Knitter's equation is used to compute

soil stresses and the kimetatics are computed as shown in Figure 2-9.

By varying certain dimensions, critical rupture figures can be

determined. 1he design of the structure can then be completed by using

the forces and moments stemming from the critical conditions.
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Figure 2-8. Rupture figures  Hansen, 1953, pp. 73-79!



29

Figure 2-9. Kine~tics of a rupture figure  Hansen, l953,
p. 104!
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Brinch Hansen's approach appears attractive in that it enables

the designer to obtain a true concept of the forces involved which tend

to produce a particular mode of failure. Use of KHtter's equation in

computing the stresses of soils in a plastic state is quite valid and

enhances the accuracy of the computations. En spite of these benefits,

the procedure is very tedious because many iterations are necessary

to arrive at a satisfactory solution and KHtter's equation is very

cumbersome.

2.5. Studies b Tschebotarioff

Large-scale model tests of bulkheads were conducted by

Tschebotarioff at Princeton �948! to corroborate or refute earlier

concepts of bulkhead behavior. Tests were performed with three objec-

tives in mind: reducing stresses acting on the wall from a fluid

clay backfill; determine the effects of consolidation upon the magnitude

of stresses exerted on the wall and observe the phenomenon of arching;

investigate the distribution of stresses acting upon the wall.

The placement of dredge spoil as backfill is common practice as

it greatly reduces the amount of fill required from a borrow area.

There is an obvious advantage to this practice, but there are two

significant disadvantages. Fluid clay has such a high water content

that it behaves as a fluid, i.e., it has very little shear strength

and the horizontal stresses are much higher than those from normal

backfill. Also, the fluid clay must consolidate prior to any operations

on its surface, such as construction of buildings. The studies in-

volving fluid clay backfills are thus noteworthy.



An important consideration in these tests is the range of soils

used. The angle of internal friction of the sands studied range be-

tween 32' and 36, indicating that the sands were in the loose to

medium dense range. The clay used, except, for the fluid clay backfill,

showed a cohesion of 300 psf �4.4 Pa! and an angle of internal

friction of 17', determined from consolidated-undrained shear tests.

A. ~ixture of sand and clay was produced. with a resulting angle of in-

ternal friction of 32

Tests were conducted to determine the means required to minimize

the horizontal stresses exerted by a fluid, clay backfill. It was

found that a sand dike placed at its natural angle of repose, shown

as line 6-6 in Figure 2-10, was fully effective in reducing the stresses

exerted by the fluid clay fill, i.e., the stresses were the same as

if the entire fill was composed of sand. The same results were found

when a sand blanket was placed whose width was equal to the wall

height, as shown by line 8-8. A sand blanket whose width was 50 percent

of the wall height, as shown by line 9-9, was 50 percent effective.

A blanket width of 10 percent of the wall height was found to have no

effect.

The presence of the sand dike or sand blanket did not enhance

the rate of consolidation, but prefabricated cylindrical drains did.

Vertical drains were acceptable, but were difficult to place because

of construction impediments. Horizontal drains, on the other hand,

were conceived as shown in Figure 2-11. It was felt that, although

such drains would be expensive, they would be practical and would

accelerate consolidation.



32

Tosl Ho. 5 Tal tlo. 9

Figure 2-10. Test apparatus  Tschebotax'iof f, 1949, p. 25!
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A major assumption of the Danish Rules is that an arch of soil

forms between the tie-rod and dredge level which reduces the horizontal

stresses acting upon the wall, as suggested by Figure 2-8. Tsche-

botarioff felt that this arching phenomenon warranted closer scrutiny.

He made a distinction between dredge and fill bulkheads based upon

his observations of arching.

For an arch of sand to form, a stable "abutment" must first, be

present. Then, as the wail deflects between the tie-rod and dredge

level, an arch forms between these two abutments. For fili bulkheads,

this abutment is present at the dredge level, but is lacking at the

tie-rod until the fill is raised beyond that level. As the fill is

placed, the wall deflects and no arch may form without the second

abutment. Dredge bulkheads, on the other hand, allow the formation of

an arch when the material in front of the wall is removed. When the

two abutments are present, the dredging operation causes wall deflec-

tions between the tie-rod and final dredge level, and an arch forms.

However, the arch is unstable as additional tie-rod yield causes it to

break down.

A recommended design procedure evolved after the third set of

tests. The approach suggested was a simplified equivalent beam pro-

cedure where a hinge is assumed to be located at the dredge level. For

bulkheads in a subgrade of clean sand, the depth of penetration is

taken. to be 43 percent of the wail height, H, based upon limited test

results. The factor of safety against, toe failure was said to be at

least Z.O. The active stress was computed from:
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�-11!P ~ K Y H, where
a a s

K = � � � , ! 0.33 f''',
a f' H

�-12!

�-13!

The term f'' ~ 1.0 for known subgrade materials and should be decreased

for uncertainties in the subgrade.

A further observation made with respect to vibrating the backfill

was that it increased the bending moments by 60 percent; similar

vibration of the soil in front of the bulkhead tended to reduce the

bending moments.

The tests at Princeton did not establish any valid relationship

between the shear strength of clay and lateral stresses. This lack

of correlation was interpreted to signify that once a safe depth of

penetration was established, horizontal stresses in clay are a problem

of deflection, not of rupture.

Since the range of .soils tested. was limited to a narrow band,

the empirically derived formulas for bulkhead design are valid only

for that range. As soils vary beyond the test range, their stress dis-

tr''butions must also vary, especially for clays. A more comprehensive

design procedure is needed which encompasses a broader spectrum of

soil conditions.

in which: a the height of soil above the tie-rod, f' ~ 3.5 and f'''

0.9, based upon limited test. results. Bending moments can be com-

puted from the stress diagram  Figure 2-12!. Tie-rod pulls should be

designed for overstressin.g by dividing computed loads by the expression:
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Figure 2-12. Design assumptions  Tschebotariof f, 1951, p. 561!
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2.6. Studies b Rowe

Rowe contributed significantly to the understanding of bulkhead

behavior  Rowe, 1951, 1952, 1955, 1956, 1957! . His work began by ob-

serving the performance of scale model bulkheads in cohesionless soils

where he focused upon the effects of sheet pile flexibility and soil

stiffness. Based upon his findings, he formulated a bulkhead design

procedure. He then developed a theoretical and analytical model where

bulkhead behavior could be described as a beam on an elastic foundation.

Several years later he performed further tests on walls in a cohesive

subgrade, coupled these data with his previously developed analytical

model, and recommended a procedure for the design of walls in clay.

Zn subsequent work, he compared designs based upon his recommended

procedures with Hansen's approach. Rowe's work was extensive

well-documented, and it provided an insight that is very helpful in

understanding bulkhead behavior.

2,6.1. Anchored Walls in Sand

Rowe felt that variations in the distribution of stress acting

upon sheet pile walls resulted from variations in surcharge, tie-rod

level, anchor yield, dredge level, pile flexibility and soil stiffness.

To determine such effects, he instituted two series of stress tests

and one series of flexibility tests  Rowe, 1952! .

The stress tests were conducted on. a 3 ft-6 in �.07 m! high

model wall, as shown in Figure 2-13a. The sequencing of these tests

is shown. in Figure 2-13b. Stress measurements were made directly by

stress gauges, and bending induced strains were measured by strain
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gauges. The only soil used in the stress tests was dry sand in a loose

state.

The flexibility tests were conducted in the apparatus shown in

Figure 2-14. The properties of the different piles used are given in

Table 2-1. Different soils were used, each with a different angle of

internal friction and dry unit weight. Each soil was tested in the

loose state, with relative density equal to 0 percent, and in the dense

state, with relative density equal to 100 percent. The soil properties

are summarized in Table 2-2.

2.6.1.1. Conclusions Based U on the Stress Tests

The first series of stress tests demonstrated that the initial

stress distribution deviated from Coulomb's FES predictions. As the

dredging continued, however, the stress distribution eventually reached

the free earth values when toe failure occurred. Prior ho failure,

stress increases developed above the tie-rod and decreases developed

below, i.e., arching occurred. The stress reduction, because of

arching, was substantially less than that predicted by the Danish Rules.

The first series of tests also showed that a considerable shear force

developed at the toe which tended to resist outward movemen.t,

The second series of stress tests incorporated controlled anchor

yield while the first series permitted none. The placement of various

surcharge loads was another added feature. This series showed that

arch instability resulted with anchor yield or additional dredging

and that the stress distribution developed was in accordance with "=ree

Earth Support predictions. The amount of yield necessary for the
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Figure 2-14. Apparatus for flexibility tests  Rowe, 1952, p. 38!
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 Rowe, 195 2!

Flexibility
lo a

Length
 m

Pile

in

Plate Thickness

in mmMaterial

Steel

Steel

Test

�, 07! -3. 32 Stress Tests

�. 91!

�. 81!

 G. 76!

�. 71!

�.66!

0. 109 �. 77! 36

31.5

27.5

24

21

�. 91!

�. 80!

�. 70!

�. 61!

�.53!

Steel

�. 74!

�.66!

�.58!

�.51!

29

26

23

20

Table 2-1. Pile characteristics

0. 330  8. 38! 42

0.164 �.19! 36

32

30

28
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Aluminum 0. 083 �. 11!

-3.l8
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-2. 72

Flexibility Tests
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complete breakdown of arching was equal to H /1000. Rowe stated that

the amount of yield one could expect in the field is between H /930

and H /360. In other words, arching is not a stable state under normal

conditions.

The active stresses acting upon the model walls were found to

agree closely with Tschebotarioff's predictions. Bending moments,

however, were at times found to be as much as twice as high. Rowe sur-

mised that this discrepancy could be resolved by observing the effects

of varying the pile flexibility. This was the objective of the flexi-

bility tests.

2.6.l. 2. Conclusions Based U on the Flexibilit Tests

Rowe determined that prototype walls must behave in the same

manner as the model walls if the conditions of similitude are maintained.

The most important aspects of these conditions shown by the tests are

two ratios. The first proportionality states that bending moment,

and pile length, H , are related by the constant r, such that

The second states that the pile len.th,, elastic modulus of the pile and

moment of inertia of the pile are related by the pile flexibility number,

such that:

�-19!

He then concluded that the behavior of prototype and model walls must

be similar if their relative wall heights,  Figure 2-15! are equal,
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and relative tie-rod levels, 8, are equal, where

  2-16!

and

HA
8 m �-1 7!

2.6.1.3. Desi n Procedure for Anchored Walls in Sand

As well as providing a sound qualitative description of bulkhead

behavior, Rowe's observations and conclusions served as a basis for

It was determined that pile flexibility had a major effect upon stress

distribution and bending moment. As demonstrated in Figure 2-16a, a

more flexible pile permits larger deflections, d, at the dredge level

relative to the deflections at the toe. The larger deflection causes

a greater amount of passive stress to be mobilized at that point. Con-

sequently, the passive stress resultants occur closer to the dredge

level with more flexible piles, as shown in Figure 2-16b. The influence

of pile flexibility in dense subgrades is similar, but with a more

pronounced effect as the passive stress resultant was located even

closer to the dredge level.

The flexibility tests also indicated that tie-rod loads differ

from the Free Earth Support values, depending upon relative tie-rod

height, 9, relative wall height, a, and pile flexibility. It was also

shown that tie-rod loads could be increased by as much as SO percent

because of differential tie-rod yield and anchor settlement, i.e.,

adjacent tie-rods may deflect unevenly, thus causing one tie-rod to

take more of the load.
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max H
�-18!

computing penetration depths, bending moments, and tie-rod loads.

Since much of Rowe's observations were reported in terms of deviations

from. FES values, it is not surprising then to find that his recommended

design procedure begins by computing the FES values. These values are

edified by employing factors derived from the tests, the factors de-

pending upon relative wall height, relative tie-rod level, pile

flexibility and the relative density of the subgrade.

It has been suggested that, once a safe penetration depth has been

achieved, bulkhead design is a matter of deflection  Rowe, 1952;

Tschebotarioff, 1948!. Rowe's work clearly established that the stress

distribution acting upon the wall at the time of toe failure was

accurately described by the FES method. Hence, the FES method can be

used to compute a safe penetration when safety factors are applied

to the loads. Once the penetration depth is computed, its maximum

bending moment and tie-rod loads are computed using the FES stress

distribution. The safety factor used for the penetration computation

is not used for the moment and tie-rod computations.

The FES bending moment is used to determine the design bending

moment by incorporating a reduction factor, r , chosen from Figure

2-17a. The reduction factor is read directly from the figure for the

appropriate relative wall height, ~, and subgrade relative density.

The reduction factor is chosen for several values of pile flexibility, c.

For the aonditions of similitude to be obeyed, the maximum bend-

ing moment is converted to
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~here M is the maximum bending ~oment in inch-pounds. An operating

curve is then developed as shown in Figure 2-18 where

�-19!T ~ T ~op max ' d

and r = the reduction factor for that particular value of log p. A
d

structural curve is then developed for each value of p with

�-20!
STR   2! 1/3 Hp!

and

fb
m

 EI! 2/3
�-21!

where g flexibility characteristic, fb = allowable bending stress,

S section modulus, F. = elastic modulus of the pile material, and I

moment of inertia. The intersection of the operating and structural

curves gives the solution in terms of t . The design bending momen.t then

may be computed by using Kq. 2-18.

The tie-rod load is more simply computed by multiplying the FES

value by the tie-rod load factor, f , found in Figure 2-17b . The

factor, f , is read directly for the appropriate values of ~ and g.
c

For dredge type bulkheads with unyielding anchorages, additional

reductions in bending moment may be computed by using Figure 2-17c. The

reduction. factor, r , is read for appropriate valises of z and 3.t'

The FES method and Rowe reduction methods are quite lengthy

procedures. They are described in greater detail in a later section.

Design examples may be found in the Appendices.
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Figure 2-18. Typical operating and structural curves {Rowe, 1952,
p. 54!



2.6.2. Comments b Terza hi

2.6,3. Theoretical Analysis

Rowe performed a theoretical analysis of sheet pile walls by

modeling the wall as a beam on an elastic foundation. The differential

equation which governs the model behavior is

d4
EI~- kv= 0

4
dx

�-22!

Terzaghi reviewed the works of Tschebotarioff and Rowe shortly

af ter Rowe's scale model test results were published  Terzaghi, 1954! .

He stated that Tschebotarioff' was in error to suggest that the Fixed

Earth Support method be used for all calculations since the fixity of

the pile toe ranged between fully free and fully fixed, depending

upon pile flexibility and the relative density of the subgrade material,

He agreed with Rowe that soil stresses can be computed based upon

Coulomb's formulation, the maximum bending moment, can be found using

the Free Earth Support method, and a reduction should be applied to the

maximum moment, depending upon pile flexibility and subgrade relative

density.

In this work Terzaghi also suggested the scope of exploration

required for bulkheads. He recommended standard penetration tests and

laboratory tests for sands. For clays, he recommended undisturbed

sampling for laboratory tests in addition to vane shear tests. The

exploration should also be of such an extent that it reveals soft soils

beneath the pile tip which could cause excessive settlement and slope

failures of submerged soils in front of the bulkhead which could under-

mine the stability of the toe.
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in which: E elastic modulus of the beam  pile!, I = moment of inertia,

y ~ axis in the direction of beam deflections, v magnitude of beam

deflections, x axis of the long dimension of the beam, and k ~ sub-

grade modulus in stress units  Rawe, 1955!.

For a subgrade modulus that increases linearly with depth, the

differential equation must be solved by series. The resulting polynomial

for Rowe's solution was of the 30th order, a very cumbersome expression.

Nevertheless, he proceeded to compute deflections and bending moments

for walls in sand and in clay.

A comparison was made between the results of the theoretical

analysis of anchored walls in sand and the observations made on the

tests of model walls. The comparison showed very good agreement, except

for very stiff walls in dense sand. This apparent discrepancy is not

important since, it is pointed out by Rowe, the stiffness of the walls

in the anomolous case was beyond the range normally encountered in the

field.

The theoretical analysis is too unwieldly to use as a design

tool, but the agreement with the experimental evidence of walls in

sands suggests that it may be useful in providing information about

walls in clay.

2.6.4. Anchored Walls in Cla

Rowe approached the problem of a wall in clay as a beam on an

elastic foundation  L957!. He stated that the subgrade modulus could

be related to its cohesion in terms of Skempton's stability number

 L945!,



$
c ~1 +- cY h+q I c

s w

�-23!

in which: c ~ cohesion in the subgrade, c ~ adhesion on the wall,

h overburden stress of the fill, and q ~ surcharge. He also noted.

that the term 1 + � could be taken as 1.25 in most cases.c

c

Incorporating Terzaghi's work in determining subgrade moduli

 Terzaghi, 1955!, Rowe developed a relationship using the subgrade

modulus, subgrade compressibility and stability number. The beam on

elastic foundation analysis proceeded with variations of pile flexi-

bility and stability number. Theoretical bending moments were compared

with FES values and the percent reduction was plotted versus log p.

A series of scale model tests was performed which defined the

limits of applicability of the theoretical analysis. The tests also

substantiated the accuracy of the analysis. Correlating the theoretical

and experimental data, Rowe presented three figures for the amount of

reduction. allowed as a function of stability number, which are shown

in Figure 2-19. The figures represent pile flexibilities which will

give three points on an operating curve. The flexibilities represented

are: maximum stiffness for log p -3.1, minimum stiffness for log o

-2.0, and a typical working stiffness for log p = -2.6.

Operating and structural curves are generated in the same manner

as for anchored walls in sand, Once the design flexibility is deter-

mined, Figure 2-19b is used to find the required tie-rod load factor,

using the stability number of the subgrade and design log p of the wall.

A detailed procedure is found in a later chapter.
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Figure 2-19. Tie-rod and bending moment factors, clay  after %owe,
1957, p, 642!
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Figure 2-19. Continued
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2.6.5. Corn arison with Limit E uilibrium A roach

Rowe computed bulkhead designs based upon Hansen's limit

equilibrium analysis and compared these e,o the results of the scale

model tests in sand �956! . In general, the limit equilibrium and

model test results were in close agreement.

In addition to corroborating the moment reduction method, this

comparison led to other observations that enhanced bulkhead design.

One such observation was that the most economical designs resulted

where the relative wall height, a, was approximately 0.73 and the

relative tie-rod location, 5, was approximately 0.20. The finding that

tie-rod loads should be factored within a range between 0.88 and 1.25

was also a consequence of this comparison and is reflected in Figure

2-17b . And, based upon this vork, it was clearly shown that with

sufficient penetration, bulkhead design becomes a problem of deformation,

not ultimate collapse.

2.6.6. Cantilevered Walls in Sand

One of Rowe's earlier works dealt with cantilevered walls in

sand �951!. His studies proceeded in a manner similar to the anchored

wall studies. A series of tests were conducted that compared the

amount of moment reduction from the PES method depending upon relative

wall height, a., pile flexibility, c, and relative density of the sub-

grade. The reduction curves shown in Figure 2-20 resulted from these

studies.
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-XO

Figure 2-20. Bending mordent factors, cantilever walls in sand
 after Rowe, l951, p. 319!



2.7. Numerical Methods Anal ses

The rapid development of the digital computer enhanced the via-

bility of the finite element method of analysis  FEN! to a great extent.

This method has been extremely valuable in describing the complex

phenomena of soil-structure interaction. The finite element method has

been applied to assess many soil stress problems.

One such application was an analysis of the Port Allen. and Old

River locks. Clough and Duncan developed an incremental finite element

analysis with nonlinear, stress dependent, inelastic soil stress-strain

behavior �969!. The analysis was accurate in predicting the behavior

of these U-shaped, reinforced concrete structures as was shown by

comparisons with the extensive instrumentation which was installed to

monitor the locks.

An investigation of the behavior of high anchored bulkheads in

Norway was reported by Bjerrum, Clausen azrd Duncan �972!. The bulk-

heads were instrumented with strain gauges and inclinometers were

installed in the adjacent soil. A. finite element analysis of the bulk-

heads was conducted using a modified version of the Port Allen computer

program. Comparison of the FEM results with the instrumentation data

and Rowe reduction method showed good agreement.

Finite element analysis has also been a tool for examining the

behavior of tie back excavations. Although this behavior is somewhat

different from bulkhead behavior in that anchors are employed at

multiple levels and are basically unyielding, some observations can be

applied to bulkheads on a qualitative basis.



59

In a study by Tsui �974!, discontinuous wall behavior was ex-

amined. A soldier pile and lagging wall, or Berlin wall, was first

analyzed by FDi as a continuous, planar wall, then as a discontinuous

wall. An equivalent planar wall was developed by distributing the stiff-

ness of the soldier piles acx'oss the spacing between adjacent piles.

The discontinuous wall was modeled by stimulating the ties as spring
2supports, applying a soil stx'ess of 1 tsf  96.2 N/m ! and varying the

soil modulus as 100 tsf  9.61 kN/m !, 200 tsf �9. 2 kH/m !, and 400 tsf2 2

�8.5 kN/m !, Comparisons of these two models  Figure 2-21! show that2

deflections in the lagging were 70 percent greater for the planar

wall in soft soil, and 27 percent greater in stiffer soil. The Berlin

wall behavior is analogous to the behavior of navy bulkheads where the

8 in �. 2 m! fender piles are similar to the soldier piles as they

represent great increases in stiffness at discrete points along the

wall. The navy bulkhead problem vill be addx'essed Later in this woxk.

2. S. Soil-Structure Interface Stren th

The strength of the soil-stx'ucture interface is an important aspect

of bulkhead behavior, as suggested by the Coulomb formulation for active

and passive soil stress coefficients  Eqs. 2-2 and 2-3!. The intex'face

strength, 6, was suggested by Rowe to be taken as 2/3P for steel and

timber sheet piles  Rowe, 1952!. This recommendation was made without

the corroboration of significant test results.

A more recent study has, however, addressed interface strength

mox'e comprehensively. Kulhawy and Peterson �979! conducted tests

using concrete blocks with four variations 'n roughness, three relative
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Figure 2-21. Results of finite element analysis of discontinuous
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Q

i'

5

<a~ %aua~ P%$I gael' StttsaKSR SCL,
Sa4!CR ~~g ~

0
pC

!e e~ ysl

DIPVRCTIC754 44444 A 4

Note: i ft < 0.305 m; 1 psf 0.0478 N/m2



densities for each of two soil types, and three normal stresses. The

tests were performed in a direct shear device.

It was pointed out that the causitive aspect of the interaction

lay in the relative roughness of the structural. face with respect to

the roughness of the soil, i.e., large soil particles and small asper-

ities in the wall allow the soil particles to skid across the wall,

while mall or large particles acting along a wall with high amplitude,

small wavelength asperities tend to develop more friction.

The implications of the tests as they concern bulkheads are that:

for precast concrete sheet piles, 6 can be taken as 0.9!; for steel

and timber sheet piles, other data must be consulted, although the

principles of relative roughness hold true.

Peterson et al. �976!, summarized test conditions and results of

investigations cf skin friction. Qf particular interest are the ratios

of 6 /p for steel and for wood, with the direction of frictional re-

sistance parallel to the grain. These values are summarized in Table

2-3. Also of interest are values of 6 that were determined, but without

reference to P. These are also shown in Table 2-3.

The significance of the summarized skin friction data is that, the

value suggested by Rowe, 6 2/3g, is a reasonable value to use; it

seems overly conservative in the case of wood sheet piles. However,

the sample size of only eight values for wood is too small to be used

for application to other design situations. In the case of steel, it

can be seen. that the mean value ror g is 37. 2 degrees. This value

obviously precludes granular soils in the loose state, which tend to

show lower ratios of 6/P  Peterson et al., 1976!. Here Rowe's sugges-

tion again appears reasonable.
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The conservatism resulting from using 6 2/3P, in lieu of 0.8

is reflected in Table 2-4. It can be seen that the conservatism results

in small increases in the active case, a 17 percent increase in the

passive case for loose soils, and a 54 percent increase foz dense

soils. Pith the exception of dense soils, the conservatism does not

appear to be substantial. In the case of dense soils, penetration

depths are already substantially less than those for loose soils. Thus,

the conservatism results i.n only slight increases in depth when compared

to depths computed using the less conservative assumption.

2. 9.

Tracing the evolution of thought that governs bulkhead design

serves twopurposes; it provides an understanding of the complex inter-

action of the soil and the flexible retaining wall, and it presents
a

rationale foz choosing the optimum design procedure.

Although conservative, the classical methods provided rational

approaches to design. 3oth methods assumed a linear stress distribution,

but made contrary assumptions with respect to fixity at the toe of the

pile. Later approaches assumed nonlinear pressure distribution. The

Danish Rules allowed for reduced wall stresses because of arching of

the soil between the anchor and dredge levels.

Large scale model tests performed by Tschebotarioff revealed that

arching was unstable in bulkheads with. yielding anchorages and that

reductions of wall loads were because of stress distributions that

deviated from the classical assumptions. His test results also suggested

that high wall stresses from fluid clay backfill could be alleviated by

using sand blankets or dikes adjacent to the wall.
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The extensive investigations by Rowe covered a broad spectrum of

conditions and contributed significantly to the understanding of bulk-

head behavior. His tests demonstrated that the stress distribution at

the time of toe failure of a wall is accurately described using free

earth support assumptions. The Free Earth Support value for depth of

penetration therefore specifies the minimum depth for a factor of

safety of 1.0. With increasing depths and increasing densities of

subgrades, fixity approaches the Fixed Earth Support assumption  Ter-

zaghi, 1955!. Once a safe depth of penetration is established, Rowe

determined that the deviation of loads from the Free Earth Support

method is a function of subgrade strength and wall flexibility. A

more applicable model than the simply supported, beam was used to de-

scribe the soil-structure interaction, i.e., the beam on elastic

foundation with a linearly varying subgrade modulus. Rowe compared

his model test results to the results of other investigators. He found

that Tschebotarioff's suggested method was valid only for the ranges of

soil stiffness and pile flexibility that were tested at Princeton.

Within this range, there was close agreement. Comments by Terzaghi

indicated that he agreed with Rowe's findings. The approach using

the theory of plasticity proposed by Hansen also produced designs

very similar to those resulting from the Rowe method. Considering

the difficulties in manipulating the complex equations and rupture

figures of Hansen's method, the Rowe approach offers a very attractive

alternative.

Rowe's study ot bulkheads was then. extended to walls in. cohesive

subgrades. A method was derived from this investigation whereby
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designs could be developed based upon the undrained strength of the

soil.

The finite element method provides an accurate means to investigate

the complex natures of soil-structure interaction and horizontal soil

stresses. A proven FEE routine was used to evaluate a large bulkhead

and the results compared favorably with instruments and strain gauges

used to monitor the wall. The results also demonstrated good agreement

with the Rowe method, thus adding more credence to the Rowe procedure.

An investigation of tied-back walls served to qualitatively

model and explain the mechanics of a discontinuous wall. The behavior

of the soldier pile and lagging system can be expected to be somewhat

similar to the behavior of the 8 inch fender pile and sheet pile

system of a navy bulkhead. A discussion of these implications appears

later in this work.



CHAPTER 3

DEVELOPMENT OF A SIMPLIFIED DESIGN APPROACH

The discussion in the preceding chapter illustrated the variety

of approaches to bulkhead design and showed that one approach is both

reasonable and comprehensive. Therefore the Rowe method, which in-

corporates the Free Earth Support method, with modifications to bending

moment and tie-rod load, is selected as the basis for a simplified

design method.

In spite of its obvious merits, the Rowe method is somewhat more

involved than the simpler methods. This, coupled with a lack of under-

standing of bulkhead behavior, will lead engineers who have not

benefited from extensive training in soil mechanics to employ less

complex methods. The results can range from overdesigned, uneconomical

walls to inadequately desi,gned walls. For these reasons, a simplified

approach is developed herein where design curves are generated from

data utilizing the Rowe method. These curves can then be employed in

conjunction wi.th simple manipulations of the pertinent parameters

to develop bulkhead designs.

3.1.

The developmen.tof a design curve requires a substantial number of

data points for establishing a clear trend, To produce these data by

using the Rowe method and hand calculations ~ould be a formidable task
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and require a grwat deal of time. Use of the digital computer greatly

diminishes the time necessary to produce a sufficient amount of data.

A computer program was therefore developed that would yield bulkhead

designs for cantilevered and anchored walls in sand and clay. The de-

sired output consisted of penetration depths, tie-rod loads, and

maximum bending moments for walls made of timber, A328 steel and A690

steel.

Zt was considered to be necessary that the program have the capa-

bility of dealing with any geometry  e.g., standing wall height, water

level! and heterogeneous  multi-layered! soils with the assumption that

each soil layer is isotropic and homogeneous. These arbitrary param-

eters define the problem and enter the program as input data. The

parameters are  Figure 3-1!:

H = standing wall height,

HA - anchor level height.

H = low water level height,

~ appropriate unit weight of ith soil layer,

angle of internal friction of ith soil layer,
i

c cohesion of ith soil layer, and

t. = thickness of ith layer.
i

Since the Rowe method entails the use of curves, selected data

points on the curves must be read in as data. The curves are factors

to be applied against bending moments and tie-rod loads for anchored

walls in sand  Figure 2-17}, anchored walls in clay  Figure 2-19! and

cantilevered walls in sand  Figure 2-20!.
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Figure 3-1. Input parameters for computer pxogram
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It. was noted earlier that once a safe penetration depth is estab-

lished, the proble~ becomes one of deflection. From Rowe's studies

�952!, it was ascertained that the stress distribution at the time of

toe failure is adequately described by Free Earth Support computations.

Since this is the penetration depth at failure, a safety factor must be

applied. Terzaghi suggested applying such a factor against the soil

strength parameter �954!. Since shear strength of cohesionless soil

varies with the tangent of the internal angle of friction:

-1 1
tan   � tang!,

f FS
�-1!

in which: !f factored soil parameter, ! unfactored soil parameter

and FS ~ a safety factor.

It follows that the computer program should factor the soil

strength parameter and find the appropriate depth of penetration by the

Free Earth Support method. Then, tie-rod load and maximum bending

~oment can be computed based upon unfactored soil parameters and Free

Farth Support pressure distributions. The Free Earth Support procedure

is detailed in a later section.

The computer program must then. choose the proper factors for

bending moment and tie-rod loads. It must, therefore, "enter" the

proper curve at the proper place by interpolating. Since it is unlikely

that relative densities can be accurately established in the field and

reduction curves only provide for "loose" and "dense" sands, the pro-

gram must correlate relative density with the angle of internal fric-

tion. The routine must, therefore, arbitrarily select a friction ang'e

of 30 degrees for loose sand and 40 degrees for dense sand. For
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intermediate values the routine must interpolate and, for values outside

this range, it must assign the upper or lower bound as appropriate.

This argument also holds for the stability number of clays,

Once the proper "graphs" are selected by the program, an operating

curve must be generated whereby a reduction factor is chosen for the

maximum bending moment depending upon the pile flexibility number, o.

A structural curve is developed based upon the material properties of

the member in question, its shape factor and flexibility number,

The intersection of these curves is found and the design bending moment

is computed. This process must be accomplished for wood piles, and

steel piles fabricated from A328 steel and A690 steel. A similar, but

less complicated, process must occur for the tie-rod loads. The Rowe

method is demonstrated in detail in. a later section.

3.1 .1. Subroutines

The computer program developed for designing bulkheads was entitled

"WALL" and consists of a main program and 12 subroutines, A. description

of the various functions follows.

The main program serves to input and display data, to regulate

data sent to subroutines and to make decisions as to which subroutine

is to be used.

Subroutine "FACTOR" is first called to apply a safety factor

against the strength parameter, compute active and passive stress

coefficients, and to keep track of the unfactored strength parameters

and associated coefficients.
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Subroutine "DEPTH" arranges soil layers sequentially by depth.

In addition to those already input, it identifies the depths of the

water level and dredge level as layers. If this causes duplicity, a

logical statement is invoked and the redundancy is eliminated.

Subroutine "PARAM" maintains the proper association between soil

layers and their respective soil properties. It also computes the

submerged unit weight for soils below the water table.

Subroutine FORCES" is used to compute horizontal soil stresses,

resultant forces and moments based upon Free Earth Support, calculations.

The main program decides whether to use factored or unfactored soil

stress coefficients. Moments are summed about the tie-rod,for penetra-

tion computations. The main program controls an iterative process

where the depth of penetration is increased or decreased until the sum

of moments about the tie-rod is equal to zero. Vhen the depth of pene-

tration iterations are completed, the main program directs "FORCES" to

compute stresses and forces based upon the design penetration and un-

factored soil stress coefficients. Output is generated for the factored

and unfactored cases. For verification purposes, the following param-

eters are displayed for respective layer depths: active and passive

soil stress coefficients, unit weight, overburden stress, horizontal

stress, resultant force and moment. Penetration depth is also displayed.

Subroutine "TIE" is called to compute moments about the point of

application of the passive stress resultant. The moments are based

upon resultant forces from unfactored soil parameters. This subroutine

is bypassed for cantilevered walls. The tie-rod load is displayed as

output.
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Subroutine "MOM" locates the point of zero shear, then computes

the maximum bending moment. Free Earth Support calculations are now

co~plate and the point of zero shear and maximum bending moment are

displayed.

Subroutine "ROWE" computes the bending moments and tie-rod loads

used for design. It controls which reduction curves to use, i.e.,

anchored walls in sand or clay, or cantilevered walls in sand. No re-

ductions are allowed for cantilevered walls in clay. In addition to

selecting the proper curves, it serves to: interpolate between graphs,

generate operating and structural curves, compute the design moment

and tie-rod loads, and select the corresponding sections for wood

members, A328 steel members and A690 steel members.

Subroutines "SAND," "CLAY," and "CANT" select the appropriate

moment and tie-rod load factors based upon decisions made in the

"ROWS" subroutine.

The intersection of operating and structural curves is accomplished

by calling subroutine "POI." This subroutine solves for the point of

intersection of two straight line segments that are defined by four

points, two points from each curve. Linear approximation is adequate

for anchored walls in sand because the curvature of the graph is spread

over 25 poin.ts. A similar argument applies to cantilever walls in

sand. For anchored walls in clay, however, only 3 points are given by

the Rowe reduction curves, one each for:

log o = -3.1  stiff walls!

log o -2.6  working stress zone!, and

log o -2.0  first yield!
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This necessitates generating a curve with sufficient data points based

upon a best fit of the 3 given points. A curve fitting algorithm is

provided by subroutine "FIT" which performs a linear regression based

upon bivariant log-normal distribution. The equation of the line of

best fit is displayed along with the correlation coefficient, the

original data points, corresponding fitted data points, and the difference

between the original and the fitted point. For the purpose of generating

an operating curve with sufficient points to use in the "POI" subrou-

tine, the equation of the line of best fit is utilized to produce 24

line segments for selected values of pile flexibility.

A computer source list, sample output and User's Guile may be

found in the Appendices.

3. Z. Producin Data for Desi Curves

Once the program was debugged, it was modified so that variations

of input parameters would produce enough data of statistioel signifi-

cance for each case.

3.2.1. Case I: Anchored Halls in Sand

There were six curves generated for this case, each depending upon

the relative density of fill with respect to the relative density of the

subgrade. The free-standing wall height, was varied for each combination

of relative densities, the water level was varied for each wall height

and the anchor level was varied for each height of water, i.e., H = 5

lO, 15 and ZO ft �.50, 3.05, 4.57, and 6.10 m!, H = 0.6H, 0.7H and
W

O.BH, and H = 0.9  H-H !, 0.8  H-H !, 0.7  H-H !, 0.6  H-H !, 0.5  H-H !
A w W w W W

The combinations of relative densities were:
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Loose Fill/Loose Subgrade,

Loose Fill/Medium Subgrade,

Loose Fill/Dense Subgrade,

Medium Fill/Medium Subgrade,

Medium Fill/Dense Subgrade, and

Dense Fill/Dense Subgrade

3.2.2. Case II; Anchored Walls in Cla  Undrained!

There were 3 curves generated for Case II, each depending upon

the ratio of the moist unit weight of fill times the standing wall

height to the cohesion of the subgrade:

0. 25,
1H

�-2. a!

H 0. 30, and
1H

�-2.b!

The fill was considered to consist of one soil type which extended

above and below the water level. The only property difference was in

the unit weight. Above the water table, moist unit weight was assigned

and below the water level, submerged unit weight was assigned. Unit

weights were correlated with relative densities, which in turn were

correlated to internal angles of friction. Table 3-1 lists these

relationships. A total of 360 data points was generated for Case I.
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satmoistRelative Densit

30' Loose

35' Medium

40' 130 pcf
�0.4 kN/m !

Dense

Note: y = y - y . Use y b for the actual analysis.
sub sat water' sub

Table 3-1. Relationship of soil properties  sand!

100 pcf
�5,7 kN/m !

105 pcf
�6.5 kN/m !

110 pcf
�7.2 kN/m !

120 pcf
�8.8 kN/m !

125 pcf
�9.6 kN/m !
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These relationships produced stability numbers between 0.40 and Q. 70.

Stability numbers greater than 0.70 produce results with very smail

depths of penetration and very low bending moments and tie-rod loads;

the long-term  drained! condition will prevail under these circumstances.

Stability numbers less than 0.40 will produce no data since, using the

factored cohesion parameter, the stability number is less than 0. 25

and walls cannot stand for any depth of penetration with such low sta-

bility n.umbers.

Sand backfill was assumed to be present from the dredge level to

the top of the wall. Also assumed was that the sand backfill was in

the loose state as it is generally not compacted with the bulkhead in

place. Cohesive material above the dredge level produces low stresses

for the undrained case since Rankine distribution prevails  Mana, 1978! .

In cases where cohesion is present above the dredge level, the drained

condition will prevail.

The relationship establishing the density of the subgrade is given

by:

c lb

3 200 3
ft

�-3!

= 17.2 +- c kN
31.3 3

The relationship of densities for the fili material is the same as in

Case X.

The vail heights, water level heights and anchor level heights

were varied as in Case I so that 180 data points were generated.



3.2.3. Case III: Anchored Walls in Cla  Drained!

There were six curves generated for Case III, 3 curves for loose

sand fill overlying a clay subgrade and 3 curves for homogeneous ma-

terial. Relationships between the angle of int'ernal friction and soil

unit. weight are shown in Table 3-2.

The wall heights, water level heights and anchor level heights

were varied as before to give rise to 360 data points,

3.2.4. Cantilevered Walls

Case IV: Cantilevered Walls in Sand

Case V: Cantilevered Walls in Clay  Undrained!

Case VI: Cantilevered Walls in Clay  Drained!

The cases for cantilevered walls proceeded similarly to the

anchored cases. The only difference was tha.t, since there was no tie-

rod, there could be no variation for anchor level. Consequently,

there were five times fewer sets of data.

For all cohesionless cases, each set of data included the soil

properties of each layer  K , y, z!, the tie-rod load  P! and thea'

bending moment for A328 steel, A690 steel and wood  Ml MZ M3!. The

depth of penetration was displayed as the depth to the bottom of the

third layer  t !. The anchor level was also included where appropriate.

For the cohesive cases, each data set included the same parameters

as Listed above, plus the factored and unfactored cohesions and sta-

bility numbers.
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"satmoist

24' 114 pcf
�7.9 kN/m !

116 pcf
 lS.2 kN/m !

118 pcf
�8.5 kÃ/m !

94 pcf
�4.7 kN/m !

96 pcf
�5.0 kN/m !

28' 98 pcf
�5,4 kN/m !

30' 120 pcf
�8.8 kN/m !

100 pcf
~ �5.7 kN/m !

Use y for the actual analysis.
subNote: y ysub sat water'

Table 3-2. Relationship between drained strength of clay and
unit weights
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3.3. Mani ulatin the Data

3.3.1. The Normalized. Parameters

Normalized parameters were sought as these would offer the most

general format for design curves. Loading parameters were nondimen-

sionalized in terms of the known geometric and soil parameters. Since

Free Earth Support calculations are the basis for the Rowe method and

involve unit weight times some length cubed, a combination involving

the unit weight and thickness cubed of each layer was used as a basis

for establishing relationships. Each of the three layers contributes

to the loading and resulting design parameters, but the thickness of

the third layer is initially unknown as this is the depth of penetration.

The ratio, R, was therefore formulated as

3 3
~z'z

R
3

Y3H

  3-4!

The numerator represents the loads above the dredge level. The denomin-

ator normalizes the term utilizing the unit weight of the subgrade.

Since the depth of penetration, D, is unknown, the standing wall height.

was considered the most pertinent variable with length units.

The sets of data generated represented designs for a wide range

of geometric and soil conditions. More than l100 values now required

rendering the data into a meaningful and usable format. The approach

was to find the mathematical relationships between the loading conditions

and the resulting penetration depths, maximum bending moments and tie-

rod loads. The mathematical functions to be formulated required sim-

plicity, wide ranges of applicability and clearly established correlations.



With R established as an independent variable, nondimensionalized

D Pdependent variables were chosen as � ~ dimensionless depth,
H

LyL
Mdimensionless tie-rod load, and 3 dimensionless bending moment,

yL

where L some parameter of length units, and y one of the 3 unit

weights of the problem.

3.3.2. Testin the Relationshi s

n

x ~ � Z x, !n l i'
 x ~ mean! �-5!

n

n . i
 y mean! �-6!

S   � Z x, ! � x,  S variance!2 l 2 -2 2
x n.. i x

i=1

�-7!

2 l Z -2

y n . i
2= S = variance!   3-8!

S n
2

X

q n-l
 S ~ standard deviation! �-9!S

x

Since plotting the dependent and independent variables by hand

was a problem because of the amount of data, a curve-fitting technique

was established utilizing linear regression analysis. This approach

enables a curve of best fit to be established from a population of

ordered pairs. The fit can then be tested from the Pearson product-

moment correlation, For an ordered pair  x,y!, in which: x the in-

dependent variable and y ~ the dependent variable, a population of n

ordered pairs can be analyzed with a resulting line of best fit. The

following Gaussian elimination scheme defines the process:



 S = standard deviation! �-10!

n n n n n
m =   � Z s. Z y. � Z x.y.! . [ �   Z x ! � Z x,],n . i i . i i ' n i. i

�-11!

b y-mx �-12!

S
x

r m�
S

�-13!

lny m log x+b, or

b m
y =ex

It became apparent that other parameters would need to be incor-

porated because low correlation coefficients resulted from the initial

tests. Since penetration depth, tie-rod load and maximum moment vary

with tie-rod height and water level height, it followed that these

in which: m ~ slope of the line of best fit, b ~ y-intercept of the

line of best fit, and r ~ the correlation coefficient of the test. The

correlation coefficient for a bivariant normal distribution will range

from zero, for a distribution of absolutely no relationship, to + 1.0,

for a distribution whose ordered pairs are all located on the line of

best fit.

Some situations required the best fit of a curved line to data.

This was implemented using the natural logarithm of the variables, thus

creating a bivariant log-normal distribution. The curve of best fit

would then be described as:
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parameters be utilized as modifying factors. Penetration depth is also

a, modifying factor for tie-rod loads and bending moments.

Situations with cohesion in the subgrades required a somewhat

different loading ratio, R, because of a different stress distribution,

such that:

3+ 3 3 3

Yl 1 Y22 Yl 1 Y2
2 2�c - Yltl Y2t2!H �cr Yltl � ~2t2!H

�-15!

R C R �-15 a!

H 2 H
'a

A.

�-15b!

Modifying coefficients are similarly formulated for moments and

tie-rod loads, and are subscripted as M and and P respectively. Modi-

fying coefficients are summarized in Table 3-3.

%hen testing for best fit of these parameters, it was found

that for the normalizing term, YL, the best fit resulted for:

Modifying factors are applied in a similar manner as for cohesionless

soils with the addition of the dimensionless stability number, S

Testing for the curve of best fit proceeded whereby the combina-

tions of factors for a modifying coefficient, C, were varied until the

highest correlation coefficient resulted. For example, for penetration

depth for anchored walls in sand



83

Table 3-3. Modifying coef ficients for curve fitting

Bending Moment

Case

HA
1. 00  D!  ST! H-HA! ST

 H! 2  H-HA!

n/a1.00IV

n/a1,. 00
 H!

l 00VI n/a

Depth

CD

 H�!  HA!
 H! 2  H-HA!

 D!
 H!  H�!

 D! A
 H!  H�!

 "w!
 D!

 ST�  H��

 H�!
 D!

Ti.e-rod Pull

C

  !  HA!
 H!  H�!

  !  HA!
 H!  H�!
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y y , for tie-rod pull, and1'

y3, for bending moment, using L distance from tie-rod
to point of application of passive pressure

 H � H + � D!,
2

A 3

The trials proceeded with the objective of attaining correlation

coefficients of 0.90 or greater. This insured statistical significance

of the relationship. Statistical significance does not necessarily imply

engineering significance, that is, a correlation coefficient of 0.90

may still have an unacceptable deviation between the fitted value of

a data point and the original value. Conversely, a lower correlation

coefficient, say 0.75, may have a small deviation. For this reason,

the correlation coefficient was used as a primary test value. Tf the

value proved satisfactory, or improved values could not be attained,

acceptance was based upon the percent difference between the fitted

and original values.

Once the optimum fits were established, the data points and curves

of best fit were plotted utilizing a COMPLOT DP plot.ter. For use as

design charts, the curves were replotted without the data points.

It was apparent from examining the data that bending moments for

A690 steel and wood members deviated from bending moments for A328

steel ~embers in a consistent but negligible manner. T.t was therefore

deemed appropriate to formulate a ratio of bending moments with those

for A328 steel members as the basis. This was done by computer for

anchored walls in sand and cantilevered walls in sand. A normal



distribution of ratios for each case was rendered and a mean value and

standard distribution were computed. The results are summarized in

Table 3-4.

3. 4.

The curves of best fit are shown in Figures 3-2 through 3-16.

The equations of the curves are governed by:

� ~ .mR + b  Penetration depth!,D �-16!

Y3L

�-17! Sending moments!, and

=bR
p2

1

�-18! Tie-rod pull!

3.5. Conclusions

The data points in Figures 3-2 through 3-16 follow the specific

trends indicated by the curves of best fit. The apparent scatter in.

some plots may be misleading as they seem to signify a large difference

The modifying coefficients of the curves are listed in Table 3-4, and

the curve constants m and b are given in Table 3-5. The variability

of the design curves is displayed in Table 3-6 in terms of the mean

and standard deviation. of percent difference. This parameter, percent

difference, reflects the difference between the curve of best fit and

the original data point after the ordinates have been dimensionalized,

i.e., the parameters penetration depth, bending moment and tie-rod puli.
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Wood/A328A690/A328Material Relationship

0. 940. 90Mean

Standard Deviation 0.030.05

Table 3-4. Bending moment ratios
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between the curve and actual design values. The true significance of

the variability of the data may be established by investigating the

reliability of the design.. This examination is conducted in a later

chapter and it incorporates data contained in Table 3-6.

The presence of the data points in the figures tends to interfere

with use of the curves as design aids. For this reason, the curves are

presented in Chapter 4 without the data points. The equations of the

curve best fit may be used in lieu of the curves by employing the curve

constants listed in Table 3-S.

The design curves reflect the bending moments computed for A328

steel only, but they may still be used for computing moments for A690

steel and wood. As suggested by Table 3-3, the bending moments for

A690 steel and wood are slightly less than for A328 steel. Zt is,

therefore, slightly conservative to use values computed for A328 steel

for the design of A690 steel or wood members.
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CHAPTER 4

DESIGN PROCEDURES

The following pages outline the steps to be followed for the

Free Earth Support, Rawe reduction, and simplified methods. Each of

these is described in general terms. Specific examples illustrating

the application of these methods in bulkhead design are contained in

the Appendices.

4,l. Definin the Problem

Prior to any computations, the designer must take the information

produced from the soils investigation and render it into a useful for-

mat, A sketch of the bulkhead geometry superimposed on the anticipated

final soil profile is extremely helpful. For simplicity, soil layer

interfaces should be horizontal planes. For example. the existing

ground surface slopes downward as in Figure 4-la. For design purposes,

it is more convenient, to assume a profile as in Figure 4-lb, A

level slope is assumed to exist on the dredge side of the bulkhead.

It should be noted that the water table is identified as a soil

layer interface. Although it is essentially the same soil below the

water table as above, the moist unit weight is used above and the

submerged unit weight below. Soil properties should be labeled for

each layer.

L06
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a. Actual prof ile

4 lg

w< 40
~. go pcP

b. Simpli'f ied profile

Figure 0-1. Defining the problem



tations are facilitated and may commence.

4. 2. Anchored Walls in Sand

4.2.1. Free Earth Su ort Com utations

The Free Earth Support method uses statics to find the depth of

penetration required for equilibrium, that is, the sum of moments taken

about the tie-rod is zero. Using unfactored soil parameters would

result in a factor of safety of unity, thus indicating imminent failure.

Therefore, factored soil parameters are used to provide an adequate

factor of safety against railure. For cohesionless soils,

-1 1
tan   � tan f!

SF

in which !f ~ factored soil parameter, ! unfactored sail parameter,

and SF a safety factor  commonly a minimum of 1.5!. The factored

active and passive stress coefficients are then computed in accordance

with Equat'ions 2-2 and 2-3. Figure 4-2 shows FES stress distributions

and. formulation to produce resultant forces, centroids, moment arms,

and moments for the triangular and rectangular stress components.

Summing the moments about the tie-rod gives an equation:

aD + bD + cD + d 0
3 �-1!

The stress distribution, resultant forces, and centzoids should

be diagrammed as shown in Figure 4-2. Values should be tabulated in

terms of rectangular and triangular stress distributions, resultant

forces, centroids, moments about the tie-rod and moments about the point

of application of the passive pressure resultant �/3 D!.

penetration depth, tie-rod load and maximum bending moment compu-
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in which: a �  K ' � K'! Y, b �  K ' � K'! Y  H-H ! + � K..'3 a3 p 3' 2 a3 p 3 A 2 aZ

1 YZ 2!, c KaZ q + Yltl + ZtZ  H-HA!, and d FRl

1 2 2
2 1 A R2 2 2 1 A Tl 3 1 A TZ 3 2

T  F +F ~ F +F +F +F -F ! tan � !
2

+ W H tan �f!
P

�-2!

in which: W ~ weight per square foot of pile.
p

The toe shear is then added to the passive stress resultant  F 4! andT4

the iterations begin again. A reduced depth will result.

Once the penetration depth is established, the tie-rod load,

P  force per unit length of wall!, is computed by summing momen.ts

about the point of application of the passive stress resultant, such

that:

�-3a!PFES L = ARl + 'fRZ + %3 + %1 + fTZ, and

2
L   � D+H- H!

3 A
�-3b !

- H !. Ka and K' signify that pf was used.

A value for D is assumed and a trial-and-error process ensues until a

satisfactory value for D is found, i.e., the sum of the moments is

close to zero.

Including toe shear in the calculation tends to decrease the

minimum penetration somewhat. Toe shear, T , is computed from the alge-

braic sum of the active and passive forces, the weight of pile and the

effect of the soil-structure interface strength, such that:





Establishing the tie-rod load is simple when using Figure 2-17b.

enter the tie-rod chart at the appropriate value and read off the

factor, f , for the appropriate value. For unyielding anchorages, the
c

factor r is also applied. The resulting tie-rod load
t

�-9!P~f P
c

or, where appropriate

P ~ f r P
c

�-10!

�-11!
op MAX d

Values of r are taken from the moment reduction chart in Figure 2-17a
d

for values of log p.

The structural curve is generated by values of

�-12!T 5   2
/3

in which g = the flexibility characteristic and

fb

 EI! 2/3
�-13!

where fb = the allowable bending stress, S = the section modulus per

Bending moment reductions are much more complex to figure. A

pair of curves must be developed, one representing the loading and soil

properties, the other representing flexibility characteristics of the

pile. The operating curve is generated by values of



unit length of wall, E the elastic ~odulus, and I the moment of

inertia per unit length of wall. For rectangular sections, such as

timber sheet piles,

2 fb

2�
E

�-14!

N~ TH
3 �-15!

The section modulus required is

S
f,

�-16!

This design section modulus is the minimum section required. The

section modulus of the actual section. used is then introduced into the

computation of the structural curve values. Xn this case the actual

flexibility characteristic of the section, jr, is used. The design sec-

tion resulting will most likely be the same as that calculated using

the first approximation.

An example of the Free Earth Support method with Rowe reduction

is given in the Appendices.

For a first approximation using Mariner steel sheet piling,

can be taken as 0.400 and, for A32S steel, 0 can be taken as 0.260. The

intersection of operating and structural curves gives the design value

T; and the bending moment is found by



4.3. Cantilevered Walls in Sand

The procedures are similar to those for anchored walls in sand.

The difference for depth calculations is that moments are taken. about

the toe of the wall because there is no tie-rod. Moment reductions

proceed in the same manner, except that reduction factors are taken

from Figure 2-20.

An example of the design of a cantilevered walL is contained in

the Appendices.

4.4.

The short term behavior of anchored walls in clay is governed by

the strength of the subgrade. The stability number, S , is the prime

indicator of the ability of a wall to stand, where

2 cx'

t q + yltl + t'2tl
�-17!

in which: c ~ the cohesion of the clay and r can be taken as 1.25.

From the geometry of the problem  Figure 4-3a!, equilibrium

cannot be achieved when the overburden is greater than 4 cr for any

depth of penetration, or when S is less than or equal to 0.25. The

first step in designing walls in clay is, therefore, to compute the

stability number. Design should be abandoned for values of S less
t

than or equal to 0.33.

If the stability number is of sufficient magnitude, depth of

penetration is computed in the same manner as for walls in sand, except

that the soil parameters are unfactored above the dredge level. The

cohesion parameter is, however, factored. The ensuing computation is



a. Stress distribution

b. 'Aet effect

Figure 4-3. Stress distribution for walls in clay



simplified because of the resulting rectangular stress distribution

below the dredge level  Figure 4-3b!. The summation of moments about

the tie-rod becomes

a D +bD+d >02 2 �-18a!

inwhich.' a � � cr - q � y t � y t !, b ~ �cr- q � y1 2 11 22 1 1
1 2 2 1 2 Zt+tZ!  H-HA!, and d ZKal' ] 1 3 1 HA ZKa2 2 2 3 2+tl

H! +Ka  y t +q!   � t2+ t -H!.1

The solution for depth becomes a matter of solving the quadratic equa-

tion

-b+ b -4ad
2

D 2 �-1sb!

The computations for tie-rod loads, point of zero shear, and

maximum bending moment proceeds as for walls in sand.

log o = -3.6  stiff walls!,

log o = -2.6  working stress!, and

log o = -2.0  first yield!.

Each selection of r is based upon the stability number, S , and the

relative wall height,

4.4.1. Rowe Reduction Nethod, Anchored Walls in Cia

The procedure for moment reduction for walls in clay differs from

that of walls in sand in the development of the operating curve. As

seen in Figure 2-20a, a reduction. factor, r , is given for only three

different wall flezibilities:



The structural curve is developed in the same manner as for walls

in sand. Tie-rod loads are also computed similarly, with the exception

that factors are given in Figure 2-20b.

An example of the design of anchored walls in clay for the undrained

 short tern! case is contained in the Appendices.

4,4. 2. Cantilevered Walls in Cla  Undrained!

As no investigation has been performed on cantilevered walls in

clay subgrades, no reductions are allowed for bending moment. Penetra-

tion and bending moment calculations proceed by the Free Earth Support

method. It can be anticipated that the resulting design wi.ll be can-

servative.

4.4.3. Undrained  Short Terra! Condition vs. Drained
 Lon Tenn! Condition

Calculations should be made for both drained and undrained condi-

tions. It is conceivable that soft clay subgrades could result in the

short term case controlling while stiff clay subgrades would most. likely

result in the long term case controlling. The stability number may

provide some hint, i.e., stability numbers greater than 0.5 indicate

that the long term case will probably control.

4.5. Procedure for the Sim lified Aethod

The essence of the simplified method is to utilize non-dimensional

loading to find non-dimensional design parameters. The desired design

parameter is then computed by multiplying the non-dimensional parameter

by a factor.



The basic loading ratio, R, is merely the ratio of loading condi-

tions above the dredge line to those below, For cohesionless condi-

tions  walls in sand, walls in clay, drained!

3+ 3Yltl + Y2tz
R ~

3
y3 H

�-4!

and for clay  undrained!

t + Y2'2
R ~ �-15!

2
 Sc - yltl - y2t2! E

in which y unit weight of the i layer, t. ~ thickness,af the i.th .th

1

layer, H free standing wall height, and c ~ cohesion of the subgrade.

A. modifying coefficient, C, is used in conjunction with the

loading factor for the particular design parameter sought, that is

�-l7a!

�-17b!R ~ R . C , and

�-17c!R

in which D ~ depth af penetration, P tie-rod load and M = bending

moment. A. recap of the constituents of the modifying coefficients is

shown in Table 3-4.

The non-dimensional design parameters are dimensionless penetration

depth, D', dimensionless tie-rod load, P', and dimensionless moment,

M', and are summarized in Table 4-l. L is the distance between tie-rod

and point of passive stress application, or



ClaySand

Table 4-1. Normalizing parameters

Normalizing Parameter

Df.mensionless Depth: D'

Dimensionless Tie-Rod Load: P'

Dimensionless Moment: M'

D H

P

2
ylL

M

3
y2L

D H

P

cD
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L ~ � D + H - H , and2
3 A'

�-14!

L ~ � D+H2 3 �-20!

grade" and "loose fill/medium subgrade" conditions. Or he may opt

for the conservative approach and use "loose fill/loose subgrade."

The sequence for using the simplified method is to first compute

the depth of penetration, D, then tie-rod load per unit length of wall,

P, and finally, the bending moment, M. The design curves are entered

using the appropriate loading factors, R. The non-dimensional design

parameters are read Crom the c~rve and are multipiifed by the nor-

malizing factors to give the design values sought.

for anchored and cantilevered walls in sand, respectively.

The non-dimensional design parameters are found by entering the

appropriate c~rve  Figures 4-4 through 4-8! at the computed loading

factor and reading off the result. Aa alternative is to use the equa-

tion of the curve, inserting the independent variable, the loading

factor, and computing the resulting non-dimensional parameter.

Each case is comprised of different site conditions, i.e., dif-

ferent relative densities or cohesions for the fills and subgrades. If

the design condition does not coincide with the conditions of the

graph  Tables 3-1 and 3-2, Equations 3-2 and 3-3! interpolation, extra-

polation, or assuming the most conservative condition are choices left

to the designer. For instance, if the site has a subgrade whose angle

of internal fri,ction is 32 degrees, and loose fill will be placed, the

designer may wish to interpolate between the "loose fill/loose sub-
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An alternative to using the curves is to use the formulation pro-

vided. The operations can be performed easily with a hand calculator.

The design curves are contained in Figures 4-4 through 4-1S at

the end of this chapter.

4.5.1. Walls in Sand

Each curve on a design chart refers to a particular condition.

For walls in sand, the descriptions signify

loose: in which ! 30 , y. 100 pcf, y 120 pcf;
moist sat

medium: in which ! ~ 35, y ~ 105 pcf, y ~ 125 pcf; and
moist sat

dense: in which g 40', y ~ 110 pcf, y ~ 130 pcf.
moist sat

The first term of the description refers to the condition of the fill,

and the second refers to the subgrade. Each curve is labelled such

that

L/L loose fill over loose subgrade,

L/M ~ loose fill over medium subgrade,

8/N medium fill over medium subgrade,

N/D medium fill over dense subgrade, and

D/D dense fill over dense subgrade.

Variations in unit weight cause no significant problems in com-

putations as these merely change the value of the loading factor, R.

Deviations from the specified angle of internal friction on the other

hand must be dealt with by interpolating or by assuming a conservative

value. When actually performing the computations, the submerged unit

weight should be used.
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An example of the design for an anchored wall in sand appeaxs in

the Appendices.

4. 5. 2. Walls in Cla  Undx'ained!

�-21!a ~yh-2c

results in no loading against the wall, even for modest amounts of

cohesion. The drained condition would control in such situations.

To identify the site in terms of the proper design curve, the

moist unit weight of the fill, free standing wall height, and cohesion

are combined as above. It is likely that interpolation will be re-

quired. High values of cohesion generally result in low values of

penetration depth, thus a small range of values is presented in the

charts.

An example of the design of an anchored wall in clay  undrained!

appears in the Appendices.

Design curves for walls in clay  undrained! are identified by

the cond-'tion describiag the ratio of overburden stress to cohesion, that

is, c/yH, in which y the unit weight of the fill, taken as 100 pcf

�5.7 kN/m !, c ~ the subgrade cohesion, and H ~ the free standing wall3

height.

Granular soi.l of loose saad is assumed for the fill as cohesion

in the fill readers an unconservative stress distribution in the un-

drained condition. The Rankine active stress distribution,
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4.5. 3. Walls in Cla  Drained!

The design curves for walls in clay  drained! are identified by

the fill component and subgrade strength. The fill component may

consist of loose granular fill or it may consist of the same material

as the subgrade. The minimum value of subgrade strength is an angle of

internal friction of 24 degrees. Lower values may be extrapolated from

the curve data, but caution should be used since accuracy decreases as

the range of extrapolation increases. Interpolation between curves

should prove to be less of a problem.

An example of the design of an anchored wall in clay  drained!

appears in the Appendices.

4.6. Conclusions

The use of the simplified curves enables the designer to compute

the desired design parameters quickly. Because the Free Earth Support

and Rowe methods involve many steps, there is greater potential for

error than in using the design curves. In spite of the apparent sim-

plicity, care must be taken to insure tha.t graphs are read correctly

and extrapolations do not extend beyond a reasonable range. Unusually

high or low results should indicate that an error may have occurred.

4.7.

The design procedure for the Free Earth Support method, Rowe re-

duction method, and the new simplified method were outlined. The com-

plexity involved in the Free Earth Support and Rowe reduction methods

renders those methods tedious and has high paten.tial for error. The
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simplified method, if properly used, reduces the potential for error

and is simple compared to the other methods. The examples found in

the Appendices demonstrate the application of Free Earth Support, Rowe

reduction, and new methods.
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CHAPTER 5

DESIGN OF THE BULKiKLD SYSTEM

Bulkhead design zequires more than determining penetration depth,

bending moment, and tie-rod load. External loads must be considered

and. the structural components must be designed keeping in mind the

cost effectiveness of various construction materials. External loads

include surcharges imposed upon the backfill, hydrostatic imbalance in

the backfill, ice-thrust, mooring loads, and impact loads. The struc-

tural components, i.e., sheet, piles, tie-rods, wales, splices, and

anchorages, must be dimensioned and detailed. The cost effectiveness

of the entire system requires consideration of the strength, longevity,

availability, and fastening methods of the component materials.

5.1.

External loads must be accounted for when designing an earth

retaining system as these l.oads will increase the required penetration

depth, maximum bending moment, and tie-rod load. The external loads

that the designer must contend with are uniformly distributed loads,

ooint loads, line loads, hydrostatic imbalance, ice thrust, mooring

pull, and impact loads, Other environmental loads are discussed by

Hubbell and Kulhawy �979!.
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5. 1.1. Uni.f orml Distributed Loads

Uniformly distributed loads are easily dealt with. The horizontal

stress, ph, resulting from a surcharge, q  force/unit area!, is given by

�-1!

in which K the active stress coefficient. The resulting stress dis-
a

tribution is rectangular  Figures 2-6 and 4-1! . The resultant forces

are then incorporated into the equilibrium calculati,ons for penetration

depth and tie-rod loads.

When the design charts are used, the surcharge can be converted

into an equivalent height of soil, h , given by
eq

�- Za!
yl

in which y the unit weight of soil comprising the backfill. The
1

equivalent height of soil is merely added to the free standing wall

height, H, and the resulting dimension is used throughout the computa-

tions. An example is given in the Appendices.

5.1.2. Point and Line Loads

The effects of point and line loads are treated in a semi-

empirical manner  Terzaghi, 1954!. Elastic theory, as expressed in the

Boussinesq equation, was modified by experimen.t and the results given

as in Figure 5-l. Knowing the intensity of the surcharge load, the

designer uses the formula shown to compute the resultant horizontal

force, P, . The point of application is then -ound by choosing the

appropriate dimension L for the corresponding value of m. in Figure 5 � ib

and the computations may proceed.
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eH P00 ~  form 0.4!Qg 4
H �.16+ n' I

PH ~ 0,55Qq, resultant force

 form! 0.4!
m'n

 m + n~!

p ~ reeo feof force0.64Qp
H  m +1j

a. Horizontal stress due to line load  geng, 1962, p. 89!

0!

00 ~ el
Pf.

b. Horizontal stress due to point and line load  Vaval
Facilities Engineering Command, p. 7-lO-10!

Figure 5-1. Surcharge loads
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Q,eH 0.28  for m ~ 0 4!
H~ �.16 + n~!~

PH ~ 0.78 �  see Fig. 11!Qp
H

Qp rsvp n'
aH ~ 1.77  for m > 0.4!

P  m' + n'!'

FH ~ 0.45 �  eee F!9. t1!Qp
H

Ehesthn View

c. Horizontal stress due to point load  Teng, 1962, p. 91!

aP + eos4RK n g g!

d. Horizontal stress due to point load  Teng, 1962, p. 91!

Figure 5-1. Continued
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When the design charts are used., an equivalent height of soil is

employed in a manner similar to the uniformly distributed case. For

point and line loads,

P

h
H

eq y  H-L!
�-2b!

5.1.3. H drostatic and See a e Effects

Fills containing significant amounts of soils of low permeability,

such as clay, silt or fine sand, may cause a hydrostatic imbalance.

Rapid tidal changes or substantial precipitation will cause saturation

of the fill above the water level and, because of the low permeability

of the fill, a hydrostatic imbalance results. The proper analysis of

this condition calls for the use of a flow net  Figure 5-2a! . If the

soil is relatively homogeneous, an approximation of the pressure dis-

tribution as illustrated in Figure 5-Za  Terzaghi, 1954! may be used.

As indicated by the flow net, the passage of water under the toe of

the bulkhead has an upward gradient on the dredge side of the wall.

The net result of this upward f1ow of water is a reduction of the

effective unit weight of the soil, hy. The relationship between the

hydrostatic imbalance H and reduced unit weight are shown in Figure
u

5- 3 and described by the relationship

in which: H the free standing wall height, and L ~ the distance from

the dredge level to the point of application of PH. The free standing

wall height is then adjusted by increasing the dimension by h , Design
eq

examples are given in the Appendices.
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Figure 5-2. Hydrostatic and seepage stresses  Terzaghi, 1954, p. 1243!

tll

o Vekeaa af�
D

Figure 5-3. Reduction of effective unit weight  TerzagM, 1954, p. 1243!



146

hy  pcf! 20�
D

�-3!

The reduced unit weight of the soil is then used for passive stress

computations.

5.1.4. Ice Thrust

5.1.5. Aoorin and Shi Tm act

Loads associated with mooring pull can be assumed to be equal to

the capacity of the winch used on the boat  Teng, 1962! .

Ship impact loads are usually too high to design for. As an

alternative, a fendering system should be installed to minimize the

amount of impact.

Ice thrust is * phenomenon which occurs when there is ground water

or capillary water above the frost line. Horizontal thrust is the re-

sult of volume expansion of ice upon temperature change. Horizontal

loads due to ice thrust are often too large to be designed. for and should,

therefore, be eliminated by employing free draining soils for fill

material  Teng, 1962!.

Zn addition to reducing large lateral loads due to cohesive ma-

teri.al in the backfill, sand dikes or sand blankets  Figure 5-4! can

be incorporated to eliminate the potential for ice thrust and hydro-

static imbalance. A. backfill consisting of clean, coarse-grained soil

is highly permeable and precludes any significant capillary action in

the intergranular voi,ds.
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dike

and blansH

 d!
8 ~ H: pressure  rara sand paly
8 ~ g8,' ptessale s 50% fnnn aiay
8 0.> 8: mme iaa 4 rnnn a>ay

Figure 5-4. Reduction of horizontal stress in clay fills  Teng,
1962, p. 373!
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5.1.6. Load Factors

Load factors are employed to provide an adequate safety margin

in cases where the extent of variations in the actual loading are un-

known. Such a situation occurs when tie-rods are employed.

Tie-rod loads may be higher than the values calculated for a

number of reasons. Settlement of the fill, or soft soil in the sub-

grade, causes the tie-rods to sag. This additional elongation is

accompanied by an increase in stress.

Such overstressing could be eliminated by installing the tie-rod

within a PVC pipe. As the soil beneath the pipe settles, the pipe

moves, but not the tie-rod  Teng, 1962!,

Tie-rods may also become overstressed because of improper con-

struction methods, i.e., placing the backfill unevenly, compacting the

backfill, surcharging the backfill without first calculating the

effect, or overtightening the tie-rod.

Since tie-rods are susceptible to overstressing, the loads on

tie-rods should be increased by 1.2 in cases where the designer is

reasonably assured of little overstressing, and by 1.4 in cases where

the designer is uncertain.

Load factors need not be applied to penetration, sheet pile

anchorage, wale, or splice calculations. The safety factor used in

penetration calculations  Equation 3-1! accounts for any variation in

direct soil stresses acting upon the wall. Although the unfactored

soil parameters are used to compute bending moment in sheet piles,

the values are still conservative. Additionally, allowable loads in

materials are substantially lower than failure loads.



Although load factors are not applied to penetration depths,

an increase in penetration must be applied to prevent fsi,lure from

overdredging and scour. In such cases, the designer arbitrarily in-

creases the penetration depth based upon local codes or the amount

of scour and overdredging that the designer considers likely to occur.

5.2. Cost Effectiveness

The optimum design is that which is the most economical and

performs the desired function for a specified lifetime, i.e., it is

the most cost effective system. To attain this, the designer must

consider the wall types, anchorage types, materials, and fastening

methods available.

The discussion regarding materials is limited to steel and timber,

as these comprise the majority of bulkheads. Reinforced concrete has

been used for bulkheads. However, its use is often too costly for

smaller walls and the complexity of the design procedure places its

treatment beyond the scope of this work. Other structural materials,

such as aluminum, are also available.

High strength bolts for steel walls, common bolts and nails for

wood walls, and turnbuckles for tie-rods are the fasteners which will

be discussed.

5. 2.1.

5.2.1.1. Anchored Wall vs. Cantilevered Wall

It may be advantageous to employ a cantilevered wall system when

the standing wall height is small or when some aspect of the site pre-

cludes the installation. of an anchorage. For example, the cost of
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utilizing an anchorage, with the required wales, tie-rods and conn.ectors,

may be higher than the cost of the increased depth of penetration re-

quired for a cantilevered wall; or, a utility line may be located

which prevents employment of an anchorage. Use of the simplified design

method facilitates the economic comparison between an anchored wall

and a cantilevered wail in such cases.

A frequent sight along waterfronts is a structure corrrmonly re-

ferred to as a navy bulkhead. It is characterized by wooden sheet pile

members employed in conjunction with eight in �03 mm! diameter wooden

timber piles  Figure 5-5!. This structure gives the appearance of

increased resistance to lateral loads when compared to smooth-faced

bulkheads. The addition of the eight, in, �03 mm! piles does provide

added strength, but the flexibility of the system is decreased and the

interaction between the soil and structure is affected.

A qualitative analogy can be inferred from the discussion in

Chapter 2 regarding a soldier pile and lagging system  Tsui, 1974!.

The soldier pile is very stiff as compared to the lagging and this is

roughly analogous to the stiffness of an S in �03 mm! pile relative to

the stiffness of the sheet piles. As shown by the finite element

analysis of the discontinuous walls  Figure 2-21!, the displacement.

of the lagging was two times that of the soldier piles for softer soils,

and 1.5 times for stiffer soils. When deflections of an equivalent,

continuous planar wall were computed, it was found that the displacement

for the lagging was 1.6 times greater for the sorter soils and 1.3



Figure 5-5. Navy bulkhead  AWPI, l970, y. 5!



times greater for stiffer soils. One can therefore suggest that similar

behavior occurs for the navy bulkheads. In other words, deflectioas,

and therefore bending momeats and bending stresses, are substantially

greater at the midpoint between ewo piles than at the piles themselves.

As previously mentioned, the flexibility criteria for bulkhead

design is determined by the flexibility number, p:

�-15!p
EI

I
1 3

12
�-<!

in which: b ~ member width, and t = thickness. With the addition of an

S in �03 mm! pile, the moment of inertia is greatly increased and can

be determined utiliziag the parallel axis theorem:

I I +A d + I2+A2d22 2

in which: l and I2 = moment of inertia of sections 1 and 2, Al and A2

= cross sectional areas of sections 1 and 2, and dl and d~ = distance

from the neutral axis to the centroids of sections 1 and 2. For the

in which: H total sheet pile length, E ~ elastic modulus of the

members, and I ~ moment of inertia per unit length of wall  Rowe, 1952!.

A brief investigation of varying member sizes leads to the essence

of pile flexibility with respect to navy bulkheads. With total sheet

pile length and the elastic modulus held constant, the governing factor

determining wall flexibility is the momeat of inertia. For rectaagular

members,



navy bulkhead  Figure 5-6!:

I � r ~ 201 in  8.37 x 10 mm !
4 7 4

1 4
�-5b!

I ~ � i t
1 3

2 12 s'
�-Sc!

Al ~ r 50.3 in �.24 x 10 mm !,2 2 4 2 �-5d!

A2~2, t �-5e!

1
d c � � t, and

1 2 s'
�-5f !

d ~ t +t +4 � c  in! ~ t +t +10.2 � c  mm!
2 s w s w

�-5g!

in which Iz. length of wall under consideration, c distance to the

neutral axis, t ~ thickness of sheet pile, and t = thickness of the
s w

wale. Noments of inertia and planar, equivalent moments of inertia were

computed and are given in Table 5-1 for varying combinations of sheet

pile thickness, wale thickness and lengths of wall. Tt is obvious

that the presence of the 8 in �03 mm! pile adds considerably to the

stiffness of the system, even when a planar equivalent is computed with

a distance of 7 ft �13 m! between 8 in �03 mm! piles.

The effect of the increased stiffness, or decreased flexibility,

on bulkhead design can be appreciated when selecting sheet pile thick-

ness. The values of critical pile flexibility, o , defined as the

minimum flexibility to permit moment reductions based upon Free Earth

Support computations are
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Figure 5-6. Dimensions of navy bulkhead
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Table 5-1. Effect of 8 inch piles an flexibility
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log p ~ -4.00 for dense sand, and

log p -3.50 for loose sand  Rowe, l952!

These values correspond to pile lengths:

K = 19. 2 ft �.85 m! for dense sand, and

H ~ 25.6 ft �.80 m! for loose sand, for

4

I 970  l. 33 � ! >
ft

the moment of inertia per unit, length of an equivalent, planar wall, with

t = 2 in �0.8 mm! and
s

t S in �03 mm!.

It can therefore be concluded that. moment reduction should not be

allowed for navy bulkheads of moderate height. Zt should also be noted

that the planar equivalent should not be used for selecting sheet pile

thickness because bending stresses can be considerably higher at the

midpoint between S in �03 mm! piles than stresses computed for the

planar equivalent.

Although the analogy between the soldier pile and lagging wall and

the navy bulkhead is incomplete, it does suggest that a conservative

approach be used in designing navy bulkheads. The consequence of this

conservatism results in thicker sheet pile members and, therefore,

higher costs. The convenience of a built-in fendering system may not be

warranted because of this increased expense. However, large impact

loads caused by large ships or breaking waves may necessitate the added

cost or navy bulkneads.
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5. 2. 2. Anchora e T e and Location

safe zone for anchorage location is outlined by segments ed and dc,

Figure S-8 represents the anchorage location for a sheet pile

length, H , of 17.5 ft �.33 m! and angle of internal friction, ], of

32 degrees, the geometry and soil parameter for example ffl. Point, "a"

marks the pile toe, and point "e" marks the intersection of line seg-

ment ae, inclined at an angle equal to > from the horizontal, with the

surface of the fill.

The capacity of a continuous deadman or sheet pile anchorage

 force per unit length of anchorage!, is given by

�-6!P�=P -P
ALT p a

The anchorage may be deadmen, braced piles, sheet piles, or the

footings of large structures  Figure 5-7!. The passive stress developed

in front of the anchorage determines the capacity of deadmen and sheet

piles. Foundation footings derive their capacity to resist horizontal

movement from the passive stress developed and from the friction de-

veloped along the bottom of the footing. Determination of pile capacity

is beyond the scope of this work. Methods for computing pile capacity

are given by Cheung and Kulhawy �981!.

The anchorage must be located so that it is not within the active

failure wedge of the wall, which is defined by line segment ab in

Fig~re S-S. Since the anchorage develops passive stresses, the passive

vedge of the anchorage must not intersect the active wedge of the wall.

Line segment be represents the closest proximity of the wedges. The
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Figure 5-7, Types of anchorage  Teng, 1962, p. 370!



Figure 5-8. Location of the anchorage
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in which P ~ passive stress resultant and P = active stress resultant
p a

 Figure 5-9a!.

Short deadmen located near the ground surface provide added

capacity because of end friction  Figure 5-9b!. The capacity of short

deadmen is given by  Teng, 1962!

T L P -P ! +3K y M+4! h tang1 3
p a 3 o p a L

�-7!

in which L ~ the dead~en length, K ~ the at rest soil stress coeffi-

cient and may be taken as 0.40  Teng, l962!, and h ~ the height of the

deadman. For cohesive soils. the relationship is

TTL P-P!+Zch 2

p a

�-S!

in which c the soil cohesion.

5. 2.3.

terial strength affects the cost of components in two ways,

i.e., higher strength materials are generally more expensive, and the
strength of the material is a determinant of the component dimensions.

Since the unit cost of materials is subject to wide fluctuation, the

discussion of material strength will be confined to its influence on

component dimensions.

Most of the structural components are flexural members, i.e.,

they must resist bending stresses. The dimensioning of the member is

in terms of the section modulus, S, and is determined by the bending

moment, '3, and allowable bending stress of the material, f,, such that:
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Figure 5-9. Capacity of deadmen  Teng, 1962, p, 376!
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�-9!
M

$ a
fb

Since most of the timber components are rectangular, the dimensions

may be selected using the relationship

�-loa!
S � bh. or

1 2
6

�-lob!
S ~ � b h1 2

6

depending upon the direction of the bending. Equation 5-10a is used for
bending about the major axis, and Equation 5-10b is used with respect

to the minor axis, as shown in Figure 5-10.

The section moduli for structural steel members can be found in

Table 5-2 for sheet pile sections and Table 5-3 for channel sections.

Member dimensions are determined from section moduli which are, in

turn, directly proportional to the bending moment, M, and inversely

proportional to the allowable bending stress, fb. Hence, the cost of

the member is related to its strength in terms of its allowable stress.

Table 5-4a contains a partial list of allowable stresses for

southern pine, the wood type most commonly used in Ãew York. A more ex-

haustive list may be found in Timber Desi and Construction Manual by

the Timber Engineering Co. Columns 3 through 7 of Table 5-4a indicate

the allowable: Bending stress  f!, tensile stress  t!, shear stress

 H!, compressive stress perpendicular to the grain  cr ! and parallel

to the grain  c!, and the elastic modulus  E!. The shear stress is

given by
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Figure S-10. Section modulus of rectangular members
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Tab].e 5-2. Engineering properties af steeL sheet piling  United States
Steel, 1979, facing p. 1!
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Table S-4a. Allowable stresses for southern pine  Timber EngineeringCo., 1956, p. 483! Allawablc unic stresses, psi l,760,000
1,760,000
1,760,000
l,760,000
1,760,000
1,760,000
l,760,000
1,760,000

1e76oi000
1,760,000
1,760,000
1,760,000
1,760,000
1,760,000
1,760,000
1,760,000

1,760,000
1,760,000
1,760,000
1,76O,Ooo
1,760,000
1,760,000
1,760,000
1,760,000

1,760,000
1,760,000
1,760,000
1,760,000
1,760,000
'L,760,000
1,760,000
1,760,000

1,760,000
1,760,000
1.760,000
1,76o,ooo
lv760iooo

1,760,000
1,760,000
1,760,000
1,760,000
1,760,000
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3V

2 bh

�-11!

in which V ~ the total shear force.

Table 5-4b contains dimensions and properties for lumber.

The allowable bending stress in steel members is a function of

its minimum yield point,, f . For steel sheet piles, ASTM A328, A572,

and A690  United States Steel, 1975!,

�-12a!fb 0.65 f

�-12b!fb 0.60 f

the allowable tensile stress, f , is evaluated the same as for bending
t

stress, i,e.,

0.60 ft y'
�-12c!

and the allowable shear stress may be taken as  AISC, 1973!

f ~ 0.40 f
V y

�-12d!

Table 5-5 reflects the minimum yield point for various ASTM steel

specifications.

5.2.4. Fasteners

Timber components may be fastened by nails or common boles. High

strength bolts  AST4f A325! are used for steel.

For A36 steel, which is commonly used for channels, tie-rods, and plates,

 AISC, 1973!,
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Table 5-4b. Dimensional prop'erties of lumber  Timber Engineering Co.,
1956, pp. 362-363!

Moomoc of iocrrio'AolcncÃo BtotKtocdi ArcE of
. '4ro«ed ohio �4$! i

Sr.g ~
khan/6 b<hi6

1.71
4.12
7.32

11.75
1722

0.72
336
8.57

15.23
24.44
35.82
49.36

3.10
1139
27.47
55.$2
99.02

1 X 4
1X 6
IX 8
I xlo
I X12

QM
0.38
0.46

0.58
1.30
2.01

3.40
4.11
4.83

028
6.45

24.10
5'7.13

116.10
2os.9S
333.18

ZX 2
2X 4
2 X 6
2X 8
2 x IO
2 XI2
2X14

5.75
13.$4
24.61
39.48
57,$6
79.73

IOS. I I

5.46
8.48

I jdo
14.32
17.33
20.35
23.36

10.42
38.93
9@29

187.SS
33? 69
538.21
814.60

3 X 4
3 X 6
3x a
3XIO
3X12
3x14
3X16

7.94
19.12
33.98
54.53
79.90

110.11
145.15

27.73
51.56
82.73

121.23
167.06

14.39
22.33
29.77
37.71
45.65
53.59
6133

4 X 4
4 X 6
4X 8
4XIo
4XIZ
4X14
4X16

76.24
103.98
131.71
159.44
187.17
214.90
242.63

263.67
333.98
404.30
474.61
544. 92
615.M~
6$5.55

678.76
821.56

dx 6
6x 8
6XIO
6X12
6X14
6X16
6x18 280. 73

70.31
112.81
165.31
227,$1
300.31
382.81
475.31

Bx 8
8 x lo
8X12
8 X 14
8X16
8 XIB
8XZO

142.90
172.98

142.90
? 09.40

IOX IO
10 X 12

«/X34
«/«X 54
«/«X 7R

x
«/«X 115

IQ X
IQ X R4
I34 X 5%
I3% X 7R
156 X 9Q
196 X 1116
IR X ISA

25% X 3%
Zj6 x 5%
zs x 7W
Zj6 X
216 X 1j5
Zj6 X 135
24 X ISN

34 X 396
mx 54
34 X 74
34 X 95
34 X IIH
34 X 13'.
34 X 155

54 X 5%
RC x 7R
Sj6 x 9W
54 X IIN
H4 X 138
54 X 1516
5% X I7A

7N x 7'
7' X
7~ X 118
7Q X 13+
7>g X 15+
7N X I7'4
7N xj95

9N X 9A
9N X IIR

14.39
53.76

127.44
259,00
459.43
743Z4

'1,124.92

76.26
193.36
392.96
697,07

1,127,67
1,706.78
2,456.38

263.67
535.$6
95085

I,S37.73
2,327,42
3,349.61
4,634.30

678,76
1,204.03

0.37
0.57
G.76
0,97
1.17

0.72
1.60
2.48
3.30
4.18
5.G6
5.94

4.16
6.46
8.61

10.91
1321
15.50
I7.$0

7,94
12.32
16.43
20.81
25.19
29.57
33.9S

27.73
37.81
47. 90
57,9$

78.15
$823

70.31
89.06

107. $1
126.56
145.31
164,06
182.81
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Table 5-4b. Cont:inued,

I
h tlctreeo Ssersdersl [ ~ ef
dressed slee �48!

bfemces al issue

IX' 6sh/L2
S~e ~
hsk/6

S~ ~
Lks/66XA

12,437. 13

10 X14
10 X 16
10 X 18
10 X 20
10 X24

12 X 12
12 X 14
12 X 16
12 X 18
12 X 20
12 X 22
t2 X 24

14 X t4
14 X 16
14 X 18
14 X 20
14 X24

9rrS X 134
9rrS X ISN
95 X LT+
98 X t9H
95 X 23'

tt+ Xtt+
tlat X L3<
tt5 X LS~
LIN X LTH
lip X L9~+
It Les X 21LS
115 X 234

13+ X13g
L3+ X IS+
13+ X LT+
t3+ X L9+g
I3te X 234

182.25
209.&s
236.2S
263.25
317.25

2,767.92
4,189.36
6,029.30
8,34t.73

14,600.11

964.SS
1,107.44
1,250.34
1,393.23
1,679.03

1,457,51
'1,710.98
1,964.46
2,217.94
2,471.42
2,724.90
2,978.38

2,767.92
3,177,98
3,588.05
3,998.11
4,818,23

288.56
380.40
484.90
602.06
874. 40

253.48
349.31
460,48
586.98
T28.81
885.98

1,058.48

410.06
S40.56
689,06
B55.56

1,24~6

203.06
233.15
263.23
29341
353.48

253.48
297.56
341. 65
385.73
429.8 L
473.90
517.98

410.06
470.81
531.56
59221
713.81
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A328

A592 Gr 50

A640

Table 5-5. Mninum yield point

Steel Brand or Grade

38,500 psi �65 NN/m2!

50,000 psi �44 MN/~2!

50,000 psi �44 NN/ra !

36,000 psi �48 NN/m !2
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�-13!W pg,
r e

The allowable Lateral loads on nails should be checked. Nails

fastening southern pine and douglas fir are allowed a maximum shear

of

V ~ 1650 D

in which V the allowable shear in pounds and D is the nail diameter

in inches  Timber Engineering Co., 1956!.

Common bolts mav be used in wood splices and their allowable

loads may be found in Table 5-8. Allowable loads are for bolts in

double shear, i.e., bolts used in 3 member joints, as in splice plates

for wales  Figure 5-lla!, The controlling factors in Figures 5-10 and

5-11 are the bolt diameter, d, the length of bolt in the main member,

b, and the relative size of the splice members and the main. member. The

The capacity of a nail as a fastener is determined by its resistance

to withdrawal, W , which is in turn a function of the effective length
r

of embedment, II, , allowable load in withdrawal per inch of embedment,e'

p, and specific gravity, G. The effective length of a nail fastening

a sheet pile to a wale is the length of embedment in the wale, i.e.

the nail length minus the thickness of the sheet pile.

To find the allowable load in withdrawal of a particular nail

size, the specific gravity, G , of the wood is first found by using
s

Table 5-6, then entering Table 5-7 for the desired nail size and specific

gravity. The resistance to withdrawal is given by
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Table 5-6. Specific graviry of wood members  Timber Engineering Co.,
1956, p. 553!
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o>ep

b. '2 >R,w&~ alNT

Figure 5-11. Common bolts as fasteners
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tabulated loads are for members where side members are at least 1/2 the
dimension of the main membex. Where side members are thinner than 1/2
the main member, then, for the purpose of determining xhe allowable
load, b 2a. For example, if a wale is 6 in �52 mm!, then the b
dimension used for Table 5-8 would be 3 in �6. 2 mm! .

The values in Table 5-8 are represented by P for loads parallel
to the grain and by Q for loads perpendicular to the grain. For the
purpose of wale splices, the allowable load in shear per bolt, V, can
be taken as Q in Table 5-8.

For 2 member joints  Figure 5-lib! of equal thickness, the allow-

able load is 1/2 the tabulated value for a main member whose thickness
is twice that of the actual member. For example, for a 2 in �0.8 mm!
member in southern pine, enter Table 5-8 at 4 in �01.6 mm! for the
appropx'iate bolt diameter. The allowable load, Q, for a 1 in �5.4 mm!
bolt is 4720 pounds �1.0 kN! and the allowable load in shear per

bolt, V, is 2360 pounds �0.5 kN!.

For 2 member joints of unequal thickness, the procedure outlined

in the previous paragraph is applied with respect to the thinner

member.

Whex'e steel plates are used as splice members, the allowable

load is incx'eased by 25 percent.

The criteria for allowable loads in common bolts axe summarized

in Table 5-9.

The allowable loads on high strength bolts  AS' A325! are

40,000 psi �76 M/m ! in tension, f , and 15,000 psi �03 M/m. ! in2 2

shear, f  A.ISC, 1973!,
v
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Table 5-9. Summary of allowable loads in common bolts used for
splice plates

Joint T e

3 Member b ~b

b~2a

b~2a2 Member a~b

b-Zaa<b

b 2ba>b

n/a b b 1. 25PSteel Side Plate

Relative

Dimensions

Enter Table 5-8,
Column b at

Allowable

Load V
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n, is

Pw
n

W
r

�-15!

in which P the tie-rod pull  force per unit length of wall!, w

the width of the pile section, and W the resistance to withdrawal
r

per nai,l. The ~umber of high strength bolts per steel sheet pile,

n~ is

4Pw

~d f
2

t

in which d the bolt diameter and f the allowable tensile stress
t

per bolt, taken as 40,000 psi �75 NN/m ! for A325 bolts. The allow-

able shear stress, f , in A325 bolts is 15,000 psi �03 NN/m !
2

V

The cost of fasteners is dependent upon their required size and

number which are, in turn, determined by their capacity and loads.

Another determinant to be considered is the location of the wale, i.e.,

whether it is located on the fill side or the dredge side of the wall.

Locating the wale on the fill side presents a smooth face for the

user, whereas locating the wale on the dredge side presents a protru-

sion which may interfere with mooring. However, with the wale located

inside the fill, more fasteners are required as the fill tends to push

the sheet piles away from the wale, exerting a prying force

 Figure 5-12a!. On the other hand, a wale outside the fill bears

against the sheet piles, thereby eliminating the consideration of

prying forces. The number of nails required per wood pile section,



Figure 5-12. Transfer of loads from piles to wales
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Holes are 1/32 in �.79 mm! larger than the bolt diameter for

wood and 1/6 in �.6 mm! for steel.

5.2.5. Bulkhead Lifetime

The life expectancy of a bulkhead depends upon the components of

the system, i.e., if one component fails, the system is no longer

viable. Obviously, the lifetimes of components vary from material to

material, and the material with the shortest lifetime will control the

bulkhead lifetime. The designer must, therefore. insure that the

material of each component is the optimum.

The structure must be protected from harmful agents that exist in

the environment. Timber must be protected from rot and other

biological agents by an appropriate treatment as recommended by the

American Wood Preservation Tnstitute  AWPI! and the American Wood

Preservative Association,  AWPA!.

Timber sheet piles usually consist of heartwood instead of sap-

wood. This may cause the purchaser some consternation as standards

established for preservative penetration are for sapwood, not heartwood.

Since heartwood is more resistant to preservative penetration, it follows

that the preservative penetration of many sheet piles will be less than

optimum.

Steel sheet pile and tie-rod life can be prolonged by applying

special coatings. Corrosion and decay rates should be determined for a

particular environment so that the Life of the structure can be esti-

mated. A, detailed discussion of materials and the hazards present in

certain environments is contained in "Coastal Structure Nateria1.s"

 Hubbell and Kulhawy, 1979!.
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Tie-rods, turnbuckles, bolts, nuts, washers, and nails receive

protection from corrosion by galvanizing. Electro-deposited zinc

coatings, in accordance with ASTN B633, or hot-dip coatings, in accord-

ance with ASTM A513, may be specified to increase the life of steel

components.

When the cost is favorable, hardware may be comprised of wrought

iron.

If no coating or treatment is speci, fied for the hardware, the

required dimensions will be reduced by corrosion. If the amount of

deterioration is known, the dimensions of the hardware should be in-

creased by this amount eo preclude failure. Recommended increases in

hardware dimensions are shown in Table 5-10  Johnson, 1965!.

Bulkheads sited in erosion zones should incorporate returns on

the flanks of the bulkhead  see Chapter 6, Figure 6-1! . These are sec-

tions constructed perpendicular to the wall which prevent the washout

of backfill around the flanks.

5.2.6. Cora liance with Indust Standards

The designer may enhance the quality assurance of the product by

making certain that suppliers comply with industry standards, such as

ASSN and AWPA specifications. This may be accomplished by inspecting

timber products for grademarks  Figure 5-13! and by requesting certifi-

cates of compliance from the supplier. Such requests are reasonable

and the documents certify that the provisions of the specifications

are met.
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Table 5-10. Recommended increase in dimensions of hardware
 summarized from Johnson, 1965!

Marine Ex osure

Dimension

'Aote: Mashers for marine exposure  in and below splash zone! should
be ogee. For other exposures, 1/4 in �.35 mm! plate types
are unsuitable, agee optional.

Bolt

Diameter

Plate

Thickness

Exterior Exposure
Exce t Marine

1/8 in
�.18 mm!

1/8 in
�.18 mm!

In and Below
S lash Zone

1/2 in
�2.7 mm!

1/4 in
�.35 mm!

Above Splash
Zone

1/4 in
�.35 mm!

1/8 in
�.18 mm!
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5.3. Desi of Com onen.ts

5 3.1. Sheet Piles

When the maximum moment has been determined  Chapters 2 and 4!,

the required section modulus is found by employing Equation 5-9. Since

the moment is computed in terms of moment per unit length of wall, the

section modulus must also be in terms of unit length per wall. For

steel sheet piles, Table 5-2 is consulted, as is demonstrated in design

examples found in the Appendices.

For rectangular wood piles, the required thickness is found by

employing Equation 5-10a, as is also demonstrated in design examples.

No load factors are required for sheet pile calculations. A

material factor is already employed in the allowable bending stress,

fb, for steel and wood.

5.3.2. Tie-Rod Diameter

The computation of the tie-rod diameter is quite simple. Once

the tie-rod pull, P  force per unit length of wall!, is found, the
tie-rod tension, T, is found by multiplying the tie-rod load times the

spacing between ties  see Section 6.1.5. for further discussion on the
tie-rod spacing! . A load factor is then applied  Section 5. 2. 6.! and

the diameter found by

4T E,F

t

�-17!

in which LF = a load factor of 1. 2 to 1.4 and f = the allowable tensiont

of A36 steel  Equation 5-12c and Table 5 � 5! . At this point the designer
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may decide to increase the diameter of the tie-rod for corrosion if no

other precautions were taken  Section 5. 2.5.! .

Tables 5-11 and 5-12 contain data for tie-rods and turnbuckles,

respectively.

An example of determining the tie-rod diameter is given in the

Appendices.

5.3.3.

1962!

� pi
1 2

9
�-18!

in which P ~ the tie-rod force  per unit length of wall.! and R = the

distance between tie-rods.

The section modulus is determined from Equation 5-9. Once this

is found, Table 5-3 mav be used. to find the appropriate channel size

or, if wood wales are used, Equation 5-10a or Table 5-4b is used to find

the proper dimensions. Examples of steel and wood wale designs may be

found in the Appendices.

5.3.2.1. Fastenin Wood Piles and Wales

Wales located on the fill side of the wall have a tendency to

separate from the sheet piles. The prying force exerted on each sheet

pile may be taken as the tie-rod load per unit length of wall, P, since

The bending moment in wales is somewhere between that for a single

span, simply supported, and that for three continuous spans, simply

supported. The maximum bending moment can therefore be taken as  Teng,



188

Table 5-11. Tie rods  AISC, 1967, p. 4-93!
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Table, 5-12. Turnbuckles  AZSC, 1980, p. 4-143!
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An example may be found in the Appendices.

Wales located on the dredge side of the bulkhead require nails

for construction only. Using two nails per sheet pile should be suffi-

cient. The nails should, however, be long enough to have adequate

embedment in the wale so as to be capable of transmitting shear, i.e.,

2/5 of their length  Timber Engineering Co., 1956! or

2/5 2,.
e

�-ZOa!

Since the effective length, I, is the length, i, minus the pile thick-

ness, t, the nail length should be

Z 5/3 t. �-zob!

An example may be found in the Appendices.

S. 3. 3. 2. S lices in Wood Wales

Advantages are gained by locating the splices of outside wales

at the tie-rods  Figure 5-14! . The bending moments here cause compres-

sion of the outside edge of the wale and tension at the inside edge.

each sheet pile is approximately one foot wide. The number of nails, n,
required per pile may be found by selecting a nail size, determining
i.ts allowable load in withdrawal, W , from Tables 5-6 and 5-7 andr'

Equation 5-13, then using the simple relationship
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w445

Figure 5-10. Locating the splice at tie-rods
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TA ~�
f p

�-21!

The thickness of the plate is given by  AISC, 1973!

3 F N
�-22!

in which: F the actual bearing pressure, N = 1/2 the short dimension
P

of the plate minus the hole radius, and f the allowable bending
b

stress of the steel. An example of the bearing plate design for an

outside wale may be found in the Appendices.

The tension is resisted by the sheet pile 'attached to the wale at this.

location  Figure 5-14b! .

A splice requiring a 2- or 3-member joint  Figure 5-11! may be

eliminated. In addition to cost savings, elimination of the splice re-

moves the potential for ponding that would occur between the horizontal

members of the splices. Ponding hastens the decay of the wood.

An advantage is also gained as the tie-rod hole in the wale occurs

in an area which is penetrated with preservative throughout the entire

length of the hole.

The bearing plate is designed in a manner similar to the design

for bearing of a steel beam on a masonry wall. The plate area is

determined from the allowable bearing pressure, f , taken as c x from
P

Table 5-4. The area, A, is found from
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Inside wale splices must be 2- or 3-member joints  Figure 5-11!.

The average shear force, V, that the bolts must resist may be found

from

1
V � T � � PT-

2 4 b
�-23!

5.3.3.3. Fasteners and S lices for Steel Wales

Figure 5-15 displays typical details for inside and outside wales

used with steel sheet piles. Inside wales are fastened using high

strength bolts in conjunction with a fixing plate. The number of bolts

is determined by Equation 5-16 and the fixing pla.te may be dimensioned

by approximating it as a simply supported beam with a point load.
The minimum distance from the center of the bolt hole to the edge

of the member may be taken as 1.5 times the bolt diameter for rolled or

in which L ~ the distance between extreme bolts. Equation 5-23 is

valid for splices centered over the tie-rod. The splice should also be

designed to resi.st the maximum moment.

Bolts in the splice have minimum requirements for end distance,

edge distance, bolt spacing, and distance between rows of bolts. A

summary of these requirements appears in Table 5-13. These are for

loads acting perpendicular to the grain  Timber Engineering Co., 1956!.

The procedure for designing a splice is to select Lb, compute V,

select a bolt size in accordance with Section 5.2.4, determine the

arrangement of bolts, and determine the final length of the splice member.

Examples of 2- and 3-member splice designs may be found in the Appendices.



Number of Bolt Diameters, ndDistance

End

Edge

Bolt Spacing

2 �  for 1/d 5 2!1

2

5 for 1/d 5 6!

�/8! �/d! + 1 �  for 2 < 1/d < 6!1

4

Rows of Bolts

1/d = bolt length/bolt diameter

Table 5-13. Distance requirements for bolted connections  Timber
Engineering Co., 1956!.
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STEEL

PILE WA Tf WASHEIII
CVTSl OE
WALE

FI XCNO PLATE
 PLATE WASHEIE

Figure 5-15. Typical wale and anchor details  U. S. Steel, 1975, p. 39!
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gas cut edges. Minimum spacing is three bolt diameters  AZSC, 1973!.

An example of the design of an inside wale may be found in the

Appendices.

An outside wale may be fastened by merely employing a plate of

sufficient dimensions between the wale and the tie-rod nut. A plate

washer will suffice if the separators allow the channels to be close

enough to each other.

Splices in wales should be able to transfer the maximum moment

in. the wales  Equation 5-18!. The splice plate may be dimensioned

using Equations 5-9, 5-10a, and 5-23. Design of splice plates for

steel channel wales may be found in the Appendices.

5.4.

Once the anchorage is adequately located with respect to the

geometry and soil strength of the site, the type of anchorage must be

chosen and dimensioned.

5.4.1. Continuous Deadman

The capacity of a continuous deadman stems from the net resultant

of the soil stresses acting, as shown in Figure 5-16. When considering

these stresses, the distance to the high water mark should. be considered

as this represents the lowest capacity of the deadman. The stress

coefficients K' and K' used are factored, thus requiring no additional
P a

load factors for the design. An example is given in the Append'ces.
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5.4.2. Short Deadman Near the Surface

The calculation for short deadmen near the surface can be facil-

itated using the information obtained from the design of a continuous

deadman. The net capacity per length of anchorage  P - P ! is
p a

already computed in terms of h , deadman height. The remaining values

are merely substituted into Equation 5.7. The Appendices contain an

example of the design of a short deadman.

5. 5.

Bulkhead design requires the integrated consideration of Loading,

cost-effectiveness, and the design of the basic bulkhead components.

A detailed examination of these considerations has been presented in

this chapter.

The bulkhead may have to withstand loads other than those

stemming from the retained soil. These include surcharges placed on

the backfill, hydrostatic imbalance, ice thrust, mooring loads and

ship impact. The Loads imposed on some components should be increased

by. load factors, depending upon the inheren.t uncertainties.

Cost-effectiveness i,s dependent upon such interrelated factors

as type and configuration of the wall, material strength of the cora-

ponents, ability to withstand harmful agents of the environment, and

fastening methods.

Each structural component must be dimensioned and the type,

number, and spacing of fasteners must be determined. As each item
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is being selected, the designer must keep in mind alternative materials

and schemes, costs, and the desired function of the component.



CHAPTER 6

CONSTRUCTION CONSIDERATIONS

The construction of bulkheads is less complicated than the design

proess. Figures 6-la through 6-lf are a pictorial sequence of a typical

navy bulkhead construction oper'ation. In spite-of the apparent sim-

plicity, there are factors which must be considered to comply with

design criteria and result in optimum performance. This section includes

a discussion of these factors.

6.1. General Construction Procedure

6.1.1. Pile Installation

Prior to installing the sheet piles, the bulkhead alignment is

determined and guides are placed, such as wales placed on temporary

stakes. This is not necessary for navy bulkheads because the fender

piles and wales provide the proper horizontal alignment. Vertical align-

ment may include a slight batter in the direction of the fill side of

wall-. This is standard practice in areas subject to freezing and tide

changes. The overall effect is to diminish pile uplift by ice on a

rising tide. A temporary wale may be placed below the upper wale to

facilitate construction. This lower wale is not necessary for the

permanent structure.

Sheet piles are generally installed by driving, jetting, or a

combination of both, Driving is more desirable from a soil mechanics

200
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Typical construction sequence  BBS Creosote Lumber Co.
Inc., undated!

Figure 6-l.

SIIEATlllNts is lowsrssi htto enation vrith the akl
tS ~ water jet snn nsrtaa te the itrALEAS.

WALEPIS  too erst hotttnnJ wo ~ to hohl tho
~ Sea io hne.
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PILES ~ tha nrttsrn hnnr met nta iaaf
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standpoint as the downward force of the pile tip tends to locally com-

pact the soil, thus increasing its strength. Jetting is more commonly

practiced where timber sheet piling is installed. This procedure entails

pumping water through a pipe under approximately 100 psi �89 N/m ! pres-

sure and advancing the pipe into the subgrade closely followed by the

pile. Jetting is not effective in gravel, silt, or clay and tends to

loosen. the soil locally, thus decreasing the soil strength.

Because jetting facilitates installati.on and driving enhances soil

strength, a combination of these creates the optimum operation where the

pile is jetted to within a few feet of the required depth and the re-

mainder is driven.

As piles interlock using tongue-and-groove or ball-and-socket

fittings  Figure 6-2!, it is recommended tha.t the direction of construc-

tion leads with the tongue, or ball. This will eliminate the danger of

soil clogging the groove, or socket, and subsequent improper interlock

and leaning.

Driving in pairs or in panels  Figure 6-3! eliminates some of the

interlock friction occurring between piles. This also facilitates

driving as rigidity is increased and leaning is reduced.

Other causes of leaning may include defective guides, pile defor-

mation, improper driving and improper jetting. Remedies include pulling

the heads of piles during installation  Figure 6-4a!, use of guide piles

in conjunction with driving in panels  Figure 6-4b!, applying the

driving force at an angle  Figure 6-4c!, use of piles with chamfers at

the foot  Figure 6-4d!, and use of specialty fabricated wedge-shaped

piles  Figure 6-4e!  Teng, 1962!.
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b, Typical ball and socket  U.S. Steel, 1975, f p. 1!

Figure 6-2. Continued
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P'igure 6-3. Driving sheet piles in panels  Teng, 1962, p. 378!
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6. I.. 2. Wales

6.1.3. ~Anchora e

The anchorage should be installed in parent material a safe dis-

tance from the wall  Section 5.3.2.!. If the parent material is unde-

sirable, it should be removed and the backfill in front of the anchorage

should be compacted.

Alternative anchoring schemes are shown in Figure 6-6 and alterna-

tive anchorage schemes are shown in Figure 6-7.

6.l.4. Tie-Rods

Holes are drilled through fender piles  if used!, wales, sheet

piles and anchorages. One tie-rod segment is passed through the wali,

another segment through the anchorage, and the two segments are joined

using a turnbuckle. If settlement of the tie-rods is considered a

problem, PVC pipe should surround the tie-rod  Section 6.2.6.!.

If the tie-rod is not horizontal, the design load should be in-

creased by a load factor

LF
1

cos 9
�-1!

After the piles are installed, wales are connected by bolting

channels to each steel sheet pile section or by nailing timber wales

to timber sheet piles  Section 5.4.3.!.

Splices are made in wales where required. Locating the splices of

wooden wales at. the tie-rod eliminates the need for splice plates and

reduces the potential for ponding, thereby accruing some economic

advantages.

Typical details of wales for steel walls are shown in Figure 6-5.
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ooueaa ~n. ~ wALL

Figure 6-5. Standard wale details  U.S. Steel, 1976, pp. 71-73!
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OOVSLE IHEIOE CHAHNEL WALEE WELDED IHTERIAEOIATE EEAAI QE CHAHHEL MPAEATORE

DCWSLE INSOE CHAHHEL WAL~TEO CHAHHEL EEPAEATORE

Table 6-5. Continued
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Figure 6-5. Caa.tinued
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Figure 6-6. Alternative anchoring schemes  U.S. Steel, 1976, pp. 74-75!
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Figure 6-7. Alternative anchorages  U.S. Steel, 1976, p. 82!

SHEET PILE ANCHOR
WALL RRAT RE CONTTPRlODR
OR INTENALITTENT

VERTICAL ANO RATTER'
TINRER PILE ANCHOR TLRM
TINRER DRAG LOCR

VERTICAL ANO RATTER
PILE ANCHOR VVIM
REINFORCED CONCRETE CAP

RATTER PILE ANCHOR WITH
REINRDRCEO CONCRETE CAP

VERTICAL AND RATTER
H.BEAN PILI ANCHOR WITH
RTINTDRCLD CONCRETE CA~
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in which 9 ~ the angle between the tie-rod and the horizontal plane,

In corrosive environments the tie-rod should be protected by

using galvanized steel and employing protective wraps, bituminous treat-

ment or special painting.

Turnbuckles should be tightened until slack is removed from the

tie-rods. Overtightening causes anchor yield and excess stresses in

the tie-rod and sheet piling.

Tie-rods in wood bulkheads are frequently spaced at 7.5 ft �.27 m!

intervals. Construction details do not interfere with this spacing or

any variation thereof. Steel bulkheads, on the other hand, limit the

designer's flexibility in choosing the interval as pile sections differ

in driving width  Table 5-2!. For example, the section shown in Figure

6-5a is a PDA 27 with a width of 16 in �.41 m! and tie-rods at every

seventh section for an interval of 8 ft �.44 m!; Figure 6-5c shows a

P238 pile with an 18 in �.46 m! width and tie-rods at every seventh

section for an interval of 9 ft �.74 m!.

The designer must be aware of these constraints because the tie-

rod tension is a function of the spacing, as well as the computed pull

per unit length of wall. An interval used for computations that is

different from the interval permitted by the pile section configuration

will result either in overdesigned, uneconomic tie-rods and wales, or a

design prone to failure from overstressing.
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6. 1. 6. Backfill and Dred in

Free-draining backfill material should be used. Zf the expense

is too great to employ coarse material for the entire fill, a sand drain

or sand blanket should be employed  Figure 5-4!. Zf either of these is

not feasible, then the additional load of saturated material must be

considered, as well as the reduction of the effective depth of penetr'a-

tion because of hydrostatic imbalance  Section 5. 2. 3.! .

The fill should be placed in equal lifts across the entire length

of the bulkhead. Filing up the fill in one area results in local over-

stressing of pile members and tie-rods. The backfill should not be

compacted as chis increases the stresses beyond the designed values.

Dredging, if required, should be accomplished after backfilling

is completed. The net result of this sequence is to provide additional

reduction of the bending moment. because of arching of soil between the

tie-rod and dredge level.

6. l. 7. Ti htenin of Viuts

For timber structures, the proper tightening tension is reached

when washers begin to indent the adjacent timber. High strength bolts

used for steel sheet piling are tightened in accordance with the

Specification for Structural Joints using ASTM A325 or A490 bolts,

Manual of Steel Construction  AZSC, 1976!

6.2. Other Considerations

6.2.1. Construction F, ui ment

Bulkheads are often the first structures completed in new de-

velopments. This implies that construction activity will take place
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nearby. If this is anticipated, surcharges fzom heavy equipment must

be accounted for in the design procedure or restrictions must be made

as to the allowable proximity of the equipment. A horizontal di,stance

equal to the wall height is recommended as the closest a piece of equip-

ment may be allowed. Xf the tie-rod and anchorage are shallow, the

equipment should not be allowed to pass over these.

6.2.2. ualit Assurance of Materials

To insuze that materials are in compliance with design specifica-

tions, some measures need to be taken. The most fundamental step i,s

an inspection of the material for obvi.ous defects. If timber is the

basic structural material, grademarks  Figure 5-13! should be found on

the members which indicate the grade marking service and stress grade.

A certificate is also available from the grading agency. Certificates

of compliance may be requested from suppliers for assurance that the

proper preservation process and amount was used. Certification may

also be requested to insure compliance with the proper ASTM designations

and any ordered special treatment such as bituminous coating.

6. 2.3. Cuttin and Notchin

Treated timber members should not be cut to size. This practice

subjects the cut. ends to attack from the elements from which protection

was desired. Preservation treatment should be specified as being

applied to all surface areas of timber members.

A similar argument applies for notching or countersinking recesses

.for tie-rods to provide a flush face. In addition to limiting the

effectiveness of preservatives, it reduces the net area of the section
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in terms of its effectiveness to carry a load. An alternative to this

practice is to nail a coil of rope around the protruding tie-rod. This

will offer the desired protection to the moored vehicles.

If any cutting is done, preservative should be post-applied at

the site. This is not as effective as pressure treatment, but it is a

vast improvement ovex' leaving the cut unprotected.

6.2.4. Re ulations Pertainin to Coastal Use

The use of coastal zones implies that some change in the environ-

ment will occur stemming from such use. Permission may be required

prior to using coastal lands by the U.S. Army Coxps of Engineers.

Environmental Protective Agency, county or local governments. In New

York State a Coastal Zone Management Program exists under the auspices

of the Department of State, although regulatory functions are delegated

to localities. At any rate, the structux'e's impact. upon the environ-

ment must be assessed and the need to obtain permits must be ascerta.ined.

For details, see "Regulatory Processes in Coastal Structure Construc-

tion"  Ronan, 1979! .

6.2.5. Construction Details

Typical construction details appear in Figures 6-8 through 6-12.

6.3.

Although the construction of bulkheads is relatively straightforward

some factoxs must be taken into account which may affect. the desired.

performance of the system. Certain problems inherent in the installation

of sheet piles can be overcome with some suggested techniques. Connec-

tion of wales and tie-rods and installation of the anchorage must be



Figure 6-8. Typical bulkhead, wale outside  AWPI, p. 4!
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Figure 6-9. Typical bolting details, timber  Timber Engineering Co.,
1956, pp. 511-513!
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Figure 6-10. Common arrangement oz wales and tie-rods  Teng, 1962,
p. 372!
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Figure 6-12. Steel bulkhead with timber fender piles  U.S. Steel,
1976, p. 74!
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accomplished with respect to conditions imposed by the design. Benefits

may accrue from the optimum sequencing of dredging and undesi,rable

consequences may result in the improper placement of backfill. Sur-

charges imposed by construction equipment must be accounted for or

damage to the system may occur. Measures should. be taken to assure that

the material purchased complies with the quality specified in the design.

Field alterations performed on treated timber reduce the effectiveness

of the preservative. Consideration of these factors during construction

will enhance the longevity and proper functioning of the bulkhead.



CHAPTER 7

RELIABILITY AND FACTOR OF SAFETY

The chance of a system performing successfully is termed its

reliability, R. The complement of reliability i.s the probability of

failure, Pf, whi,ch is defined as

�-1!P ~1-R
f
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Every system has a finite probability of failure that depends upon:

the system's ability to sustain loads, i.e., the capacity; the loads

placed upon the system, i.e., the demand; and the variability of the

capacity and demand.

Capacity-demand models involving penetration depth, tie-rod pull

and bending moment for a particular hypothetical situation cannot be

used to determine the probability of failure of all bulkhead systems.

It can, however, suggest the order of magnitude of reliability to be

expected, if realistic values and assumptions are chosen. A portion of

this chapter is, therefore, dedicated to such a hypothetical situation

where the reliability and factors of safety are explored.

The situation presented here is a bulkhead designed in accordance

with Rowe's reduction method. Probabilistic methods are employed to

determine the probability of failure of the design and some qualitative

conclusions are drawn. Since the simplified design procedure suggested

in this work is based on the Rowe method and some variability exists
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between the Rowe and simplified methods solutions, probabilistic methods

are again utilized to investigate reliability.

Certain assumptions are inherent in the simplified design procedure

and the argument presented in this chapter. A discussion of these

assumptions should help to establish the validity of this work.

A very basic, yet critical, assumption is that the soil strength

and unit weight are established by virtue of sufficient investigation.

Some variability in these parameters can be expected and some variability

will, consequently, occur in the loadings and the capacity to resist

failure.

Variability in loadings caused by faulty construction procedure

is not addressed.

As suggested in Chapters 2 and 3, the Free Earth Support and Rowe

methods have been established as accurate means of describing bulkhead

behavior. They have been corroborated by experiment and by comparison

to theoretical and sophisticated analytical techniques. It can then

be readily assumed that these methods can be modified to portray ade-

quate capacity-demand models.

Some variability exists in the ultimate strengths of construction

materials comprising bulkheads. It is suggested that the average factor

of safety of stress graded timber is 2.5 and that 99 percent of all

tests will demonstrate a minimum factor of safety of 1.25  Timber

Engineering Co., 1974!. If a. design value of 2,000 psi �3.8 ~/m2! is

assumed for the flexural strength of timber sheet piles composed of
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FS
C

D
�-2!

then a factor of safety of unity or less signifies imminent failure,

i.e., when the capacity is equal to the demand. The margin of safety,

SM, is the difference of capacity and demand, or

SM=C-D �-3a!

Failuxe will occur when SM 6 0.

southern pine, the average ultimate strength can be assumed as 5,000

psi �4.4. MN/m ! and 99 percent of the same material can be assumed to2

possess an ultimate strength of 2,500 psi �7.2 MN/m !. Tie-rods made2

from grade A36 steel must possess a minimum yield strength of 36,000

psi �48 MN/m !. The average yield strength of all A36 steel members2

is not known, but a conservative value may be assumed to be 40,000 psi

�75 MN/m !. It may also be assumed, conservatively speaking, that 992

percent of all A36 steel possesses at least the minimum required yield

strength, 36,000 psi �48 MN/m !.2

Conservative assumptions are also made for selecting the appxo-

priate mean value of soil parameters. The variabilities of these

parameters reflect data taken from the technical literature. The random

values chosen for soil and. material parameters are assumed to be nor-

mally distributed and to repx'esent infinite populations.

A hypothetical situation may be used to illustrate the factors of

safety against penetration failure, tie-rod failure, and bending moment

failure, and the associated probabilities of failure. With the factor

of safety defined as the ratio of demand, D, to capacity, C, or
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SM ~ C - D, and �-3b!

the standard deviation of the safety margin may be defined as

/ 2 2
SM j C+'D �-3c!

A standardized. value, z, is determined by

SM �-4!

From this value can be determined the probability that SM S 0, or the

probability of failure. Such a determination is made from probability

density functions which may be found in statistical tables.

Capacity and demand for the three modes of failure previously

mentioned will be analyzed statistically to find the mean and standard

deviation of the safety margin. The standard score will then be deter-

mined and converted to the probability of failure.

The capacity and demand will vary depending upon many factors,

such as material flaws, heterogeneity, etc., and are, therefore, termed

variates. The value that occurs most frequently is termed the expected

value, or mean, and a measure of the amount that values differ from the

mean is termed the standard deviation.

If C and D are normal variates, then C and D are the means and

S and S are the standard deviations. The mean safety margin may be

defined as



228

7.2. Anchored. Wa3.ls in Sand

7. 2.1. H othetical Si,tuation

A. design will be illustrated for a bulkhead whose geometry is

given in Figure 4-1, with the dimensions

H 10' �.05 m!

H ~ 6' � 83 m!

2' �.61 m!

4' �.22 m!, and

6' �.83 m!

HA

tl

as:

yl ~ 100 pcf �5.8 kN/m !3

~ 30 degrees
1

y2 120 � 62. 4

57.6 pcf  9.09 kN/m !, and
3

30 degrees
2

The design proceeded by calculating the depth of penetration by

the Free Earth Support method and the tie-rod pull and bending moments

by the Rowe reduction method. A factored angle of in. ternal friction

was used for computing the required depth of penetration, such tha».

-1 1tan   � > tan g! �-1!

in which SZ = an. appropriate safety factor, taken as 1.5, $ = angle of

The material comprising the fill and subgrade is loose sand. The mean

values of the design parameters assigned to layer t and t2 are assumed
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1 2 2

2 alyl 1 3 1 A

1 2 2

2 a2y2 2 3 2 l A

+ � K y D  -D+H-H!1 2 2

2112 2 2 1 A

yZ'2 2
l

For the geometry of this situation and for y2 y3, and K 1 K 2 =al a2

K = K
a3 a

2 = K I. �1S! yl + �l7! yZ �-6b !

The capacity to resist this demand is provided by the moment about the

tie-rod produced by the application of passive stress such that

internal friction, unfactored, and Pf ~ angle of internal friction,

factored. The tie-rod diameter is then calculated based on an allowable

tensile strength, f ~ 22,000 psi �51 MN/m !. Finally, the sheet pile2

member thickness is selected based upon an allowable flexural stress

of f ~ 2,000 psi �3.8 N/m2! . The resulting minimum parameters required

are a penetration depth, D 4.S ft �.46 m!, tie-rod diameter, d

0. 68 in �7. 2 mm!, and sheet pile thickness, t ~ 1. 81 in �6.0 mm! .

Penetration depth stems from the demand found by summing moments

about the tie-rod. The demand moment is from active stress applied

against the wall. This motivating phenomena is computed as
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R~ � K yD   � D+H-H!, or1 2 2

2 p 3 3 A
�-7a!

�-7b!R ~ K y �21!.
p 3

The variability of a parameter, x, can be demonstrated in terms

of its coefficient of variation

V - � . 100X
X

S
�-8!

in which x ~ the mean value of the parameter, and S ~ the standard
x

deviation.

A correlation was found between variance of horizontal stress

coefficients and the angle of internal friction  Singh, 1972!, such

that

�-9a!V 1.15 VP, and

�-9b!V - 1.10 Vy.

For example, for an angle of internal friction, > ~ 30 degrees, V

16.1 percent and V~ ~ 15.4 percent.

The standard deviations associated with stress coefficients K

0.279 and K ~ 5.74 are S 0.0449 and S 0.884 respectively.
P

Other pertinent parameters with variability are void ratio, e

 Schultze, 1972!, and specific gravity of the soil solids, G  Schultze,

1972; Padilla and Vanmarcke, 1974!. Appropriate values assigned to

these parameters are a mean void ratio of 0,663 with a standard devia-

tion 0.088, and a mean specific gravity of 2.65 with a standard devia-

tion of 0.01.
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The relationship existing between the unit weight, void ratio,

and specific gravity for saturated soil is

 G + e!

� + e! w
�-10!

in which Y = unit weight of water.
W

A mechanism relating the variability of n independent parameters

x to the dependent parameter y is  Hahn and Shapiro, 1967!
n

�-11!

Therefore, for the relationship between unit ~eight, void ratio and

specif ic gravity

a
�-G!

s
-37. 2,

� + e!

3Y Yw
� ~ 37.5,

aG 1+e
s

s

S = 3.30 lb/ft �.521 kN/m ! .
Y

are shown in Table 7-1.

Using Equations 7-7 through 7-11 and the selected values, the ~cans

and standard deviations can be computed for the motivating moments,

the resisting moments, R, and the probability of failure. The results



232

Table 7-1. Probability of failure and factor of safety

Tie-Rod PullPenetration

Parameter

40,000 7,100 14,500 1,900 5,00017, 200Naan

9703115606, 600 1, 1622, 830

3. 045. 743.17

1.20 x 105.108.00 x 10

2.042.33 2. 63

Nota: 1 ft-1b ~ 1.356 N-n
1 1b ~ 0.00444 kN
1 psi = 0.00689 NH/~

Standard
Deviation

Standard
Score

Probability
of Failure

Factor of

Safety

D
f t-1b

C
ft-1b

D

lb

C

lb

D C
si!   si!
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Similar approaches can be taken with the tie-rod and bending

stress demands. Tie-rod load is given by

�-12!T ~ K [�00! y +  9417! y ].

Hence

S   !  S ! +  ~T !  S !
T 3yl y aY2 Y

1 2

+   K !  SK!, andaT 2 2
3K K

S ~ 1162 lb �.16 kN! ~

The maximum bending moment for this situation is given by

5.8S P - K [�1 ~ 8! y + �2.6! y !]

K [�1.S! yl +  9 74! YZ �-13b!

�-13c!K [ �7. 2! yl + �0.8! y2! ~

�. 304! �2! ~/ �. 55! �-14a!

= K [ �7. 5! yl + �5. 9! y 2] �-14b!

The standard deviation for bending stress is given by

S =  ~ !  S ! + ~ !  S, !
1

+   � !  S ! , and3K Ka K,

For a reduction factor in bending of 0.30 and section modulus of 6.55

in /ft in this case, the maximum bending stress is3
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S 311 psi �.14 MN/m !.

As previously established, the mean flexural strength of wood

sheet piles can be taken as 5,000 psi �4.4 MN/m ! and mean yield2

strength of A36 steel can be taken as 40,000 psi �75 MN/m ! so that2

.m 2
ULT 4

�-15!

�. 68! �0, 000!

~ 14,500 lb �4.4 kN! .

T~T, and 970 psi �.68 MN/m ! for o.2

The probability of failure in penetration depth, tie-rod pull and

bending stress may now be computed using Equations 7-2 through 7-5.

The results are given in Table 7-1.

7.2.2. Reliabilit of the Desi Curves

The preceding hypothetical situation clearly demonstrates high

reliability and comfortable factors of safety against failure for a 10

foot �.05 m! wall in loose sand. One is able to surmise that similar

results would occur in analyses of various geometries and soil condi-

tions.

The standard deviations of the capacities can be found by back-

calculation. Assumed cumulative probabilities of 99 percent associated

with a minimum yield strength of 36,000 psi �48 MN/m ! for A36 steel
2

and a minimum flexural strength of 2,000 psi �3.8 MN/m ! for timber
2

sheet piles result in standard deviations of 560 lb �.49 kN!, for
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The same reliability might be expected from the design curves

which comprise the basis for the simplified method as they were derived

from the Rowe procedure. The design curves, however, do not coincide

exactly with design solutions provided by the Rowe method, since the

curves represent mean values of the solutions. The variabilities of

the differe~ces between the Rowe solutions and mean values of the

design curves are demonstrated in Figures 3-4 through 3-15 and Table 3-5.

The variation of the design curves is expressed in terms of

percent difference. This can be converted to the same units that ex-

press the variation fn the hypothetical situation. Since the design

curves are the result of a least squares method of best fit, the mean

percent difference between the curve and the data points is very close

to zero. The means of the design curves can thus be assumed to be

equal to the means of the demand of the hypothetical situation, i.e.,

the mean percent difference between the curve and the demand of all

hypothetical situations is zero. The standard deviations can be dimen-

sionalized by multiplying the standard deviation, expressed as a

percent, by the associated mean of the hypothetical situation. For ex-

ample, a 10 percent standard deviation for tie-rod loads would convert

to

ST = �. 10! �100!

710 lb �. 16 kN! .

The reliability of the design curves, expressed in terms of the orob-

ability of failure, is shown in Table 7-2.
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Table 7-2. Reliability of the design curves  anchored walls in sand!

Parameter

Mean

5604,750 511 210530 970

3.024.534.77

1.30 x 10

Vote: 1 f t-1b 1.356 N-m
1 lb ~ 0.00444 kN
1 psi 0.00689 MN/~

Standard
Deviation

Standard
Score

Probability
of Failure

Penetration
D C D C D C

ft lb ft lb 1b lb   si si

17,200 40,000 7, 270 14,500 2,000 5.000
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7. 2.3. Reliabilit of the Sim lified Method

R ~ II R.

i 1

�-16!

in which R ~ the reliability of the i component and n ~ the numberth

of components in the system. In terms of probability of failure, the

relationship is

n
P II 1- �-P !

f i
i

�-17!

in which Pi the probability of failure of the i component  Harr,,t,h

1977!. The reliability of the simplified method may thus be assessed

from the combinatorial probability of failure of its components as

shown in Table 7-3.

7.3. Anchored Walls in Cla

7. 3. 1. H othetical Situation  Undrained!

The conditions assumed for anchored walls in sand remains the

same with the exception of a cohesive subgrade where c = 250 psi �.72

/m-!, an. anchored wall in clay may be designed in accordance with'7

the Rowe reduction method. The design depth of penetration, tie-rod

pull, tie-rod diameter, bending stress and pile thickness are

The- simplified method may be considered as a system consisting

of 2 components: the Rowe reduction method and the design curves. The

reliability of a system whose components operate in series may be ex-

pressed as



238

Table 7-3. Reliability of the simplified method  anchored walls in
sand

Probability of FailureParameter

P enet rat ion

Tie-Rod Pull

Bending Stress

8.00 x 10

10-10

2.50 K 10
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D ~ 5.54 feet �.69 m!

P 6,530 pounds �8.2 kN!

d 0.615 inches �5.6 mm!

o = 1,990 psi �3.7 Pa! and

t 1.92 inches �8.8 mm!

The analysis proceeds as before with additions of another variant,

the cohesion parameter, whose coefficient of variation may be taken as

V 18.6 percent  Lumb, 1972!', which gives a standard distribution of

S ~ 46.5. The resulting capacities, demands, standard scores and
c

probabilities of failure are shown in Table 7-4.

The most striking aspect of the results is the relatively large

probability of failure in penetration as compared to what is virtually

a very substantial factor of safety. This disparity stems from the

large variance of the cohesion parameter.

Coefficients of variation for the cohesion range as high as 50

percent  Harr, 1977!. Incorporating this value into the foregoing

analysis results in a probability of failure in penetration of Pf

0.25.

7.3.2. H othetical Situation: Penetration Cora uted
for Drained Condition

If the long-term case  drained condition! is considered, the

design results in a depth of penetratio~ D = 9.2 ft �.8 m!, factor of

safety FS ~ 2.2 and probability of failure P = 0.003. This is based
f

on the assumption that the variance of the parameters is the same as

the variance for cohesionless soils. If this depth of penetration is
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Table 7-4. Probability of failure, anchored walls in clay  undrained!

Penetration

Parmneter

5,230 30,500 6.530 11.500 1,990 5,000Mean

450920 13,800 1,070 970320

2. 95l. 83

10 1.60 x 103.40 x 10

5.83 1. 76 2. 51

Note: 1 ft-lb ~ 1.356 N-m
1 lb ~ 0.00444 kN
1 psi ~ 0.00689 HN/at2

Standard

Deviation

Standard
Score

P robabil ity
of Failure

Factor of

Saf ety

D

f t-lb

D C D C
1b lb si si
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used to compute the probability of failure for the short term case, the

probabili.ty of failure would be almost zero for a coefficient of varia-
-6

tion of 1S.6 percent on cohesion, and approximately 10 for a coeffi-

cient. of variation of 50 percent.

SH=C-D �-3a!

SS< S � S, and2 2

SN c
�-3b!

SN

7.4. Summa and Conclusions

The investigation of a hypothetical situation provided a concep-

tualization of the reliability of anchored bulkheads. Sy incorporating

variations in the pertinent soil and material parameters found in the

technical literature, a means was established whereby the probability

of failure in penetration, tie-rod pull, and bending stress could be

estimated.

A capacity-demand model was formulated for each of t' he three

potential modes of failure for walls in a sand subgrade, in a clay sub-

grade under undrained conditions, and in a clay subgrade under drained

conditions. Penetration failure was seen to be the most probable mode

of failure while tie-rod failure was virtually improbable under the

assumptions declared. The probability of flexural failure of timber

members was less than penetration failure, but not nearly as low as

tie-rod failure.

Recalling that the safety margin, variance in capacity and demand,

and the probability of failure are related by
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the reasons for the general trend appear clear: a high safety margin

results in a low probability of failure, while a high variance in either

capacity or demand has the opposite effect.

Since the specified engineering properties of steel can be rela-

tively easy to attain with low variance, steel products will show a

rather high capacity. Added reliance stems from the fact that, to

achieve the minimum yield fox' each lot manufactured, the metallurgical

design process is conservative and an average yield results which is

substantially higher than the required minimum. Rigid quality control

insures that a very low percentage of the final px'oduct has a yield less

than the specified minimum.

Since timber cannot be processed and refined to the extent that

iron ore can, the final pxoduct exhibits more variability in its en-

' gineering properties. Designs using timber show high reliability which

is derived from the quality assurance provided by stxess grading.

Both demand and capacity of the penetration model are functions of

the soi.l parameters and penetration depth. Since high variance in soil

parameters pertains to both capacity and demand, a high safety margin

is required to achieve an acceptable reliability. Obviously, increasing

the safety margin may be accomplished by decreasing the demand or in-

creasing the capacity. The only choices available to obtain either end

are to replace the in-situ material with a more suitable one, or to

increase the depth of penetration. Additional excavation and backfilling

is costly, thus increasing the penetration depth is more attractive.

Unfortunately, large increases in depth are necessary to offset high

variability, low soil strength, or both.
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Harr states that, "For most problems in geocechnical engineering,

Pf 5 10 "  Harr, 1977!- Zt is not, unreasonable therefore, to consider
this order of magnitude as a desired standard and to declare as accept-

able any probability of failure that is less than 0.01.

The numerical results of the analysis of the hypothetical situation

demonstrate the acceptable reliability except for one case. The reli-

ability of tie-rods and flexural member  sheet piles! are acceptable in

all cases. Penetration depth, however, is unreliable for clays in the

undrained condition, even for the moderate coefficient of variation of

18.6 percent. This realization is important as the apparent factor of

safety against failure of S.83 is very substantial and falsely suggests

an adequate design. However, when. the wall is redesigned for the

drained condition, an acceptable reliability results for both long and

short term.

The design curves possess small variability and show high reli-

ability as a result. When considered as a component of a design system

which incorporates the Free Earth Support method with Rowe reduction,

the design curves lead to reliable designs providing, of course, that

there is not excessive variability exhibited by the soil parameters.

The technical literature suggests that the undrained strength of

cohesive soils demonstrates high variability. Deterministic designs

based upon undrained strength produce an inherent risk of failure.

Designs based upon drained strength, however, show good reliability;

hence the drained condition can be considered to control the design

process.
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SM

SM

�-18!

A. table is consulted to 'ascertain the probability of failure for a

particular number of data points.

The t scores for a desired probability of failure less than 0.01

are shown in Table 7-5. It is readily observed that as the number of

data points decreases, the t score increases. This indicates that for

the desired reliability a greater safety margin, lower variance in soil

parameters, or both, is required for fewer data points. The only

option left to the designer confronted with scant data is to increase

the safety margin. This is very likely to be less cost-effective than

an increased scope in site investigation.

It may be concluded that the Free Earth Support, Rowe, and simpli-

fied methods are inherently reliable for walls in sand subgrades. To

extend this high reliability to walls in cohesive subgrades, an adequate

site investigation is required whose scope will be determined by the

variability of the data.

The reliability of a particular design can be estimated provided

that the site was adequately investigated. One important aspect regard-

ing the adequacy of the investigation is the number of data points used

to determine the mean soil parameters. Since the investigation entails

sampling from a population ~hose standard distribution is unknown, the

desired probability of failure  confidence interval! may be investi-

gated by utilizing a cumulative probability function described by a

student distribution  Harr, 1977!, where the standard score is given by
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less than 0.01

Ho. Data Points Score

31. 821

6. 965

4. 451

3. 747

3.365

3.143

2. 998

2.896

2. 821

2. 764

2. 718

2. 681

12

13

2. 650

Z. 624

2. 60217

18 Z. 583

2. 567

2. 552

2. 539

Z. 528

2. 518

2. 508

19

20

21

22

23

24

Z. 500

2. 49226

2. 48527

Z.479

Z. 47329

Table 7-5. t Score required for a probability of failure



CHAPTER S

SUM%9!Y AND CONCLUSIONS

Bulkheads must be designed to resist failure fram bending and

fram lack of sufficient penetration belaw the dredge level. The forces

causing failure stem fram horizontal stresses exerted upon the wall

from the soil on the backfill side. Resistance to bending failure is

derived from the properties of the wall, and outward movement of the

toe of the wall is resisted by the soil on the dredge side. Required

penetration depth may be reduced by employing a tie-rad and anchorage

an the fill side, adequately dimensioned and located.

Bulkhead behavior is governed by the complicated interaction of

many variables, requiring equally complex procedures to determine the

design loads. Overly simplified methods tend to over- or under-design

the system. A simpli.fied procedure is needed which addresses the

pertinent variables, and this is described herein.

Various approaches have been used to determine the horizontal

stress distribution and the resultant forces and moments. Of the seven

approaches reviewed in Chapter 2, the Free Earth Support method with

Rowe reductions was found to be the most extensively examined and

covered the widest range af conditions. In spite of its technical merit,

the FES/Rowe procedure is complex. A simplified method was therefore

derived from the more complicated one.

246
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A computer program vas devised which calculated penetration depth,

moment and tie-rod load in accordance with the FES/Rove method for a

wide variety of soil conditions and site geometries. Chapter 3 explains

the methodology by which the pertinent parameters were combined and

correlated to generate simplified design curves.

A detailed explanation of the FES/Rove and simplifi.ed methods

is given in Chapter 4. The expediency of the simplified method is made

apparent in that explanation and is substantiated by the procedural flow

tables and design examples that appear in the Appendices.

Although the determination of penetration depth and loadings is

of prime importance in bulkhead design, there are other items that re-

quire careful consideration to complete the design. Chapter 5 provides

a discussion of other pertinent factors, i.e., overall system cost-

effectiveness, external loads, component dimensioning and detailing.

Procedural flow tables and examples are provided in the Appendices for

the design of components.

Proper construction practices are also required for a properly

functioning system. A general construction procedure is discussed in

Chapter 6, as well as some other practical considerations concerning

construction methods.

A qualitative description of bulkhead reliability was developed

by inference in Chapter 7. A capacity-demand model of a typical bulk-

head was examined with respect to penetration depth, moment, and tie-

rod load. Both sand and clay subgrades were considered. Soil and

material strength parameters and variability were selected from the

technical literature and incorporated into the model. The models
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showed that, because of the high variability of clay strength parameters,

walls in clay were less reliable than walls in sand. However, a design

based upon the long-term strength of clay results in a reliable design,

even when the short-term parameters are considered.

By examining the capacity-demand model using probabilistic methods,

several concepts were reinforced, i.e., once an adequate penetration

depth is found, the probability of system failure is low; the risk of

penetration fail~re in a clay subgrade is high when considering short-

term strength, but is reduced when the long-term strength is used for

design; and as the number of data points used to determine the strength

parameters of the soil increases, the probability of system failure

decreases.



COMPUTER PROGRAM USER'S GUIDE

Title

Bulkhead Design for Anchored or Cantilevered Walls in Sand or
Clay Subgx'ades.

Cards l through 30 comprise moment and tie-rod reduction factors
and USS steel sheet pile design data. These data cards are provided
with the program.

Control Cards: 2 each. Must be right-justified.

Card L

l-2 NP � Number of designs to be run.

Card 2

1-2 KC � Type of wall to be designed.
KC 0: Anchored wall only.
KC ~ l: Cantilevered wall only.
KC 2: Both types will be designed.

3-4 � Number of soil layers in the site.
N must be 2 or gx'eater.

Soil Parameter Cards: 1 card for each soil layer. English units. Not
right or Left-justified, but a decimaL is required.

249

The purpose of this computer program is to determine the depth of
penetration of bulkhead sheet-piles, determine the tie-rod load per
unit length of wall, compute the maximum bending moment, and select the
appropriate USS steel sheet pile and timber sheet pile. The design
method is Free Eax'th Support as modified by Rowe.



250

PHI � Angle of internal friction.
GAMMA � Total unit weight  lb/ft3!.
C - Cohesion  I!/ft2! . Must be zero if ! i 0.

1-10

11-20

21-30

Site Geomet Cards: 2 cards

Card 1

1-10

11-20

SOMEGA - Angle of backfill slope.
DOMKGA � Angle of dredge slope.

Card 2

1-10 H

11-20 HW

1 card

Most sites can be approximated using 3 layers: the first layer
consisting of moist  not saturated! soil between the top of the wall and
the water level; the second layer extending to the DL; and the third
layer extending beyond. Input of T3 50 ft is a good value since any
distance beyond the depth of penetration will be neglected.

The field width for each soil layer is 10 spaces. Each additional
soil layer may be input utilizing this width, e. g., T4 would be input
using columns 61-70.

Values of zero must be input on soil parameter, site geometry and
surcharge cards with a decimal point,.

The use of cohesion parameters above the DL will result in un-
conservative designs. An explanation is contained in Chapter 3, Long
term strength parameters should be used instead.

21-30

31-40
41-50

51-60

Card 1

1-10

11-20

21-30

31-40

HHW

Tl

T2

T3

QS
QL
QP
X

� Free standing wall height  ft!.
� Height of water above dredge level  DI !.

This is the low water level.
- Height of tie-rod above DL.
- Distance from top of wall to 2nd soil layer.
- Distance from top of wall to 3rd soil layer.
� Distance from top of wall to 4th soil layer.

- Uniformly distributed load  lb/ft !,
2

- Line load  lb/ft!.
- Point load  lb!.
- Horizontal distance from wall to load  for

QL and QP only!.
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SAMPLE OUTPUT

Site Geomet and Soil Parameters

The geometric and soil parameters are listed in the output to
provide a check. This output should be checked first when debugging.

Factored Soil Parameters

Factored soil parameters are used to compute the following in
each soil layer:

Depth of soil layer interface  from top of wall!
Active and passive stress coefficients
Effective unit weight
Triangular stress distribution  overburden and horizontal!
Rectangular stress distribution  overburden and horizontal!
Resultant force for each stress distribution
Centroid for each stress distribution
Moment arm for each stress distribution
Resultant moment for each stress distribution

De th of Penetration

The required penetration depth is printed out. If the subgrade
cohesion renders an unstable wall, a message reading "THIS WALL CANNOT
STAND" will appear and the program will terminate. The stability number
of factor of safety against failure in penetration are listed for co-
hesive subgrades.

Unfactored Soil Parameters

A listing appears of the same parameters output for "Factored
Soil Parameters," the difference being that this listing is computed
for tie-rods loads and bending moments using unfactored soil parameters.

Tie-Rod Load

The tie-rod load is listed in 1b/f t of wall.

271



272

Maximum Momen t

The maximum bending moment, as computed by the Free Earth Support,
method is displayed. The location of the maximum moment is also shown
 point of zero shear!.

0 eratin and Structural Curves

Ordered. pairs of t and log p are shown for A328 steel sections,
A570/A690 steel sections, and wood piles. Ordered pairs are first given
for typical sections, then the actual design section. Curve-fitting
data is given for clay subgrades where there are only three values of
pile flexibility given in the Rowe reduction curves. The value of
representing the point of intersection of the operating and structural
curves is shown.

Desi Section Modulus

The results of the Rowe reduction procedure are listed in in /ft
3

of wall for A328 steel, A570/A690 steel and timber.

The final USS secbion is listed for A328 steel, A570/A690 steel,
as well as the required actual thickness for a timber pile. The tie-rod
load is also output.
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