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ABSTRACT

This study focuses primarily on the design and. construc-

tion of pile foundations in the coastal regime. The discussions

are separated into four parts. Ia the first part, an assess-

ment is made of the nature and intensities of loads acting on

piles. Second, the design principles and. methodologies for the

various types of loads  compressive, uplift end Lateral! are

outlined. Considerations are also given to scour, pile buck-

ling, beat pi3.es and downdraft. Third, the three materials  con-

c ete, steel and wood.! commonly used for piles are discussed,

concentrating on the potential problems in their use and the

appropriate preveative measures. Finally, the methods of in-

stallation of piles are described. The emphasis of this stv.dy

is oa. conventional design procedures and. practical techniques,
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IZtZRiODUCTIOH

The expansion of man's activities has led to an increase

in coastal. construction along the shoreline. Vatezfzont struc-

tures that are commonly seen include docks, piers, bulkheads,

seawalls and other elevated structures that. provide commercial

as well as recreational facilities. The foundations for these

types of structures often take the form of piling. A few ex-

amples on the use of piles in the coastal region are i3.1ustza-

ted in Fig. 1.1.

Piles aze eez~tuzal members used to transmit surface load-

ings to the subsoil. They may act singly  e.g., fender piles!

oz in gzoups {e.g., piez!; they may be fully embedded  e.g.,

retaining structures! oz partially embedded  e.g., dolphin!.

Furthermore, advancement- in installation equipment has allowed

these members to be driven in any desired orientation. The ver-

satiU.ty of pile foundations has made them adaptable to most

types of conditions and. requirements.

The use of pile foundations dates back to prehistoric

times, long before the birth oZ soil mechanics. Construction

was largely based on experience with little theoretical consid-

erations. Zn recent years, a Large volume of technical Litera-

ture has been published with regard. to this subject matter.

Loadings that may act upon a waterfront structure include,

but are not Limited to, waves, currents, ice, earthquakes, wind

and ship impact Dig. 1.2}, These various forms oZ loadings



Pig. L.l Exaeyles of Use of Piles in the Coastal Region

  a! retaining structure

 c! dock, pier or wharf

�! dolphin

  d! ship mooring



dead weight: of strm~~
plus any live load

earthquake

Fig. 1 ~ 2 Potegtia3. Forces on a Waterfront Structure



yroduce oomyressive, lateral and uplift forces that may strong-

ly influence the design and construction of the structure.

Furthermore; the cost. of the structure is directly yroportion-

al to the magnitude of the design load. Therefore, an under-

stancLLng of the nature of these loacKngs is essential

to achieve a proper design.

The ultimate capacities of pile foundations are determined

at least by the following factors:

1! in-situ properties of the soil mass

2! dimensions and material properties of the pile

3! methods of installation

4! loading conditions

Each of. these factors should be examined carefully. The ex-

tent to which they will influence the strength of the founda-

tion depends largely- on the sice of the structure and the site

location.

The most reliable method to determine the load capacities

of piles is through pile load tests. They are commonly per-

formed for major pro!ects where no prior information on be-

havior of deep foundations at the site is available. Pile

load tests are usually expensive and may not be feasible for

small-scale construction. They vill not be emphasized herein.

Current methodologies to assess the capacities of pile

foundations are largely based on empirical correlation of

field data with basic soil parameters. Rigorous theoretical

analysis is still in the preliminary stage and often requires

many sizrp1ifying assumptions. iVumerical solutions {e.g.,



nite element methods!, with the advent of high speed digital

computers, have shown promise on this aspect. However, the com-

puter cost. required is likely to be high snd unless the in-

situ soi1 parameters are known to a high degree elf accuracy,

these methods may not be justifiable. Ea this report, empha-

sis will be placed on conventional design procedures and prac-

«ical techniques.

Besides the various forms of loadings mentioned earlier,

the design of piles for coastal structures may requf,re con-

sideration of:

1! effect of scour on pile foundations

2! capacity of bent piles

3! pile buckling

4! negative skin friction

These phenomena are further depi.cted in Pig. 1.3 and will be

discussed Later.

Piles used in the coastal environment are subject to ad-

verse conditions that often result in material deterioration

Various forms of attack are illustrated in Fig, 1.4. Three

commonly used materials  concrete, steel and wood! will be

considered. The mechanism of corros'on as well as possible

preventive measures will be presented.

Xn the 1ast secti.on of this report, a brief description

on installation of piles will be outlined. Xt should be noted

that the method of installation has a profound effect on load

capacities and should not be ovezlooked in the design phase.

Finally, example problems will be given in the Appendix

to illustrate the design methodologies outlined in various



{ a! scour

 d! negative skin riction

Fig. 1 ~ 3 Typical Considerations for the Design of Pile
Foundations

 c! pile buckling

current
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 b! bent. pile
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settlement
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chapters. - The problems are solely for denonstration yurposes

and wiLL be kept simple. lt should be understood that other

factors may also affect the solutions to these problees. AL-

though it is impossible to discuss all these factors in the

example pxoblems, the idea that design incorporates considera-

tions fx'om every aspect shcmld aIxmys be kept in mind.

OveralL, this reyort is intended to serve as a guide for

the design and construction of pile foundations in the coastal

regime. The- flaw chart in Fig. 1.5 illustrates. the sequence

under which tMs may be done. The desi,gn procedures along

with their inherent assumptions vill be described. However,

one should noi viev the procedures as "the standard rules";

zathex, one should approach the problem intelligently to de-

velop a rational and economic design.



DK FINK
OBJECTIVE S

REDEFINE THK
OBJECTIVE S

SITE
SKLKCTIOÃ

EVALUATION OF
DESIGN LOADXNGS

KVALUAT ION OF
SOXL PMMMTKRS

PRELIMINARY
DESIGN

!ME

OOES EESOZ.X
EVALUATE MATKRZAL CHO ICK

MEET OBJECTIVES?

.!~s
COST
EVALUATE XON

XS ZS POSSIBLE
TO REDUCE THE
COST WHILE
MEETING THK
QE3E CTIME S?

CONSTRUCT ION

BODILY THK
DESI'Ã

! no
CAN THK OB
JEC7XV S BE
RKDK FXNKD?

KND

Fig. 1.5 Tyyica3. Sequence ~ox Use in th- Design of Pi3.e
Foundat i~s



CK8'TER 2

LOADXNGS ON PTLZS

One of the first steps in the design of any structure

is an evaluation of the nature and intensity of the loads

that may act on the structure throughout its design life.

This requires a thorough understanding of the design ob]ec-

tives as well as the site characteristics.

Piles used for waterfront structures are subjected to

a Large number of forces which may act either axially or

Laterally. They may induce bending moments and, in some in-

stances. may even cause uplift oz downdrag of piles. Forces

may act directly on piles or they may be transmitted to the

piles through another medium. For mcample, ice and waves may

act directly on exposed. piles, while earthquake 1oads are con-

sidered to be applied to the piles through the sails. Tn most

cases, piles that are fully- embedded take forces indirectly,

usually through the superstructure above  e.g., seawalL! or

the soil below.

Loads may be broadly classified into three categories:

1! Xn the first category, the separation is into dead and live

Loads. Dead Load is a gravity load and. is always acting.

The weight of the structure, including any permanent attach-

ments, are considered as dead Loads. The magnitude and

CLstributioe oz these Loads are ~LLy Mown accurately,

but not until. the design has been completed. Therefore,

tba @sad Roach h4Ls to be estimated in the preliminary de-



sign stage and revised after an analysis is made. Live

loads may vary in magnitude aad location. These forces

are Qmportaat foz structures such as piers where movable

ecpxipmeat, human occupants, vehicles, etc., may form a

substantial paction of the total load. M.nimum values of

live loads for desiga are oft'en prescribed by local build-

ing codes; these are usa>ally conservative.

2! Secondly, loads can be gradually applied or they can be

in constant motion. The former is a static load and the

latter is a d.pmmd.c load. Static 1oads can be d.ead load.s

or Ave loads. Their influence oa the structure is re-

stricted. to the magnitude of force that is applied. Xa

contrast, Q~IId.c loads will H.uctuate with time and the

response of the structure is d,epeadent upon the inertial

snd damping characteristics of the system,. Sy defin,ition,

all dynamic loads aze live loads. The dynamic response of

the structure can be evaluated by a dynamic analysis oz,

for ordinary design, by using a conservative value for the

specified load values.

3! Thirdly, the duration of loading can be lang  sustained!

or short  transient! . The ma]or difference between these

two types of loadiags lies essentially in the way ia which

the soil behaves. For sustained Loads in clays, two d.is-

tinct types of sail behavioz can be identified � uadraiaed

snd drained. However, foz transient loads  e.g., earth-

quake, blastiag!, the short, duration of Load app3,icatioa

prohibits the dissipation of Mcess pore-water pressure and
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to occur at. the same time and in the same direction, impact

forces from ice sheets will not occur simultaneously with the

most severe wave acti, on. It is impractical and uneconomical

to design a strucCure to withstand all these forces at. their

zm amplitudes.

The action of these loadings, especially those that, are

produced by the environment, should be anti,cipated to come from

any direction unless specific conditions make a different as-

sumption mare justifiable.

Xn reality, most of the forces mentioned above are dynamic

in nature. The intensities as waU. as the directions of the

forces will vary with time. Theoretically, a dynami.c analysis

Chat Cakes into account Che inertial and damping characteristics

of the system will be more appropriate. While this may be neces-

sary for design of deep water offshore platforms, it is of lit-

tie relevance for simpler small-scale construction. In such

cases, it is adequate to consider the loads in terms of their

static equivalents. The validity of such assumptions depends

upon both Che form of the structure and the nature of the load.

Ia. cases where the fluctuating components of the applied force

deviate drastically from the mean load, or the natural frequen-

cy of the structure approaches the frequency of the predominant

force component, a dynaad.c analysis of the problem may become

mandatory. In this study, only static analysis will be presen-

ted. DynamiC reSpOnSe Of StructureS iS beyond the sCOpe of

study.



2.1 Woes

Piles used in the coastal environment axe likely to be

sub!ected to some foxes of wave action, whether directly on the

piles oz indirectly through the superstructure. Wave loads on

wall-type stzuctux'es axe discussed by Hubbe13. and, Kulhawy �979!

and will not be presented here. Thi.s section vilL concentrate

on behavior of piles under direct wave action.

Waves can be generated by many means, e.g., moving vessels,

earthquake, wind., etc.. The one that has the most. influence

foz waterfront structures is the wind-generated wave. Although

seismic-generated waves may have high orders of magnitude, it

is not feasible to include them in noztml design practice ex-

cept in xegions where seismic-generated waves occur frequently

oz a loss of life is anticipated.

The severity of wave action on piles depends largely upon

site conditions. Zn sheltexed waters whexe most of the wave

energy has been attenuated, wave forces will not have any stag

influence on the design.

Wave types vary from non-breaking to breaking and broken

waves, with each of these px'oducing different magnitudes of fox-

ces on a structure. Aa unbroken wave is essentially a wave of

oscillation, which breaks when the forward veloci~ of .the crest

particles exceeds the velocity of propagation of the wave it-

self   Iuinn, 1972! . The procedures for deteraxlLaation of aon-

bzeaking wave foxcas on piles will be outlined below. Wave for-

ces resulting fram the action of broken waves aze usually negli-



gible and will aat be considered.

2.l.l Mon-Breaki Q'aves an Vertical Piles

Rathods currently in use for determination of wave forces

on piles are based on Morison's equation ofarison, et al.,

1950!, which assumes that forces exerted by wave-associated

flows on piles resixlt fram the sum' of tea components:

1! inertial force-

2! drag force

Morison's equation is sead.-empirical and is given as:

f ~ fi+fo �. 1!
in which: f total ha~ontaL force yer unit length of pile

inertial force per unit 1ength of pile

fD drag farce per unit 1ength of yile

Inertial forces result fiam constant acceleratian or re-

tardation of water particles in the form of ideal nonviscous

f1ow. This is based an the assumption that the wave height is

smaL3. in comparison with depth and the water is incompressible

and frictionless  ideal fluid!. The inertial force component

can be expressed as:

� 2!

in which: C inertial coefficient

weight densit7 of fluid

62.4 Lb/ft'  9.8 M/m'! for fresh water

- 6~.O Lb/ft' �O.O m/m'! for salt water

h6rmnta3. water 'yaxeicle accelmatian at the axis
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of the pile  assuming the pile does not exist!

g acceleration due to gravity

~ 32.2 ft/sec  9.8 m/sec'!

Drag forces result from the constant velocity of water par-

ticles in the form of real viscous flow and, can be expressed as:

f~-C g~u uj n
g

�-3!

in which: C drag coefficient

~ horizontal water particle velocity at the ~s

direction as the velocity. A. definition sketch of wave forces

on a vertical cylindrical pile is shown in Pig. 2..1.

The design diameters of the piles, D, as used in Equations

2.2. and 2.3, do not have to be equal to the actual diameters of

the members. Due consideration must be given to the possibili-

ty of muMe growth or ice coLlar, which may increase the di-

mensions of the piles and therefore the magnitude of wave for-

ces.

For high wa~es in sha1low water, the drag force is predom-

inant and the maximum force against the pile occurs at or near

the crest of the waves. Fox 1m' waves in deey water, the in-

eztial force is predominant and the m~mee force occurs when

the water surface at the yila is c3.osa to tha sti11 water sur-

of the pile  assuming the pile does not exist!

The factor ~ does not. have any physical meaning and results1

from the manner in which the measurements of the empirica1 co-

efficient, Q, were reported  Hair, 1%69!, u u[ is used. instead

of u~ to indicate that the force is always acting in the same
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till
water leve3.

Fig. 2.3. Definition Sketch of Wave Forces on a Vertical
Pi1e



face  ~nn, 1972!.

Xt should be realized that the lineaz

ertia3. and drag forces as used in Equation

any rigorous theoretical basis. The admis

of drag fozce violates the principles on w

force is derived. Three other majoz assum

Mozison's equation are given, as follows:

1! flow is unidirectional.

2! the presence of the pile will not

water f1aw pattern.

3! «he pile is rigid and will not def

Although the above assumptions may 1imit t

catian of Morison's ecpxation under same si

no simple alternative at the pzesent time.

The second assumption implies that tb

be small compared with the wavelength of t

of this, CKRC �977! suggested the applica

equation to be limited to cases where:

~ < 0.059

A,

in which: LA Airy approbation of wave1

Pig. 2.2 can be used for determinati.on af

mensionless parameter, � , in which: d,
gT

water level and the mudline, and T wave

The restriction as imposed by Zquatic

fied in most cases except fo+ piles that a

meter. In that case, a wave diffraction a
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Zt will not. be discussed here because it is doubtful that it is

of any value for the design of small-sca3.e s'tructures.

Using 5arison's equation, the evaluation of wave-piLe in-

teraction forces can be separated into two phases:

1! the selection of an appropriate wave theory to predict

the flow fields.

2! the detaza~ation of the two hydrodymed.c coefficients,

~ 'D.

Actual wave motion is complex and difficult to modeL mathe-

view of this sub!ect matter.

The most fundamental wave theory is the Airy theory, also

called the Linear or smaLL-amplitude theory. Based on this

mathemat'cal model, the horizontaL water particle veloci.ties

and accelerations at any time t are given respectively as:

K gT cosh 2m zM!/L �~t!cos !m cos  ~! �. 5!

Su AH cosh 2~ z+d!/L i   2~t!3t Ii cos sin -~! �-6!

in which: H ~ wave height

z vertical coordinate axis, origin at stilL water

3.evel, positive upwards

maticaLLy. Xn spite of thf.s, auaaerous wave theories have been

presented in the Literature to describe this natural phenamemm.

Tt is beyond the scope of this study to cover the development

and capabilities of al1 these theories. The readers should re-

fer to Viegel �964! or CERC �977! far a more comprehensive re-



TM.s theory is simple and relatively easy to use. However, this

theory is unable to predict more complicated wave motion and

fails to realize that wave czests may deviate further fzom the

still water level than do the troughs. Zn general, the use of

higher order theory  also called non-linear or finite amplitude

theory! can better describe the actual wave characteristics.

However, its use will involve tedious computations, and access

to a computer oz computer-generated design carts is neces-

sary. Zn predicting the veLocity and acceleration fields foz use

in Hazison's equation, any defensible established wave theory

can be used. However, the designer should have * thozough un-

de standing of the inherent assumptions and Limitations associa-

ted with various wave theories.

Development of these wave theories is built upon many sim-

plifying assumptions, with some of the more common ones given

as follows  CZRC, 1977!:

1} the fLMd is homogeneous and incompzessibLe.

2! surface tension force is minimal.

3! coriolis. effect, can be neglected.

4! pressure at the free suzface is uniform and constant.

S} the fluid is ideal and nonviscous,

6} there is no interaction with other wave motions,

7} the vertical velocity at the bed is zero.

8} wave amplitude is smaLL and wave form is invariant in

time and space.

9! waves axe two-dMensional.

The designer shoed examine Ne impact of these assumptions on
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The too hydtodpnesd,c coefficients, C snd C, ete earpiti-

cal coefficients that can be determined from pzevious recorded

data, modeL tests oz fuLL-scaLe Q.eld experiments, These two

values depend upon the dimensions of the piles, wave character-

i.sties, and the choice of weve theory. Published values for

these two coefficients show a lot of scatter.

Based. on the results of many investigators, CKRC  L977!

zecoaaminded the foll~~ guidelines for determinate.on of the

two coefficients.

Znettiel coefficients  C !:

when R <2.5X10-
e

2.5 - when 2.5X10 <R < 5X10e 5 5

5X10
{2. 8!

when. R > 5XL0 �.9!

Drag coefficient-  C !:

VaziatX.on of C wf.th Reynolds number is shown in Fig. 2.3.

En both cases, the coefficients are given as a function of the

Reynolds number, defied as:

�.10!

in which: R ~ Reynolds number
e

u ~ amd~ hozizontaL velocity at stilL water

Level

v ~ ~nagaeic viscosi~ of We fled

~ UKO ft /sec  9.3XLO m~/sec! ae. 20 C foz water

the problem and interpret the resuLts carefully for application

to actual design.
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~Q4Fy G y ~ggl
FD C py DE R

�. Ll!

�.L2!in which: F< ~ total horizontal inertial force on pile
K< ~ dimensionless parameter foz total inertial fozce
F> ~ total horizontal dzag force on piLe
K ddmenalonlaee parameter for total drag force

and the moments of these forces about the mudline can be ex-
pressed as:

�.13!
F- d Si

~ FD d S~
�. L4!in which: Ni

Si
aement of inertial force about the mudline

~ ~nsionlees pazaeated foz meetenC' of inertial
force

4 ~ distance between Ntill water Level and armiLine

Given the fine fields, diamnsions of the pile and the two
hydrodynamic coefficients, Equations 2.2 an8 2.3 can be used to
compete the inertial and drag fozces, respectively, at any Lo-
cation along the pile. The force distributions can be obtained
by successive applications of Equations 2-2 and 2.3 over the
entire Length of the pile.

The total inezti.al and drag force caeponents that act on
the pile can be obtained by Integration of Equations 2.2 and
2.3 along the whoLe Length of the member that is submerged un-
der water'. Assuming the erao hydzodymmmic coefficients to be
constant with depth, the total horizontal for'ce components can
be expressed as:-
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M moment of drag force about the mudline

S> ~ cBzaensionless parameter fox moment of drag force

Thus, dZS< and dXS> cd be considered as the eocmmt arms for tha
inertial and drag forces respectively.

The values oX the faux dimeasionless parsmeters Ki, g, Si

and S> are functions of the velocity and acceleration fields

of the wave-imbrued flaws. - Therefore, these parameters are di-

rectly related to t,he choice of wave theory. As the velocity

and acceleration fields will change as the wave propagates, the

parameters K<, K, S<, S  and thus F<, FD, M<, Q! will all
vary with time. However, fox design of individual piles, the

maxMma values of these components are of primary interest to

the designer-.

The mm~am values of the foxce and moment components can

be expressed as:

Fi ~ Q 7 ~ H Ki

Fa

M~ F. d S-

"rm FO d Sn

inertial force on pile

drag force on pile

anxdline because of in,-

ertial force component

maximum mament about. the %+@line because of

drag force component

in which: F . auuebnum total. horizontal

F~ ameLmm total horizontal

M. ata:~am moment about. the
Lm

�.13!

�.16!

�. 17!

�.18!



H' the inertial and drag force components are in phase  i.e.,

their maximum amplitudes occur at the same time}, the maxi~

force acting on a pile wi3.1 be the sum of the two values; other-

of the Mo components. The time Lag between these two quan-

tities depends upon the wave parameters and the choice of wave

theory. Zn the case of Airy wave theory, the force variations

are given as:

Fi ~ Fi sin 8

FD ~ F~ cos8 }cas8I

inwhich: 8 ~~- ~2~ 2vt

x horizontal coordinate axis in direction of wave

�.20!

proyagation  relative to wave crest!

Charts for determination of K~, K , S~ and S~ based
on Dean's stream function theory are shown in Figs. 2.4, 2.5,

2.6 and 2.7 respectively. The use of these figures requires

the determ~l.tion of the Chmmmionless water depth, �, andd

gT2
the degree of nonlinearity of the design wave. The degree of

nonlinearity is expressed by the ratio of design wave height

 H! to breaking wave hai ght  8 .!'. The breaking wave height can

be estimated from Fig. 2.8 using the brewing Limit line an the

graph.

As indicated above, the ~Mme inertial force may eat be

W phase with the maximum drag force and this prohibits the 1in-

addition of these evo quantities to obtain the maximum total

force. Ag~, based ok' str44L function theory, charts shown in

wise, the maximum total force will be somewhat less than the sum
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Figs. 2.9, 2.M, 2.ll and 2.12 can be employed to estimate the

am~mm total horizontal force associated. with wave-induced

flaws. The appropriate chart to be used is determined by the

~ensionless parameter, W, defined as:

and the mme~ total farce can be obtained from:

F ~4 yC K~0 �. 22!

where p is the coefficient read from the figure. Tn a similar

manner, the aml~ total mament about the mudline can be com-

puted from:

M ~a yC K 9 �.23!

where a is the coefficient given by Figs. 2.13, 2.14, 2.L5 and

2.16 using procedures similar to that adopted for dete~tnation
4

of 4 . Za mast cases, it is necessary to interpolate between

different figuzes to obtain the appropriate 4 and a factors.

2.1.2 Non-3reakin Waves on Groves of Vertical Piles

Piles aze oWen used in groups for coasta1 structures. Ef

the spacings between the piles axe large compared with the wave-

length, the existence of one pile wi11 have no inf1uence on the

others and each pile can be designed according to procedures de-

sczibed earlier. However, as the distance between the piles

gets smaller, the piles will influence one another by modifying

the flow pattern of waves around each pile. Nuga and Wilson

�970! have identified three ma/or influences associated w'th

g ore effects: sheltering, solidi&cation and synchronization.
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The effect of solidification is important only for pile

groups that consist of large diameter piles and the effect of

synchronization is significant only for cases whexe the piles

are flexible. Both of these effects wil1 not be described hexe.

A more detailed discussion of these two effects can be found,

in Raga and Vilson  L970!.

The effect of sheltering is illustxated in Fig. 2.17. The

upst earn pile  or other foxm of obstruction! increases the tur-

bulence intensity of the flax toward the 4mmstresm pile. This

leads to a lowering of the drag coefficient for the downstream

piLe, and the forces and moments acting on it may be substan-

tially reduced. -Correction factors to reduce wave loads an

piles in the sheltered regions have been developed  e.g.,

Chappeleaz, 1959! in 1ight of this effect. However, some au-

thorities  e.g., 3ewmark, 1956; Quinn, 1972! recommended that

this sheltering effect be disregarded in actual design. Zn

fact, i we design the piles to withstand. wave forces from all

possible directions, this shielding effect wi11 not play a sig-

nificant roLe except for members that are completely surrounded.

The stability of a pile-supported structure with respect

to wave forces is directly related. to the maxmsum total force

and moment that will be acting on the entire group of piles,

rather than that on individual piles. ~Ahen all these piles are

arranged in a row perpendicular to the direction of wEve propa-

gation, the maxQ~e total force am' moment foz the whole group

of piles cea. 5e obtained by summation of the max~ tota1 force

Wad eerNent ectinI oe each individual pile. ZgnorMg the shel-



Fig. 2.17 Shelter kg Effect

direction of
wave propagation

upst,ream
pile

urbuleo,ee
region

dava~ream
pile



43

taring effect, this procedure is also va3.id for piles that- are

spaced a whole number of wavelengths  L,2,3,4,....! apa t in the

direction of wave propagation. In all other cases, the maxi-

mum total force and moment that can be acting on a group of

piles will be smaller than the sum of tha maximum values of

each individual pile. This is because the maximum total for-

ces and aea3ants on each pile will not, occur at the sama time.

nevertheless, the t~ lag can be assumed to be negligible if

tha spacings between piles are small compared with the wave-

length. In that case, the summation of the maximum values for

each member will pzovida an approximate upper bound solution.

The procedures to compute tha m;Iximum wave force and mo-

ment on a group of piles are rather tedious and are demIonst. a-

ted, in the Appendix on Example Problems,

2.1.3 Mon-Breakin Waves on >~c3.ined Piles

The use oZ inclined piles  also called batter or raking

piles! is very common in the coastal zone, as they are more

effective in taking latera3. loads. Also, cross-bracing be-

tween vertical piles may also be zandcuiLy oriented through the

velocity and acceleration fields of the flows. Norison's equa-

tion has also bean widely used in this situation. However,

there is no ona wal3.-established, method. of evaluating the vari-

ables associated with this equation because the water par-'cle

kinematic vectors are ao longer perpendicular to tha member.

Several approaches have been adopted by the offshore industry.

A. r~ev of these approaches is given by Made and Dwyer Dg7g!,

The authors c"'tad a variation of at least 227 in forces and mo-



ments among the vaxious methods considered.

For piles that are oriented in the direction of wave propa-

gation, CZRC {1977! recommended that the foxce acting at any

arbitrary location on an inclined pile be taken as the horixon-

tal force acting on a fictitious vertical pile at the same lo-

cation, as illustrated in Fig. 2.l8. The Limits to which the

above reccnmendation ax'e valid have not yet been established,.

Nevertheless, it can serve as an approximation until more un-

to-date information is available.

2.1.4 Lift Forces on Vertica1. Piles

LgDw �.24!

in which: f� life fence pew cnic lengch of pile

Cl ~ lifo coefficienc

These forces act, in a direction that is perpendicular to both

the pile axis and the direction of wave propagation.

Fox' a flexible member, Laird.  l962! observed that if the

eddy shedding period is close to the natural period of vibration

of the pile, lift forces could be 4.5 times greater than &e

dx'ag forces based on the same velocity under steady ~iform

E.ow, The amplification is because of dynamic interaction be-

In addition to inertial forces that are initiated by watex

particle acceleration and drag forces that axe initiated by water

particle velocity, transverse forces may develop because of ed-

dies foxming alternately on each side of the piles. The nature

of these forces is not very well understood. AnaLogous to the

drag force, lift forces can be expressed as:



Fig. 2.18 Replacement of aa Inclined Pile by a Fictitious
Vertica1 Pile for the Calcu1ation of Have Forces



tween the member and waves. However, for rigid. piles, Laird dis-

covered that lift forces are of the same oxdex of magnitude as

the corresponding drag forces in uniform steady flow.

CKRC �977! indicated that, for xigid piles, the values of

dxag forces can be used as an upper lied.t fox' Lift foxces and

suggested the follcerlng ecpxation to estimate the mud~ value

of lift forces:

�.25!

in which: F~ maxizmm total lift force on pile

The 3.ift coefficient, C , is found to be dependent upon the

Carpenter number, ~T/0 where ~ is the average macianua hori-

zontal velocity over the submexged length of the pile. This is

shown in Pig. 2.19.

2.1.5 Breakin %aves on Vertical Piles

For waves breaking in deep water, CZRC �977! pointed. out

that wave forces can Ge predicted using the same procedures as

fox non-broken waves. The difference is that only the breQMg

wave Limit Line  K Q! in Figs. 2,4 thx'ough 2.16 wi11 be rele-

vant for this situation.

Breaking wave conditions are more common in shal1ow water.

As indicated earlier, the pxedominant wave force component in

shaLLow water results from drag and CZRC �977! suggested a

drag coefficient o f 1.75 for design. This recommendation is

based on experimentaL resuLts obtained by Hall �958! on smaLL-

scale modeL tests. The higher value of C is probably because

of dynamic effects izvrolved in waves breaking.
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2. 2 Currents

The natural phenomenon of current has been discussed by

Hubbell and Kulhawy �979!. Xt should be realized that direct

current action on piles may constitute only a small portion of

the total influence; consideration must also be given to its

effect on moored vessels or other floating oh!eats in the shore

area.

Current forces exerted oa piles can be expressed as:

�. 26!

The drag coefficient, C, can be obtained from Fig. 2.3 with a

knowledge of the Reynolds number  R !. Again, the lift forces

may be significant U' the pile is Q.exible and it vibrates un-

der the action of shedding- eddies.

Current velocity to be used in design is largely dependent

upon the topographic and meteorological conditions at the site.

T.t can be measured directly at the site with any appropriate

device. Xn cases where this information is not available,

Chellis Q.961! recommended a va1ue of abo~t 7 ft/sec � m/sec!

for ordinary design.

Zn cases where current and waves may exist together, it

is necessary to superimpose the current velocity with the water

particle velocity vectorially to ar ive at the total drag for-

ces acting on the member.

2.3 Ice

The characteristics af ice depend largely upon the c3.ima-

tic conditions at the site. Za sheltered waters where wave

action vill not be severe, ice 1oads may be a controlling Zac-
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tor in design. In cold regions, appreciable damage of watex-

front struc~es became of ice action has been reported.

The formation of ice may enlarge existing cracks in con-

cxet,e piles, and moving ice floes may cause severe abxasion of

pile suxfaces at the water level. In addition, axpsnsion of

water because of freezing in sn enclosed area can produce sta-

tic ice stress against a structure. A value of up to 30,000

psi �07 MN/m~! was cited by CZRC �977!.

Xn general, the two most comma forms of loadings associa-

ted with ice formation can be categorized into the following:

1! vertical loads resulting from ice grip

2! latexal loads resulting from Kce impact

Vertical loads on pres by ice are made possible by ice grip

on the member. Xn regions whexe the water level changes grad-

ually, this is not 1Qcely to occux. However, in areas where

ice forms undisturbed for a. long time, thick ice sheets may ad-

here to the piles and. a sudden rise of water level may result

in considerable uplift forces. Similarly, a sudden drop oZ wa-

ter 1evel will leave the ice hanging around the pile, resulting

in downdrag. of piles. Impact force Mom ice sheets is caused

by momentum of the moving ice blocks carried by wind or current.

These two forms of loadings caused by ice have been dis-

cussed by Hubbell and. Kulhawy �979!, who discuss appropriate

procedures to estimate the magnitude of these forces.

Eerthqm&ce», even tho~ they may occur infrequently, can

result in disast"ous destruc< on. Thus, earth's design must
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always be considered in an active seismic zone. Stronger earth-

quakes in the United States from historical times through 1970

are listed fn the following U.S. Department of Ccmanerce's �973!

publication: sartihgeake Rfatozy oz the Uhi ted statas . Further in-

formation can be obtained in the annuaL report: ~oaf states

z~~rcakee, published !ointly by the U.S. Department of Commerce

and U.S. Department of the Interior. A seismic risk map of the

United States is shown in Fig. 2.20. Xt should be noted that

earthquake design often leads to costly solutions which may

not be justifiable for smaLL-scale structures;. Therefore, the

consequences of an earthquake shouLd always be examined before

an analysis is performed.

The procedures for detemxihnation of earthquake loads on

retaining structures are outlined by Hubbell and Kulhawy �979!

using methods proposed by Seed and ~tmaxx �970! . This sec-

tion will dis.cuss some of the earthquake problems associated

with pile-supported structures. Xt should be emphasized that

earthquake analysis is a very complex dynamic problem and can

be a separate subject in itself; therefore only general guide-

1ines wi11 be provided here.

A11 structures have a natural period of vibration. Ia ac-

tive seismic zones, this period should be computed to avoid re-

sonance with the period caused by earthquake excitation. For

the case of a single pile, Chellis �961! presented the follow-

ing equation to estimate the natural period of vibration:

�.23!



Pig. 2.20 Seismic Risk Nay for Continenta1
United States  U.S. Department of
Commerce, 3.973!



in which: T

p

a
p

p
m

e

natural period of vibration

effective weight of pile

Young's modulus of pile material

moment of inertia of pile cross-section

length of pile down to point of apparent fixity

 see Section 6.2!

cf ~ coefficient depending on end. restzaint condi-

tion of pile

~ 0.18 for &all fixity at bottom and no restraint

at top

0.09 for full fixity at both top and bottom

 see Section 6.2 for details on end, conditions!

For a group of piles, the following equation is suggested:

�. 24!

Xt is beLieved  Challis, 1961! that resonance wi11 not be a

problem under normal earthquake conditions if the natural per-

i,od of vibration of the structure is Rept above 2 seconds.

An earthquake consists of horizontal and vertical ground

mot" ons. The veztical motion is of amxch small.er magnitude than

the horizontal motion and. is usually neglected. in design. The

hozizonta1 motion will give rise to latera1 forces acting an

the structure, the magnitude of which depends upon the stiSS-

ness, inertial and damp~kg characteristics oS the system, and

the size of the earthquake.

The Stzuctu al Kng neers Association of Califoznia  SKAOC!

si~U.Sies the seismic response of structures and recommends
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the follm~g equation to estimate the magnitude of horizontaL

excitation forces during an earthquake  Qegeakolb, 1970!;

P K+ C 0T �.25!

in which: P horizontaL excitation force
e

K+ coefficient to indicate capacity of structure

to absorb energy  may vary from 0.67 to 3.00!

C ~ seismic coefficient

Q<" total effective weight of structure

The deveLopment of the SKAOC equation is based on the idea that

as the ground under the structure moves, the inertia of the

structure wilL tend to resist this movement, as ilLustrated in

Fig. 2. 2L.

Xt should be noted that methods outLined in this section

may have severe Limitations in assessing the seismic re'spanse

of structures. Many of relevant parameters have been omitted

in the development of the equations. Therefore, the results

should be interpreted carefuLLy.

2.S Shiv act

Direct ship impact with docks or piers is undesirable and

same forms of protective device should be used to absorb the

energy of impact. Fender piles are often employed for this pur-

pose sMce they are relatively cheap and easy to replace. Thus,

ship impact constitutes one of the most influential factors for

design of fender piles,

Unlike other types of loading, ship impact forces are. not



groumi mation

Fig. 2.21 Forces Developed by Earthquakes



natural phenomenon. Although it may not be avoided,, it can be

controlled to some degree. The magnitude of the foxce is a

function of the veXght of the vessel  including any load that

it may carry!, the speed at impact and. the energy-absorbing

capability of the system.

The speed at, impact is determined by the ski1L of the pi-

lot as well as the meteorological and oceanographic conditions.

~an �972! suggested an impact speed of 0.2S to 0.50 ft/sec,

{0.076 to 0.152 m/sec! for design. The energy-absorbing ca-

impact force can be given as:

p 1  km !v z
S �. 263

in which: P ~ ship impact force
s

k energy-absorbing coef f icient

m ~ mass of ship  incl~~ 1oad if appU.cable!

v speed. of ship at impact

y ~ deflection of pile

The energy-absorbing coefficient, k, is used. to account for the

fact that not a11 the energy is imparted to the pile; kinematic

enexgy is also absorbed through defoxmation of the ship hu1L,

deformation of the ground, rebound of the ship, etc..  Iuixm

�972! recmamended. a k vg3.ue of 0.5 for design.

pability of the system depends largely upon the degree of ri.-

gidity of the pile. A rigid pile vill undergo small deflection

and result in a,large magnitude of impact force. Camrersely,

a flex'ble pile vill experience larger deflection vith smaller

impact force. Based. an the energy conservation ecpxation, the
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2. 6 Summar g

Various forms of loadings that can affect pile-supported

structures & the coaital regime have been described. Most of

these Loads are prochxced by the enviroament and therefore they

AU. fluctuate with time. This point has been ignored snd, it

is assumed that these dynamic loads can be represented by their

static equivalents. The validity of such assumptions has been

discussed at the beginning of the chapter.

Procedures for evaluation of waves, currents, ice, earth-

tpxakes snd ship impact loads on piles are outlined. The direct

effects of. forces resulting from wind, tides, etc., are Likely

to be small, but' their interaction with other forms of loadings

should not be ignored. As the final cost of the structure is

directly related to the magnitude of the design loads, good.

judgment angst be exercised in the selection of these load values,

The meeent of ~uence of all forms of loadi.ngs depends

largely upon the site conditions. Xn well-protected areas where

most oZ the Loads can be attenuated, the design Load may be sub-

stantially reduced Protection'can be natural or max'-made.

Natural protection {e. g., sheltered bays! is provided by the

topographic features at the site and may be available by s care-

ful evaluation of various selected sites. Km-made protection

 e. g., breakwaters, ice breakers! is constructed to suit site

conditions and specific requirements. The resulting benefits

should at Least offset the cast required to set uy the protec-

tive device.

finally, it shou3.d be emphasized that the forces act'ng on



57

a structure depend not only on the sources of loadings; in-

stead, they are functions of both the sources of loadings and

the structure itself. Modiff.cation of the structural orienta-

tf.on end/or configuration may very often change the magni.tude

oZ the loads. Therefore, diHerent options should be constant-

ly exam~ed. in the deeiga. phase.



DESXQH OF PILES FOR COMPRESSIVE LOADS

Compressive forces are exerted by the weight of the struc-

ture, which includes the weight of pilings, decks, stiffeners,

connectors and other attachments that will remain throughout .

the life of the structure. Za cases where the structure is par-

tial!.y submerged in water, the buoyancy force for the submerged

portion should be deducted fram the total dead load to obtain

the net compressive force.

For structures such as docks or piers, it is also neces-

sary to include live loads  e.g-., movable equipment, human oc-

cupants, vehicles! in design. The magnitude of the live loads

depends upon the use of the structure and the amount of traffic

anticipated. ~~ values are often prescribed by local

building codes.

Xa addition to the dead and Live loads mentioned abave,

conside ation must also be given to installation loads during

the construction stage, especially if the use of heavy construc-

tion equipment is necessary.

3.1 U1timate Ca aci of Si le Piles

The ultimate load on a pile is defined as the load that

causes failure of either the pile or the soil. Under most cir-

cumstances, this is governed by soil failure, unless the pile

founded on dense sand or rock. The following discussions

vill be Limited to cases ~%ere fa Lure of soil is the critical

failure mde. Kowever, the structural capacity of the pile
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should always be checked  See Sections 6.2 and 6.3.!,

The detexmination of the ultimata axial capacity of single

piles gives us sn estimation on the maxizmm load a pile can cax'-

xy for a given depth of embedment, or restated in another way,

it provides a method by which we can detective the depth of

penetration re~ed for a particular job Evaluation of com-

pressive load capacity is required fox the design of pile foun-

dations. Hawever, one should realize that the design of any

foundation may be govezned. by settlement  although raxe for the

case of deep foundations!, as well as bearing capacity. Dis-

cussions on pile settlements will be pxesented in Section 3.3.

Computation of u1timate axial capacity i.s difficult, main-

ly because of the Large numbers of parameters involved and the

uncertainties associated with these parameters. Moreover, in-

stallation of piles altexs the soil pzopexties to sn extent

that may differ- considerably from the original ground condi;

tions.

The ultimate meLal load capacity of a single pile is de-

texmined at least by the folLowing factors:

1! in-sim properties of the soil mass

2} dimensions and material properties of the pile

3! methods of installation

4! 3.oading conditions

5! time effects

The extent to which these factors influence the final capacity

is a function of the size of th» pile end the gxoun4 condieLons.

For small scale construction work, the method of installation
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is probably the most important consideration that can influence

the ultimate capacity. Therefore, the person that supervises

the instalLatioa process should have a sound understanding of

the assumptions made in the design phase.

For design, purposes, the u1eimate capacity of deep faua-

dations under compressive LoacKng is conventionally separated

into two components:

1! shaft resistance or skin friction

2! point resistance or base resistance

QtsQ +Q -W «fA +qA -W �. 1!

im which: 0 - ~ ultimate compressive load

g ultimate shaft resistance
S

Q ultimata point tasistsnoa

net veight of pile - weight of pile � hydro-
l

static uplift

~ average ultimate shaft resistance per unit area
S

~ average ultimate point resistance per unit area

~ area of pile shaft embedded in soil

~ area of pile point ox tip
A A

The value of 0 is usually saba?l compared with Q t and theze-
p

fore is often disregarded ~m Zquation 3.1. Methods to evaluate

f and q vill be presented later. The areas of the pile shaft

ahd pile point are given reryectively as:

A free-body diagram of an axiaXLy loaded pile is shown in Fig.

3.1. Xn algebzaic form, the ultimate compressive load that can

be carried by the pile-soil system is given as:



Fig-. 3.1 FreeWody Diagram of a Pi1e under Compressive
Load.s
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A tr f< D dx e D L for a const:ant cross-section �.2!L
S

~ D'/4
P

in which: L ~ length of embedment of pile

D diameter of pile

The allowable compressive Load can be computed from the

following:

� ~!Mt/~s

in which- Q~l allowable compressive 1oad

ZS factor of safety

Based. on the mechanism of Load transfer, piles can be

classified into two types: 1! piles that transmit the major

portion of the surface Loads to the subsoil through shaft re-

sistance are called friction piles and, 2! pi1es that derive

their load capacities primarily from point resistance are re-

ferred to as end-bearing piles.

It should be noted that Equation 3.1 assumes the shaft re-

sistance and point resistance to be independent of one another.

This is not true in reality. The shaft and point resistances

are not mobilized simuleNeously, PiLe movement required ta

mobilice shaft resistance is arotexd l/4 to 1/2 inch �.4 to

The choice of the factor of safety should reflect our confidence

in the parameters involved in t: he design process. It also de-

pends upon the nature of the project and the financial lass in

case of failure. A fact, or of safety that ranges from 3 to 4 is

generally used for designing piles under compressive Loadings,

when subsurface information is reasonably well-known.
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12.7 mm!, while a displacement on the order of 0.08 to 0.10 3

is normally needed to mobi.lize the point resistance for driven

piles {Rzrphy, 1974! . Therefore, in general, ultimate point

resistance will not be «bsvelopad until after the ultimata shaft

resistance is fully mobilized  Fig. 3.2! . Eawevar, for design

purposes, our main concern is in tha total value of ultimate

Load.

Although methodologies to evaluate the ultimata Load ca-

pacities of piles classify tha soil material into clay and sand,

tha behavior of these era materials are the saba in principle.

The difference lies in the critical condition vith respect to

drainage that each material vill experience under load. Drained

 long-term! conditions will normally govern for cohesionlass

soi1s, vhila undrained  short texDl! conditions normaLLy are the

'critical mode of failure for normally consolidated and lightly

overconsolidated cohesive. materials  For more information, sea

Sections 3.3 and 8.7.!. Xa reality, procedures used to determine

ultimate load capacities for piles in clay axe also applicable

to sand and vice versa. The appropriate choice of method de-

pends upon tha conditions present.

Since Large numbers of technical papers have reported pile

capacities on the basi.s of clay  undrained! and sand  draineG!

materials, the follawing discussions wiLL be broadly separated

&to these two categories. Xn many practical situations, the

sail profILe is LikaLy to contain bath clay and sand Layers.

Im that ease, tha appropriate pMsmacare aml. approaches can be

us44 fox each WycL- to obtain tha ultimate capacity for the
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Fig. 3 ~ 2 Relative Novernant for Mobilization of Point.
and Shaft Resistances
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whole pile.

In the discussions that. follow, the Loading conditions are

assumed to be static and Long-term. D~mxkc and. transient

Loadings on piles are beyond the scope of this study.

3.1.1 P~il 'Cl

For piles driven in normally consolidated and light.ly over-

consolidated clays  contractive soils!, undrained Loading is

generally considered as the critical mode of failure. On the

other hand, for piles driven in heavily overcoasolidated, clays

 dilative soils!, the drained. case is believed to govern the

design.

The type of- clay that we frecpxmtly encounter in the coas-

tal regime is normally consolidated, although overconsolidated

clay may be found in regions that have been subjected to a

great deal of erosion or that have been preloaded.

Zn general, for piles- driven entirely into clay, point re-

sistance is small as compared with shaft resistance and the dis-

placement required t.o mobilize shaft resistance is smaller than

that re~red to mobilize point resistance. This is especially

the case for small diameter piles driven into soft clay. There-

fore, point resistance is sometimes omitted in the design of

pile foundations in clays.

Three major approaches have been proposed to estimat,e the

compressive load. capacity of piles in clays: a-method, 8-method

act A-method. The c-method uses parameters associated with un-

4r~ed Loacg@g and. Wm is often called a total stress ay-

QMact. The 5-method is based CN, 4t'ained parameters and is
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. sometimes called an effective stress approach. The X-method

was developed on the basis of soil stress 'theory for the un-

drained case. Each of these three methods will be described.

The mand X-methods are 1ar ely based on empiricism in which

the coefficients a and X were back-calculated from load test

results. The 8-method has some theoretical basis since the 8-

3. 1. 1. 1 a-method

This method has been widely used to compute the compres-

sive load capacity of piles in clay. It considers failure un-

der uadrained conditions to be the critical mode of failure and

thus parameters -associated with undrained loading are used.

For this case, the unit point resistance can be computed from:

q N c �. 5!

in which: N bearing capacity factor with respect to cohesion

c undrained shear strength of the soil

and the average shaft resistance per ~t area is given as:

�. 6!~ c
S C

in which: c pile-soil adhesion per unit area
0

The determination of the ultimate point resistance in-

volves the evaluation of 8, c and A, where the parametersc' u p'

ara defamed earlier. A ie directly related tc tne gaome~

of the pile and c can be measured in the field or laboratory.

These two quantities can be obtained with ao great difficulties

For the determination of N, Neyerhof �951! derived the fol-

lowing eauation-

coefficient can be computed directly from basic soil parameters.
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N y   in p  E /c ! + l. 75 !
4-

�. 7!

clays with plasticity index, less than 3K are 3.arger than 400.

This corresponds to a N va3.ue of gx'eater than 9. Thexefore,

the use of N apm1 to 9 sets a Lower 3.imit for the point re-
c

sistance. They a3.so pointed out that E gc wou3.d decrease with
u

increasing overconsolidation ratio and increasing plasticity

index. For heavily overconsolidated c3.ays, it is possible that

N may go down to as low as 5 or 6.

At present, the va3.ue of N that has been widely accepted
c

in practice is 9, although values between 5 and 25 have been

suggested,. Meyerhof's ecpxation is not widely used because of

difficulty in evaluation of the undrained Young's modulus of

soils. 8esides, the point resistance constitutes onLy a small

portion oS the ultimate load capacity, so prediction of point

resistance assuming a N value of 9 will provide sufficient ac-

curacy for most practical purposes. Za fact, a H value of 9
c

in noxmally consolidated clays has been confirmed by full sca3.s

Load, tests carried out by Clark and Meyerhof �.973! .

The adhesion parameter, c�, in Equation 3.6 indicates how

well the pile and soil adhere together. its value depends upon

a nagger af factoxs, which include the pile materiai, soil pzo-

p~es and method of ~taL1sMen. The heat way to determine

c is free. full scaM yike-lee@ tests; however, this normally
0

in which: E ~ undmLined Young's amdulus of soil

As reported by D'Appolonia, et al. �971!, values of E /c for

many types of normally coxLsolidated and lightly overconsolidated



is not, economically feasible for small-scale structures. Em-

pirical values or past data aze often used. Numerous attempts

have been made to correlate c to c, the undrained shear

s«rength of soil, and therefore, c is often expressed as:

C ~tx C

in which: e ~ adhesion coefficient

Vesih  l967} presented a summary of the relationship be-

tween c and c based on the work on many- investigators  Fig.

3.3!. The figure includes values for both driven and bored

piles. R.s results indicated that a is consistent and is ap-

pzomLmately equal to one for soft clay with an undrained shear

strength of less than 1000 psf �8 kN/m~!. Qn the othez hand,

the values of e for stiff clay are scattered with values that

go down to as low as 0.3.

As illustrated by Vesik's results  Fig. 3.3!, it is not

surprising that «here has been little disagreement an the use

of a equal to-one for soft clay with an undrained shear

strength of less than 1000 psf  .48 Mf/m~!. However, the choice

of e for stiff clay is not as clear. McClelLand  L974! com-

piled the recommendations made by several investigators Zoz

driven piles in clays and this is shown in Pig. 3.4.

Although the recommended values of c for stiff clay vary,

there is a- gene al tzend of a decrease in a with increasing

shear strength of the soil. This phenomenon, as well as the

large scatter of data for stiff clay, may be explained by «he

~s texlce 0 f ~tural f is sures Codex' in sicLl conditions oz
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formations of cracks caused by pile driving.

Tomlinson I,'1977! attributed the scattering of e far stiff

clay to soil strata overlying the stiff clay layer and sugges-

ted the c-values given in Fig. 3.5. Two af the notable fea-

tures in Tomlinson's proposal ax:e:that it takes into account

the effect of length/diameter ratio snd the effect af the se-

quence of soil layers through wM.ch the pres pass.

3. 1. 1. 2 {3-method

For long-term conditions in which the excess pore-water

pressure induced by installation and loading of the piles is

negligible compared vith the effective overburden stress, the

ultimate axial capacity of a pile may be expressed in terms af

effective stress parsmeters. This drained condition may very

well be the cri.tical case for piles driven into heavU.y over-

consolidated clays.

Chandler �968! described. very clearly this effective

stress approach. for obtaining the ultimate capacity. He sug-

gested that the horizontal effective stresses in the ground

may control the magnitude of shaft resistance if the rate of

loading is slav enough to ensure that drained conditions exist

along the pile shaft. These conditions, according to him, csn

be met in maintained load tests and in long-term, in-service

conditions. To be consistent with the implicit assumption that

Chained conditions govern, the unit point resistance for this

approach should be computed as for sands and the average shaft

resistance per unit area is +>en as:
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in which: c ~ effective cohesion 0

K ~ horizontal stress coefficient

e ~ effective vertical stress

~ angle of friction between pile snd soil

Burland �973! advocated that. this effective stress ap-

proach is apylicabLe Sor all design cases. He suggested that,

at the pile-soil interface, the rate of cU.ssiyation of excess

pore water pressure can be so rapid. that undrained conditions

are almost non-existent. The assumptions of this effective

stress approach, as stated Xn Burland's payer, are given as

follows:

L! before loading, the excess pore water stress set up

during installation is essentially dissipated.

2! the zone of disturbance around the shaft is relatively

narrow and loading takes p1ace under drained condi-

3} the soil has no effective cohesion because of remold-

ing during installation.

4! the horizontal stress is proportional to the vertical

effective overburden stress.

Adopting Chandler'' s �968! procedures, Borland �973! ex-

pressed Ecpxation 3.10 in the form:

�. 11!

in which; 8 ~ skin friction coefficient ~ K tan 6

magnitu4e of the horizontal stress coefficient, K, de-

yends egoe. ~ y~yerties oZ the soil and the method of instal-

Wtion. Tc she+id be slightly 1arger then the soil stress co-



-efficient at zest  K ! for small displacemmt pi.les  e,g., H

pile, pipe pile! and may appzoach the passive soil stress co-

efficient  K ! for large displaceaent giles. Since the evalua-

tion of K is vezy difficult, Burland �973! suggested the use

of K equal to K to establish a Lower Limi.t on shaft. resistance.

For nozmally consolidated clays, K can be estimated fram Joky's
0

expression:

K ~ 1 -.sin 7
o

in which: K ~ soil stress coefficient at zest

~ effective ingle of internal friction of soil

Zzz zeali.ty, the angle of friction between the pile and

the soil is Likely to be Less chan the drained angle of inter-

nal friction of soil  except for rough concrete piles!. Hcm-

ever, it can be assumed that failure takes place in the ze-

molded soil close to the pile shaft instead of along the pile-

soi.1 interface, so that 6 may be taken as 7  Tamlinson, 1971!.

By setting K ~ K and 6 ~ p, Buzlsnd �973! noted that, the

values of 8 vary- only between narrow Limits for a wide range of

 Fig. 3.6!. For typical values of p that range from 20' to

30', 8 Lies only between 0.24 and 0.29. This agrees with val-

ues of 8 back-calculated from Load test results on piles driven

in normally consolidated clays  Fig. 3.7!. The 8 values from

these tests range fram 0.25 to 0.4 with an average value of

about 0.32. Burlsnd recommended the use of 0.3 for S in design.

~ iepeztant finding impU.as that the shaft resistance is de-

te~ed. L~Ly by the shaft area and the effective veztical

s~s «1m' the pile shaft.



Fig. 3.6 Vaziation of l3 with 8  Burland, 1973!

0-8

0-8

0-2

0

15 20 30 35 40



76



77

For stiff overconsoLidated clay, Equation 3.12 does not

apply and difficulty- Lies in estimating the value of soil

stress coefficient at rest, K . Meyerhof �976! suggested that

K can be roughly estimated from the following expression:

K ~ � - sin 7! v5K

in which: OCR ~ overconsolidation ratio

The validity of Equation 3.13 has been verified by FLaate

and Selnes  L977!. They demonstrated that the correction fac-

tor ARK applied to overconsolidated clay does give results that

are similar to those for normaLLy consolidated clay. This is

shown in Fig. 3.8.

3.1.1.3 X-method

Vi!ayvergiya and Focht  l972! presented an aLternative ap-

f X  a +2c! �. 14!

> ~ adhesion coefficient

The X-coefficient was determ"'ned from 47 load tests on

steel pipe piles s~aaxized by the invest gators. Zt is given

as a fust" on of depth of pile penetration  Fig. 3.9!,

proach to evaluate the pile capacity in cohesive soils. Based,

on the classical Raxdcine passive soil stress theory for undrained

conditions, they evaluated. the shaft resistance of piles using

the effective vertical stress as weLL as the undrained shear

strength. These parameters were related to the shaft resistance

through an empiricaLLy determined coefficient, 3 . Using this

method, the point resistance any be computed in the same ~ay

as the a-method and. the average shaft resistance per un'.t area

is expressed as:
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One distinct feature of «he X-method is that it indicates

the possibility of decreasing shaft resistance with increasing

pile length. This is confXzmed by Meyerhof 's �976! finding

that' 8 may decrease with increasing pile penetration.

The A-approach has been qxestioned by sevezal ixvrestiga-

tozs. Flaate- and Selnes �977! reported that the X-method gen-

erally overestimates the shaft resistance sncL the cozrelation

is poor  Fig. 3.10! . Esrig and Ribby �979! argued that the

data base used to detezmine the coefficient X may be biased.

They pointed out that the data from shozt piles are generally

piles that are driven into stiff ovezconsolidated clay, while

the Mta from very long piles are generally pU.es that are

drivm into soft clay.

This method has been widely used by the offshore industry

to pz'edict the Load capacities of heavily-loaded steel pipe

piles. T.t should be zeal.ized that although the Rankle theory

can be rigorously derived, the X-method itself is purely empiri-

cal. Rax&~e theozy is applicable only for plane stzain cases

 .e.g., Long retaining structures! and its use for cixcular

shafts does not have any theoretical justification.

3.L.Z. Piles in Sand

3ecause of the fast rata of excess poze water stzess dis--

sipation, piles driven in sand are dominated by drained condi-

tions and drained parameters are to be used in the analysis.

Unlike piles embedded in clay, the point resistance may have an

appreciable value and should not be omitted in desiwn.

For- the d aimed case, the unit point resistsnce can be ex-
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pressed as:

in which: I be~a capacity factor with respect to over-

burden stress

e ~ affective vertical stress at the pile point

and tha average shaft reeistsnca per unit area can be complected

from:

Ke tsn 6 �.16!

Based om the assumption that the soil is a perfectly plas-

tic matMM, a wide scatter of N variations have been pro-

posed by various authorities g'ig. 3.11! . Of the solutions

results and suggested N values given in Ffg. 3.12.

8eyexhof �976! suggested tha use of an upper Limit value

for unit point resistance below the critical depth Q. !. The

uzi.t point resistance should then be expressed as:

�. 17!g~N a <q<

in which: q ~ Vomiting value om unit point resistance below

the critical depth for piles in sand

According to Meyerhof �976!, the critical depth ratio can be

estimated from Fig, 3.13. Equation 3.15 is applicable only for

piles with Laas thm c, whare L is the critical d.epth. Be-
5 c

yond the critical <hapth ratio, g may ba taken as q<, which is
P

c~Mnt with depth and equal to tha value of q at c.

shown in Fig. 3.11, that of Berezsntzev, et al. �961! is con-

sf.dered to ba most reliahle QIorcU.und, 1963; Vesib, 1.965;

Tomlinson, 1977!. Tomlinson �977! refined Barezantzev, et al.'s
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Fig. 3.13 Bearing Capacity Factors and Critical Depth
Ratios f' or Driven Piles  Neyerhof, 1976!



Vesih �977! too|c. a different view and expressed the point

resi,stance of pile foundations in sand in terms of the mean

normal effective stress rather than the vertical effective

stress. This is given as:

«N e �. 18!

in which: N bearQxg capacity factor with respect to mean

norma1 effective stress

1+2Ke «mean normal effective stress «o�
VP

By considering the expansion of a sphericaL cavity in an in-

finite sail mass, Vesik 0.977! derived values of N taking into

account the effect of campressibility of the soil and the vol-

ume chsnges of the soil mass. The mass is assumed to behave

as an ideal elastic-plastic soU.d,

The compressibility of the soil is expressed in terms of

a rigidity index, Z, given as;

�. 19!

in which: Q shear modulus of soil
S

Vesib �977! compiled typical values af rigidity index for dif-

ferent soil types and these are shown in TabLe 3.1. ln general,

the stiffer the soil, the higher will be the value o the rigid-

ity index.

Vesil  l971! defined the volume change of the sand mass

to be the average volumetric strain at failure in the plastic

cane ma~~dXz+ the ~ of the foundation  Fig. 3,14! . He

introduced a ~L~ chsnge factor, Q, which is defined as:



TYPICAL VALUES OF ACIDITY NMX, I.

 L! soolf5 4Rl4 slits

� ! cl4/0  Q042'~ cozLCET'~ !

~ox m oonsoLXda~

Table 3 1 Typical Values of Rigidity la.dex
 Vesic, 1977!



Fig. 3.14 Assumed Fai1ure Pattern under Pife
Point  Vesic, 1977!
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1
v 1+2'

in which: Q ~ volume change factor

~ average volumetric strain in the plastic zone

{3. 20!

at failure

The corrected rigidity index, I , that takes into account the

effect of volume. chsnge is then given as:

�.21!

in which: I reduced rigidity index

Xn the case of ao volume change  undrained condition! . Kv

can be taken as one and X will then be equal to Zr'

The vaz~tKon of N with Z snd p is shown in Fig. 3.15.

The plot indicates that the rigidity index is as significant

as the angle of internaL friction in the determination of N

Although Vesik �977! did aot mention the existence of a

criticaL. depth, the increase in a with depth will lead, to a
0

reduction in N and it is possibLe that the unit point resis-

tance may reach a Liad.ting value.

He pointed out that the effective vertical stress reaches a

Limiting value ac a depth of about 10 dismeters for very Loose

sand to about 20 dismeters for very dense sand. AccordingLy,

the point and shaft resistances will reach a peak value at

these depths. An illustration of the variation of unit point

and shaft resistances with depth is shown m Fig, 3.16. Vesid

�965! attributed this behavior to the efiect of arching in the

Et has been reported by Vesil {1965! that = and cr

Equations 3.15 and 3.16 cannot increase indefinitely with depth.
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F ig. 3 ~ 1 6a Variation of Point Resistance with P ile
Length {Vesic, 1965!

Fig. 3.165 Variation of Sha t Resistance with Pile
Length  Vesic, 1965!
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sand above the pile tiy. However, subsequent research does nat

seem to support this concept. At present, this- is still a de-

batable question. Ho solid evidence can be found either for or

against this effect. Xn spite af this, the idea af a limiting

value of vertical effective stress is still extensively used

in practice because it is an the conservative side.

Values of K and 6, as used in Equation 3.L6,. have been

suggested by Broms �966!. This is shown in Table 3,2.

tn the case of a tayezed pile, an increase in shaft, re-

sistance should be anticipated. The method to evaluate the

ultimate load capacity of tapered piles in sands will not be

described here.. However, the reader can refer to the woM of

Hozdlund �963! for yrocechxres ta estimate the ultimate com-

pressive capacity of tapered piles.

3.2 Ultimate Ca aci of Pile Gra s

Piles are camaonly used in groups, with spacings af a fee

diameters apart.. Lance the design of a single pile, the design

of a pile group must. conform to twa basic criteria: bearing

capacity and settlement. Evaluation of group bearing capacity

will be discussed in this section and group settlement will be

presented in Section 3.3.

The: methads for estimation of single pile load capacity

have been presented earlier. Determinatian of the load carry-

ing capacity of a pile group requires an estimation of single

pile capacity, together with a gMghent an the effect oS inter-

action be~eel piles in a grouy.

~e ~t~te capacity of a g ovy of piles which derive
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Table 3.2 Values of K and 5 for Piles in Sand
 Brams, 1966!





m number of piles in a raw

s ~ center to center spacing of piles

2! Peld's rule

The calculated load capacity of each pile in a group is

reduced by 1/16 for each ad!acent pile around it end ao

cansideration is made to pile spacing or pile diameter.

A more comprehensive review- of these-empirical formulae can be

found in Chellis �961!. These empirical formulae are mainly

related to the geometry of the group with no consideratian

given to the physical properties of the soil or the length

af piles embedded. Za fact, Chellis �961! showed great varia-

tions in rl for a given pil'e group using various empirical for-

mulae. These formulae may be misleading and may not be ap-

plicable to all types of design conditions. However, they can

provide a quick estate on pile group efficiency and may serve

as a check. Results fram model tests carried aut by T4Mtaker

�957! end Sowers, et al. �961! seem to favor the Converse-

Labarre efficiency equation.

Besides the use of empirical formulae, model tests have

been conducted by various investXgatars ta determine the group

efficiency factors of pile groups in clays. de Hello �969!

sumnarized the works fram MM.taker  L957!, Saffery and Tate

�961} and Sawers, et al. t'.1961! and this is reproduced in

Fig. 3. l7. The figure includes results far free-stanching pile

groups of 2x2 to 9x9 piles with. lengths 12D to 48D, Fram the

figure, it can be seen t~t for spacings caelootQ,y uied in prac-

tice t'.2D ta 49!, q is ea the order of 0.7 to 0.9 m.d. that high-
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sr efficiency factors occur- for laxger spacings, piles having

smaller length/&azaeter ratios and pile gxoups having the

smallest number of piles.

One of the most widely used methods to estimate group

load capacity is that proposed by Terzaghi and Peck Q967! .

They suggested that. the group capacity is the lessex of:

1! the sum of the u1tisLate capacities of individual piles

in the group

2! the ultimate capacity of the block defined by the

4xterior piles in the group

For a block with plan dimension B X L, the block capacity cang g'

be expressed as:

B L c~1% + 2L  B +L !c �. 24!

The concept of block failure is furthex depicted in Fig, 3.18.

These tNo types of failure have bern. confirmed by Qhitaker

�957!, who demonstrated that fox any pile group, there is a

critical value of spacing below which failure occurs as if the

whole block of piles acts as a very large foundation.

3.2.2 G~!. S d

UnlX3re pile pecans in clays, pile groups Xn sands may have

an efficiency factor less than or exceeding unity, depending on

the relative density of the sand, mass, pile roughness and spac-

ings of piles in the group. Rhea groups oZ piles are driven

into loose sand, the soil around the piles becomes highly com-

pactsd. M the pile spacini is clohe enough, this will increase

the fri.ct oaal resistance Wang the pi3.e shafts and. hence the

ult~te greej capacf.~ -eey exceed the sum oX Mc~te c4paci-
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ties of individuaL piles. Qn the other hand, if the sand is

so dense that the sand particLes will dilate instead of under-

go compaction, group efficiency may then be less then unity.

Za all cases, group efficiency wi11 approach LO C if the piles

are spaced far enough apart, i.e., group effects wilL be mini-

mized.

Lo  ,1967! provided a summary on pile group efficiency ver-

sus pile spacings, which is shown in Pig. 3,19, The data con-

firm that piles driven into dense sand may have sn efficiency

less thsn one. E'uxWermore, it csn be seen that piles driven

into Loose sand reach the mmdmuIL efficiency at a spacing of

about two pile dXseeters. This msxtzIum efficiency ran.ges be-

tween l. 8 to 2. 2.

A, rather cmtensive izrvestigation on the behavior of pile

groups in sand was conducted by Vesid  .1969! . He carried out

a series of tests with 4--in-dismeter Q02 mm}, 60-in-long �.5

m! piles in four- and nine-pile groups, with sad without caps,

in sand. Two types of artificial sand deposits were used:

1! homogeneous, medi~ dense with. relative density of about 65K

2! two-Layer mass, consisting of an upper stratum of loose sand

 relative density ~ 20'X!, underlain by a stratum of dense sand

 relative density ~ 807!.- Some of his test results are shown

in Fig. 3.20. The test results indicate that grouping has

practically no effect on ultimate point resistance, As shown

in the figure, the point resistance efficiency remains constant

at. unity, imdepeudenC of eyacMg. Oa the other hand, Vaska de-

teated * significant increase of ult~te shaft resistance when
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piles are placed in a grcNxp. Consequently, Vesii's finding

does not support the idea that pile groups in sand can be ana-

lyzed through a comparison between. individual pile fat.lure ver-

sus block failure. Nevertheless, be pointed. out that the pro-

cedures can be used reasonably well with respect to ultimate

shaf t resi,stance.

ks can be seen from Pig. 3.20, pile caps that sit on the

surface of the soil csn contribute significantly to the ulti-

mate capacity of the group, partf.cularly Ln the case of smaller,

four-pile groups. Kishida and Meyerhof �965! have suggested

that, the contribution of pile cap to the ultimate capacity of

a pile group in. sand should be evaluated based on the outer

zha. of the cap contact area Cshaded area in Fig. 3,21! if block

failure dominates or the sntMe contact area if piles fai1 in-

dividualLy. Emmver, Vesil {1969! showed. that the idea that

only the outer zixa of the cap contact area contributes to the

ultimate capacity of a group applies equal1y well for both sit-

uations. Comparisons between back-calculated and, theoretica1

values of the surface bearing capacity factor, H, showed, good.
v

agreement. However, if erosion or settlement of sail und.ez-

neath the cap is anticipated, it is not a good, idea to count

on this increased capacity in design.

3.3 Settlement Anal sis

Xt is well known that the total d.efoxmation of a soil mass

under load, does not occur instsntsneous3.y; instead it is a time-

dependent process that may extend. ever led periecke of t~.

typical ~-eettl~t p3.ot m~ illustratei scheeeeica11y in
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Fig. 3.22. Three components of settlement can be identified

on thi.s plot:

1! immediate settlement

2! consolidation settlement

3! secondary settlement

Immediate settlement is the portion of the settlement that oc-

curs "instantaneously" under the application of load. This

arises from elastic compression of solids and water as well as

aLr compression  if the soU, is partially saturated! . Consoli-

dation settlement results from the dissipation of excess pore

water stress and the consequent increase in effective stress.

Xt is essentia13.y completed vhen the excess pore eater stress

is completely dissipated  tripp on the curve!. The final phase

is secondary settlement, ~hich is from the plastic deformation

of solid particles and rupture of interparticle bonds. The

relative magnitude of these three components of settlement vary

over a &de range, depending upon the soil type, soil condition

and the form of loadiag. Qeaeral settlement behavior is dis-

cussed in detail in numerous textbooks on soil mechanics  e.g.,

Tsrzaghf and Peck, l967; Scars, 19~9' Vu, l976! . 3ased on.

elasticity solutions, Poulos and Davis �968! chmczmtratsd that

for pile foundations, Qmmediats settlement Zs a predominant por-

tion of ~ total final settlement.

Settlement of a pile foundation under load incorporates

the follmrLng ewe factors:

L! elastic shortmd~ of the pile

2! displacement of the pile point because of defamation
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of soil below the pi.le tip

The detexadnation of these two factors requires sophisticated

methods of analysis. Xt is beyond the scope of this seedy to

dismxss all these methods. XX necessaxy, the reader can re-

fer to the elastic solutions compiled by Poulos and Davis

�974! fox estimation of pile settlement.

Zn contrast to shallow foundations  .e.g., spread footings!,

settlement is rarely a controlling factor for the design of

pile foundations. As pointed out by Tomlinson �977! . settle-

ment fox small diameter piles  up to 2 feet or 1.2 m! will be

3
miaizwLl ~Y inch or 10 mm! uxufer working load conditions if a
safety factory of at least 2.5 is applied, Xn fact, settlement

calculations are often ignored in design. This is particular-

Ly so for coastal scriptures in why.ch the sutural confiyx-

rations are of simp!.er form than residentiaL. or commercial

b~ldings.

Zt shau3.d be emphasized that the suxnxat of displacement

required to mobili,ze shaft resistance is small �.25 to 0.50

inch! and is practically independent of the soiL type as well

as the diameter and length of the pile. On the contrary, the

movement required to mobilize the base xesistance is Large and

generally increases with the diameter of the pile. Therefoxe,

under working load conditions, it is desirable to have &11

mobilization of shaft resistance for ma:churn efficiency. Xn

other words, settlement can be reduced simply by increasing the
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shaft area either by increasing the dismeter or the Length of

the pile.

The settlement of a group of loaded, piles is always

greater thsn that of . a single pile carrying the same Load, as

that on each pile within the group. This occurs because the

zone of soil stressed by a pile group has a much greater di-

mension than that of a single pile. This difference wild, be-

come more distinct if the stressed, zone of the pile group ex-

tends down to a soft compressible stratum ehae is beyond the

influence of a single pile  Fig. 3.23! . Therefore, exezapola-

tion af load. test results on the settlement af single piles to

group behavior mnsC take this possibility into consideration

3.4 Sumamzp

For piles embedded in clays, three major methods  e, 8

and A-methods! have been proposed to evaluate ehe ultimate com-
r

pressive Load capaciey. The a and. X-methods are Largely based

on empiricism. while the S-method has some theoreeica1 basis.

At ehe present time, there is no solid evidence that prefers

one method. over the others. A1L ehree approaches are widely

adopted. in practice. Therefore, it is r'ecommended that all

three methods should be exs~ed for a particular design. For

piles embedded. in sands, the point resistance may reach a Limit-

ing value at some critical depth below the ground surface. This

value can be computed either by a conventionaL approach using the

effective vertical stress or by Vesid's approach using the mean

~~ effeative stress. The evaluation of shaft resistance

Lies essentially in ehe dace'~sation of K and 5, Edeally,
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Fig. 3.23 Comparison between Stressed Zones oZ Single
Pi3.es and Pile Groups
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these can be determined from Load test results. Ef these are

not available, the values shown in Table 3.2 can probabLy be
used.

Two methods have been presented to estimate the grouy Load

capacity. The efficiency factors can. provide a quick and rough.
estimate, but no consideration is given to the physicaL be-

havior of the system. Temaghi and Peck's approach seems to

be more reasonable and should be used. for final computation of

pile group capacity'.

As indicated in Section 3.3, the settlement of pile foun-

dations for coastal structures is often a minor consideration.

Xn most cases, settlement under wcMcXng Loads wiLL be miaixaal

if an appropriate factor of safety is applied. Overdesign of

the foundations to reduce the settlement of waterfront struc-

tux'es is normally not justified.



DESKS OF PILZS' FOR UPLXFT LQADS

Excepc for special types of structures  e.g., tall tzaos-

missiou towers, buildiags fcnmded cm expansive clays!, piles

used ou had are seldom subject to significant uplift forces.

M the- other haad, the design of piles for coastal structures

 e.g., docks, piers! oftea re~as cousidezation of uplift.

loads.

UpU.ft loads may result either from Lateral forces or

direct pull-out. Whf.3.e Lateral forces aray develop from waves,

boat impact, ice impact, woad., etc., direct pull-out forces

arise almost exclusively fzom ice grip ou piles along with rise

af water Levels. Xa.co!.d zegioas where there is large vazia-

ticm in water Levels, the latter caa domiaate the design.

4.1 Ultimate Ca aci of Si 1'e Pi'L'es

The determDuati~ of ultimate uplift capacity of single

piles basically foU.ows that adapted, for ca3.culatioa of ulti-

mate compressive capacity. %hoyle the dead weight of the pile

may become mare si~ficmt Qx Equatioa 3.L, the point resis-

tance is not applicable aud. should be omitted.

The uplift resistance oZ Regia piles Is datezmiaed by

three major factors:

1} geometry of failure surface

2! shear stxeagth of soil

3! weight of pile

The geometry of the failure surface is probably the most diffi-

110
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cult. to evaluate. Xn most cases, this is not well-defined and

sn assumption has to be made with regard to the shape of the

faU.ure surface before mathematical formulation of the problem
is possible.

Al.l ~Ptl f

For sn i,iolated single pile in clap, the uplift failure

surface is often assumed to be at the pile-soil interface.

Strictly spe@cQag, if the adhesion strength between the pile

snd the soil is larger than the undrained shear strength of

the soi1  which is possible for very soft clays!, the failure

boundary is ately to occur at some distance away from the pile

surface. This point is often ignored in design snd the mmd.-

mum adhesion strength. is taken to be equal to the undrained

shear strength. of the soil. The uplift resistance is simply
expressed as:

T~t ~ c A +Q �. 1!

in which: Tult ultimate uplift Load

c pi,le-soi1 adhesion
a

A ~ area of pile shaft embedded in soils

~ net'weight of pile
P

 dead weight af pile - hydrostatic uplift!

As shown by Equation 4.1, the uplift capacity of pf.les in

clays is composed of shaft resistance and the dead weight oz the

piles minus any hydrostatic uplift. Although very few pulling

tests have been performed for piles in clay, it seems that most

design'ers a~ac to use the s45ha pile-soil adhesion for beth up-



U.ft and ccengrressive loadings. According to the summary of

puUing test rem@its given by Sowa �97G! on cast in-situ. con-

crete piles, the e-coefficient does show a general trend of de-

crease wi.th increasing undrained shear strength and these values

conform roughly with those suggested by Tomlinson �957! for

compressive Loadings-  Fig. 4.l!. This concept is also confirmed

by the A.-method proposed by Vi!ayvergiya and Focht �972! . Qf

the 47 load tests stmamsxtzed by the investigators, 9 are pulling

tests and it seems that these Cata do not show any sign of no-

ticeable dissturhlarity from the rest of the data points  Fig. 4.2!,

En contrast to piles under compressive loads, piles under

sustained uplift forces have capacities that decrease with time.

Zt is believed that negative pore water stresses occur Xn clay

dM~ uplift. As these negative pore water stresses dissipate,

the soils adj-acent to the pile will decrease in strength and

thus the long-term  drained! uplift capacity will be less than

the short-term  undrained! capacity. As noted. by Meyerhof snd

Adams �968!, this reduction is larger for piles in stiff' clays

with short embedded lengths. The latter idea is also pointed

out by Tamlinson �977!, who suggested that the reduction will

not, be significant for a depth/cKsmeter ratio of greater than

5. Furthermore, it. should be mentioned that a ma]or portion of

the uplift 'force is transient, so the evaluation of long-term

uplift capacity may not be necessary under these situations.

However, if drained c~tioas are foue4 t-o be critical, the

uplift load capacity eel be estimated by procedures outlined

in Section 4.1.2 using the drained yarameters of clays,
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4.1.2 Piles in Sand

The uplift failure surface for an isolated single pile in

sand is mors complex than that of piles in clay, because it is

often aot wall-de+ned. Depending on the roughness of the pile

and the density of the sand, particles in the vicinity of the

piles are often mobilized as the piles move:- upwards. Some of

the uplift forces have to be dissipated in mobilizing these

sand particX,es. Xa spite of this, a cylindrical failuza sur-

face close to the pile-soil interface is often used in design

and the uplift cayacity is given as:

T~t~ Tm D4K e tan>+0 � 2!

in which: Tult ~ ultimata uplift capacity

L ~ length of embedment of pile

D ~ diameter of pile

~ effective angle of internal friction of soil

~ effective vertica1 stress at the pile tip
vp

K ~ horizontal stress coefficient for uplift

Theoraticatly, them ara at least two reasons that support

different K values for uplift and. compression. First, the

Poisson effect of the pile under load, tends to increase K dur-

ing compression and zachxca K during uylift. Second, arching

of soil above the pile point wil1 probably increase K during

uplift and reduce K during compression. At present, there is

not enough information to assess the extent af influence of

these two phenomena. Xa syi,te of this, a lcm value of K for

uplift is often recommended  e.g., McClelland, et al., 1969;

APT., 1977}. %d.le this may not be of any skgr4ficant effect to
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piles governed by compressive Loadings, such a recommendation

may lead to sn over-conservative design for piles sub/act to

large uplift forces. Until further information can clarify this
point, the X values for uplift and compression can probably be
taken as the same value.

4.2 ULtimate Ca aci of Pile Qro s

Xm estimating the uplift capacity of pile groups, an ap-

proach similar to that adopted for compressive loads csn be

used. The ultimate uplift Load for the group csn be taken as

the smaller of:

l! the sum. of the ultimate uplift capacities of individ-

ual piles in the group.

2! the uLtimate uplift capacity of the block defined by

the failure surface of the group.

The ultimate capacities of- individual piles in the group can be

estimated by procedures outlined in Section 4.1. ZZ the pile

g-oup behaves as- a single large foundation, the uplift resis-

tance is provided by the shear strength of the soil around the

periphery of the block. Furthermore, the weight of the block,

including the +eight of the soil enclosed by it, wi.LL add to

the uplift capacity of the large foundation  Fig. 4.3!.

4. 2. 1 a~1Cl

For peale groups in cohesive soils, the ultimate uplift

load under undrained conditions is given as:

T~~ 2L L + $$ C + +

in vied.ch: L ~ 1ehgW of pile group
g

~ Mdth of ~le group
g

 <-3!



Fig. 4.3 Free-Body Diagrmn of the Group Behavior
of a Pile Group under Uplift Loads
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C undrained shear strength of soil

~ eeig.hc of sczccscze + weighs of soi.l enclosed

by pile group - hydrostatic uplift

T~t-Lg. +S! X t O+trT �.4!

4 . 3 Susisawp

The detma~tion of the ult~te uplift load capacity

basically follows that for compressive loads. The point re-

sistance is not applicable snd the uplift loads are mainly

counteracted by the shaft resistance and the dead weight of

the piles. Therefore, uplift resistance can be increased

either by employing a larger shaft area. or by adding dead

weight to the piles. The latter is usually not feasible,

especially if the piles are required to carry alternating up-

Lift «e4 compressive Loads.

For piXa groups, the concept of imKviduaL-pile failure

ver~ b Lock f ailux'e fA also ado fl tod f ox' the evaluation oE

the uLCi4eCe uplift capacity. Fez blo4c failure, the uplift

The first term M E~tion 4.3 gives the undrained shear resis-

tance of soil around the equivalent single Large foundation snd

the second term represents the totaL dead weight of the |ma-

terials that. the uplift. forces have to overcome.

4.2.2 ~al S

Xn the case of cohesioaless soils, the failure surface of

a group of closeLy-spaced piles is not well-defined. Never-

theless, a failure surface defined by the exterior piles in

the group can probably be used for design purposes. The ul-

timate uplift Load is given as:
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load. capacity Qacoryoxxtes tm Eactozs; 1! tha shear xasistaaca

axoun6 tha peMphary defined' by the exterior piles M tha group

aa6, 2! the met +eight of tha piles plus tha +eight of the soil

enclosed, by the pro~.



DESI@K OF PILES FOR LATERAL LOADS

Xn addition to compressive and uplift Loads, piles used

for coastal struc~as are often sub!ected to significant lat-

eral forces. Lateral loads arise from many sources, among which
the more important ones are:

1! ship impact

2! ice

3! wind

4! waves.

5! current

6! earthquake

7! soil stress

8! floating debris

These loads may or may not reinforce one another, depending

upon the Locations snd the functions of the members.

The design of Laterally Loaded piles is one of the more

difficult aspects of deep foundations. In the past, methodolo-

gies for design were Largely based on the "rule-of-thumb" ap-

proach. One e:mnple of that is the recaaammdation made by

McÃulty �956! on safe allowable Lateral forces on vertical

piles  Table 5.1!. This type of approach may very often lead

to underdesign or overdesign since the basic mechanics of the

problem are not properly dealt with.

As indicated earlier, the design of piles for compressive

Loads has to eeet the basic requir|ments of capacity and settle-

120
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~eaL thaber yea, 12-bsch 4axeetem-
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fiae Q4 r ~ r ~ ~ e ~ ~ o e o ~ ~ r ~ r 5500 p4++
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 See Preface for SI Conversions!

Table 5.1 Suggest'.eC Safe ALLawable Latera1 Forces
on Vertical Piles  McÃuLty, 1956!
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ment. Simi3.ar3.y, the design of' piles for 3.ateral loads must

conform to two criteria: lateral capacity and deflection. The

pile-soil system, mast be safe against lateral capacity failure.

Ia addition, the piles shou].d aot undergo excessive deflection

at service load. conditions.

En this chapter, the behavior of piles and pile groups un-

der lateral loads vill be exsx~ed. Xt shou3.d be noted that

most of the recent work oa this sub!ect matter is based oa

coaster-aided techniques. These vill not be described here.

Kowevez, the reader csn refer to Reese and Desai �977! foz a

thorough discussioa and a U.st of zefezeaces oa these approach-

es. The follaarl~ discussioas vi3.1 emphasize methods th«

aze suitable for rapid hand calculatioas.

5.1 Ultimate Ca aci of Mn le Piles

Ta contrast to the ultimate capacity of pi?es under carn-

pressive loads, in which the strength of the pile-soil system

is aozmally limited by the strength of the soil, the ultimate

capacity of piles subjected to lateral 1oads may oz may not be

coatzolled by the 'strength oZ the soil. The beading moment in-

duced. in the pile may well exceed the yield unseat and coase-

queatly the failure mode is detezmined by the structural capa-

city of the pi1e. Because of this, Laterally 3.oaded piles csn

be separated into rigid aad flex'.ble piles.

A pile behaves as a zigid unit if failure of the soi3. oc-

curs before failure of the pi3.e. Qa the other heal, a piLe is

considered to be a fled.b1e member A failure of the pile oc-

curs prior to failure of the soU.. Ie other words, the capaci-
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ty of a rigid, pile is deter,mined by the strength of the soil

and that of a flexible pile is governed by the yield. moment of

the member. %hetter a pile will behave as a rigid. o- a flexi-

ble member depends primarily ~on three factors:

1! relative stiffness between pile and soil

2! length. of piles

3! depth of penetration

To achieve maximum efficiency, the pile should be designed so

5.3!, where e is given as:

e-> L -L,!1 �-1!

in whi.ch: e distance of lateral loads above the groaad-line

L ~ length of unsupported portion oZ piles  from
L1

the ground-line to the deck or cap!

L ~ e~M14gt length oX embedded portion of pile
S

The eqMvalenc embeds@ length, L, can be est~ted according

to processes ogeline4 W Sectile 6,2.

that both the member and the soil can fail simultaneously. How-

ever, this is not always possible since there are numerous

other factors ~lved in the design process.

Laterally loaded piles are further classifi.ed as free-

headed oz restrained piles. A, fzee-headed pile is free to ro-

tate at the pile head gig. 5.1!; a restrained pile is fixed

against rotation at the groped-line gig, 5.2!. Piles that

extend above the ground-line, and are Sized against rotation

at the t-op, can be treated as free-headed, members with the

loads applied at some distance e above the ground-line  Fig.
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Fig. 5.1 Free-Headed Pile

Fig. 5. 2 Reartrained P ile
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P

Apya
Fixity Fixity

Pig. 5.3 Restrained Pile that Extends above the Ground
Sur face
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Qpon application of latezal loads, free-headed piles will

undergo larger defi.ections and thezefoze are more desirable to

be used as fender piles. On the contrary, piles fixed against

rotation at the top have moze rigidity and are mere suitable

for docks, piers or wharves where excess defozmations of the

structure caanot be tolerated.

Obviously, a free-standing pile with ao pile cap is con-

sidered to be a free-headed pile. For other types of piles,

the level of restraint depends upon the connections between the

piles and, the deck or cap  See Section 6.2.!. To some extent,

cross-bracing between adjacent members may also restrain ro-

tational movement at the top and provide extra lateral rigidi-

ty to the system  Fig. 5.4!.

Strf.ctly speaking, the failure mode of laterally-Loaded

piles- is three-dimensional. Thus, rigorous treatment of the

problem requires a thzee-dimensional analysis. Analytical so-

Lutions are likely to be very difficult, if not impossible.

Numirical procedures  e.g., finite element methods! with the

advent of high-speed. digital computers have thrcmm some 1ight

an this yroblem. Kmrever, the implementation of these pro-

cedures is expensive and may not be justified for simpler con-

s tzuction.

The procedures to estimate the ultimate Lateral resistance

of single piles will be outlined in this section. The method

basically follows that. proposed by Szoms g.964! . |:n each case,

the capacities of piles at the ultimata stage will be evalua-

ted. The allowable 1ateral 1oad can be calculated by dividing
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mentan. Rotational Hovemen4 Effect af Sraaing an. o aFag. 5.4
at t he Toy of the Pi1e



the ultimate load. with sn appropriate factor of safety.

5.L.L PXL in CL

Shen a free-headek, rigid pile is Loaded Laterally, it

will rotate as a unit with the center of rotation Located, at

some distance belov the ground surface. The soils in front of

the pile near the ground surface will be pushers upwards while

those at greater depth will be compressed in the direction of

pile movements. Ia the case of a restrained pile, the member

will translate horizontaLLy with the soils in front of it being

compressed'.

Assuming the pile crisp].acements to be large enough to

mobilize the amchzaxm soil reactions, Sroms Q964a! simplifieli

the distributions of soil reactions and pile moments at the

ultimate stage to those shown in Figs. 5.5 and. 5.6. The ulti.-

mate lateral resistsnce prove.ded by the soiL in front of the

pile has been related to its undrained shear strength  c !,

Sroms �964a! suggested the use of 9c to be the mLeLmum soil
Q

resistance. Soil reactions uy to L.5 9 belabor the ground-Line

are ignored. to account for the effect of soil moving above the

Ip:ound.-line as a result of Lack of vertical restraint near the

ground surface.

The soil reactive stress diagrams shown in Figs. 5.5 and

5.6 are in a state of plastic equil&rium, so the soils wilL

deform indefinitely un6er Loads and the system is .on the verge

of plastic f&3.@Ca. The NaxtSINL 4gh~M inchaae6 in the piles

at ~ ulgQMte state are liven as:

0. 57~P~<  e + !..5 !! + ~! fee free-headed pile �. 2!
C
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9e�D

Soil Reaction and Bending Moment Distribution
for a Rigid, Restrained Pile in Cohesive
Soil  Broms, 1964a!

Fig. 5.6

Fig. 5.5 Soil Reaction and Bending Moment Distribution
for a Rig3.d, Pxee-headed Pile in Cohesive
Soil  Broms, l964a!



P~< �.5 L + 0.75 D! for restrained pile

in which ~ aantinmm pile moment

P~C ~ u1~te Lateral load,

9 ~ dosimeter of pile

c ~ uadkILined shear strength of soil

L ~ Length of embechaent of pile

�. 3!

Based on statics considerations on the shmpU.fiecl distri-

butf.on of mud~ soil reactions shawa in Fig. 5.5 and. 5.6,

Broms �964a! d4mveloped. a chart for determination of estimate

lateral capacities of rigid piles. TM.s is shawm in Fig. 5.7.

Zt should be noted that thS.s graphical relationship applies

only for cases where ~ is less than M ld, the yield mo-

mmt of the pile  i e., the pile behaves as a rigid member!.

When a free-headed, flemQI.e pile is loaded laterally,

both tha pile mmMnts and the soil reacts along the pile

M1L Qxcrease. By definition oK ELmeLble members, the ultimate

lateral capacity of the- pile-soil systan is determined by the

yield masm' of the pile shaft. Failure occurs when a faille

hinge  a section where Che pile material has reached, its ukti-

mata strength! is fommd samerhere along the pile. Xn the case

of a restrained pile, one or- eve EMLure hinges may be foxed,

depending upon Cha length of the menber; For- an Mtezmediate-

Length pile, the failure hinge wiLL occur at the level ox re-

straint; for a long pile, one failure hinge vill be formed. *t

the leveL of restgaint md the other at scca depth belae the

grove@ surface.

Sy aes~mhag Cha IoiL eeactiens aI:eve the faille hinge to
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Fig. 5.7 Ultimate Latera3. Resistance of Rigid
Pile in Cohesive Soil  Brams, 1964a!



be fully mobilized, Bzoms �964a! simpli9ied the soil -reaction

md bending moment distributions for flexible piles in clays

to those- shown in Figs. 5.8, 5.9 and 5.10. Oixaensionless so-

lutions foz these situations are shown in Fig. 5.11. Zt should

be noted fram the graph that the ultimate lateral capacity of

a flexible pile is independent oX the penetration depth and,

thezefoze, there is no point in driving a pile down to a depth

greater than that zecp~ed for- the pile to behave as a flexible

member 4except foz cases vhere greater penetration depths aze

necessary to suppozt axial loads! .

Bzoms �964a! has compared the maIMzan bending moments

computed using the above aypzoach with expez~tal values mea-

sured. by various investigators and observed good agreement be-

tween the tvo values. Moreover, he pointed out that the calcu-

lated ameLmum bending mcnM.nt value is not very sensitive to

small variations in the assumed'. soil reaction distribution oz

the undrained shear strength values,

5. l. 2 Piles in Sand

When a free-headed, rigid pile is loaded in the hozizontal

direction, the pile will. rotate as a unit. The soils in fzoat

of the pile near the suzface vill move upwards and those at

greater depth will be densified ~m the direction of pi3.e move-

msnts. Foz a restrained pile, the member will translate hozi.-

tontally. In both cases, the sands along the back of the pile

will be loosened as a result of these yile movements.

Eased ae loa4 test results, %tace �96kb! suggested that

the heWreheyL eoW stress which 4e~lo~ at lateral capacity



Fig. 5.8 Sail Reaction and Bending Moment Di t b
for a

titian
or a FlexibLe, FreeMeaded Pile in Cohesive

Sail  Brams, l964e!



Plg 5-9 Sail Reaction ma aendi g Momnt Distr' ution
~ for a Flexible, Restrained Pile  intermediate

Length} ia Cohesive Soil  Braes, 1964a!

Fig. 5.10 Soil Reaction an4 3eef jgxg Mownt distribution
for a FlemMle, Restrained Pile  Long Length h!
in Cohesi~ Soil  caroms, 1964a!
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Fig. 5.11 Ultimate Lateral Resistance of Flexible
Pile in Cohesive Soil  Broms, 1964a!



failure is approximately equal to three times the Rinicine pas-

sive soil stress. The distributions of soil xeactions and pile

mcments at the ultimate stage as proposed. by Broms �9641! are

shown in Figs. 5.12 and. 5.13. By assueimg the amdmmn soil

zeactions to be &ally mobilixecL at the ultimate stage and ig-

noring the active soil stress acting along the back of the pi'e,

Bzoms �964b! developed a chart to estimate the u3.timate later-

al capacities for rigid piles in sands and this is shown in

Fig. 5. 14. A,gain, the chart applies only when the ~Lmtun bend-

are given respectively as:

P~  e + 0.55 ! for free-headed pile �.4!

~ ~ 0.67 PMt L for zestrained pile �. 5!

in which: y submerged unit weight of soil
s

K passive sail stress caefficienc

Using a similar logic as that f' oz piles in clays, Bzoms

�964b! proposed soiL reactions and. pile mment C.stzibutions

for flmeLble members in sands and these are shown in Figs, 5.15,

5.16 and S.LT. Mmensionless solutions obtained by Bzoms

�964b! foz- this categozy of Laterally loaded piles are shown

in Fig. 5.18.

Compared wigh the eeaseeeeL values of ultimate lateral ca-

pacities of piles Kn sends reported, by varietal investigators,

Braes �964o! noted chat the eeasured values gceerally exceed

ing mcenent in the pile is less than the yield moment. The maxi-

mka moments at, the ultimate states shown in Figs. 5.12 and 5.13



Fig 5.l? SoQ, Reaction and Bendinq Moment. Di~&ution
for Rigid., Free-headjed PMe in Granular Soil
 Bromas, 1964h}

Fig. 5.L3 Soil Reaction and Bending Moment Distribution
for Rigid, Re&rained Pile in Granular Soil
 Brome, 1964b!



Fig. 5.14 Ultimata Lateral Resistance of Rigid
Piles ia Gr~Mar Soil  Brams, 1964b!



Fig. 5.15 Soil Reaction. and Bending. Noment Distribute.on
for a Plexible, Free-Headect Pile ia Granu1ar
Soil  Brows, 1964h!



Fig- 5-16 Soil Reaction and Bending Nameat Distribution
for a Flcmhle, Restrained Pile  Xnteanadiate
Length! in GranMar Soil  Broms, 1964b!

Fig. 5.17 Sail Reaction afar Bending Xaeeet Distribution
for a F3.exible, Restrained Pike  Long Length!
in QranvLar Soil  Braes, 1964b!



Fig. 5.18 Ultimate Lateral Resistance o8 Flexible Pile
in Granu3.ar Soil  Broms, 1964b!
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the calculated values by approximately 507., The use of a fac-

tor of 3 for the Raxb~e soil stress at failure conditions is

probably too conservative for the- analysis.

5.2 Ultimate aci of Ratter Files

When large lateral loads are anticipated, it is cammcm

practice to use batter piles. Batter piles, sometimes called.

r~g or Incl&ed piles, are piles that are driven at an an-

gle from the vertical. Caam ea pile batters range from 1 hori-

zontal; 12. vertical to 5 horizontal; 12 vertica1 Quarles,

1977!. Xt should be noted that Installation of batter piles

is 1Qcely to be more expensive and, In fact, construction lim-

itations may sometimes prohibit the use of a large angle of

inclination. These conditions shoukd be thoroughly checked. in

the. design phase

One effective way of resisting lateral forces fram either

direction is to have piles battered, in opposite directions as

shawm in Fig. 5.19. As the system is loaded, one pile &11

be in tension and the other in compression. Both piles will

contribute resistance to lateral forces. This type of pile ar-

rangement is commonly used for dolphins.

Simple procedures for detemdmation of capacities of bat-

ter piles are not, firmly established because of the complexity

of this soil-structure interaction problem. Very Limited Load

tests have been performed on batter piles. Results on model

tests conducted' by Xmas ae6 Petrasovits �968! to cketersdne the

effects of pile inclination an leach capacity are shmae In Fig.

5.20. This can serve as a rough. guika for- extortion of load



Fig. 5.19 Usa of Batter Piles o Resist
Lateral Forces



cit of Vertical Pile
city of Satter Pile

20

20
+9

Fig. 5.20 Relative Ultimate t"apacity for Dif erent Angle
of Inclination  after Ahead and Petrasovits, Lg68!
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capacities of batter piles until more up-to-date information is

available.

One major problem associated with the use of batter piles

in compressible soil layers has been addressed by Broms �976! .

The author pointed out that settlement of soil layers, because

of self +eight or surcharge load, may impose significant verti-

cal loads along the inclined piles and induce large bending mo-

mInts that csn cause the pile to fail. His id.ea is further de-

picted in Fig. 5.21. Because of this, batter piles should not.

be used or the inclinations should be kept very smalL in areas

vhere substantial settlements of the soil mass may occur.

5.3 Ultimate Ca aci of Pile Crouos

The evaluation of the lateral load capacity of a pile

group is very complex. Lateral load tests perfoened on pile

groups are rare and they are mainly restricted to small groups

of piles. Ho simple method currently exists to deal with this

problem. Same general guidelines will be provided here; they

should be used cautiously, m.th good !udgnent. T. possible,

load tests should be performed to verify the computational re-

sults .

Zf the piles behave as rigid members, it will probably be

reasonable to adopt an approach similar to that for axial loads.

On this basis, the group lateral capacity is given as the small-

er of:

1! ~ s'~ of 3.ateral load capacities of individual piles,

2! ~ lateral load capacity of an equivalent single block

defined bg ~ exteriare piles in the group,
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r camyression

l Load
ined. Piles

Fig. 5.21 Bending of Batter Piles because of Soil
Settlement
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The former can be obtained using pxocedures outlined in Section

5.1 The Latter wiU. include the ultimate soil resistan.ce in

front of the block plus the shear resistance acting along the

two sides and the base of the block  Fig. 5.22!,

The failure mode of the soil in the front end of the block

 plane surface! will not be identical to that assumed for a

circular surface. However, it is Likely that the soil resis-

tance acting on a plane surface will be higher than that act-

ing on a curved surface, Therefore, the use of 9c  undrained

casa! snd 3K c  drained case! as the ultimate soil reactions,

as illustrated in Figs. 5.5, 5.6, 5.12 and 5.13, should give

an approximate and conservative solution.

If the piles act as H.able members, the failure of the

system is caused by yielding of the pile material rather than

the soil. Zn such cases, block failure wiil be confined to

the upper poxtion of the block located above the failure hin-

ges and the group capacity can be estimated by summation of

the Lateral load capacities of individual members.

Davisson �9703 pointed out that, under most circumstances,

piles behave as izuKvidual units if they are spaced more than

8 diameters apart in the direction of the loading and at least

2 L/2 diameters apax't in the perpendicular direction,

5.4 Deflecti'ons of Vertical Piles

The design of Laterally loaded piles may very often be

gaveme6 by deflections rathex than ultimate Load capacity,

Pile deflections lead to lateral dispiacements and tilt of the

supported structures. This may lower the serviceability of &e
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hase shear

Fig. 5.22 Free-Body Diagram o= the Group Behavior
of a Pile Group under La era1 Loads



structure even though it may be 10& safe from a structura1

standpoint. The a3.LowaBle deflection that can be tolerated at

wor~g 1oad depends upon the fUnction of the structure. A3.-

though laxge movements fax docks or piers axe not desirabl.e,

the deflections csn be relatively large fox fendex piles or

temporary structures.

The evaluation of latexal de&ections of horizontally

loaded pkles has been based on the subgrade reaction model.

This stems from a well-3amm class of probLems M structural

mechanics $mcma as "bema on elastic foundation." The govern-

ing equation for this class of pzoblems is given as:

dentE l ~d- -pr!
p p

�. 6!

in which: E modulus of elasticity of pile matezia3.

~ moment of inertia of czoss-section of pile
p

y Mlection of pile

p ~ soil reactive stress

Theoxetically, if the magnitude and variation of the zeactive

stress aze knox, Equation 5-6 csn be solved foz deflection at

any point along the pile.

Using the above concept, the soil reactions in front o9 a

laterally' loaded pile are simulated by * series of horizontal

elastic springs  Fig. S. 23! . The stiffness of these springs

is represented by the horizontal subgza4e zeaction modulus,

g; the zeacMv» horizontal sMees at sILy yoiut along +M pile
re4h.tech Co t@4 sIkaxec of kagliccion aC. «hat, smse Point.

Studies hav» she~ timt this relatieres&p is nonlinear  Gavisson



Fig. 5. 23 Subgrade Reaction Model for Laterally
Loaded P iles



151

and Frakash, 1963! and the horizontal subgrade reaction mochx-

3.us for a given magnitude of deflection is given by the slope

of the p-y curve at. that magnitude of deflection 4Fig. 5.24! .

The p-y me for any pile-soil system is best derived from

full-scale pile load tests and. a nonlinear analysis of the

problem can be performed by iterative techniques with the help

of a computer.

As illustrated by the typical p-y curve shown in Fig. 5,24,

«he initial port:ion of the curve can be Linearized without sac-

rificing amxch accuracy. Under ~st circumstances, this is valid

as long as the Load is 3.ess than L/2 to l/3 of the ultimate

3.oad, i.e., under most, working load conditions. Assuming the

springs to behave in a Linear and. elastic manner, the reactive

horizontal stress at any depth along the pile can be expressed

p

in which: hh ~ hauisautsl subgrade rsacuiau madulus
The solution of Equations 5.6 and 5.7 requires a know-

ledge of the magnitude and variation of kh with depth. These

can be inferred through load test results on instrumented piles.

A typical p3.ot of R versus depth for overconsolidated c3.ays

is shown in Fig. 5.25. Granular soi3.s and normally conso3.i-

dated cohesive soils, on the other hand, exhibit a variation

as akkcNa. in Fig. 5.26. For simplicity, a constant modulus is

oftea ~04 for tbe case oS overconsoMdated clays and a lin-

~ly 4ecreasing eo4nlus m.& depth is assumed for normally



Y'0
HOrizontal Deflection,

Pig. 5.24 T~ical p-y Curve
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Horizontal Subgrade Nodulus, k

Fig. 5.25 Variation of k�with Depth for Over-
consolidated Clay'   after Davisson, 19'70!

Horizontal Subgrade Hodukus,

reasing

4 CL
5
0

Fig. 5.26 Variation of k. ~ith Depth for Normally
Consolidated Clay and Granular Soil
 after Davisson, l970!



consolidated cohesive soils and granular materials Q!avis son,

l970! .

Anal.ytical closed-form, solutions are readily available for

the two conditions described belav. For the case of a linearly

increasing modulus, the stiffness of the springs" is repre-

seated by a near constant parameter, n, why.ch is related to

by:

�.8!

in which: nh coefficient of horizontal subgrade modulus

variation

x ~ dept belch the ground surface

The two parameters, hh for constanc modulus and n� for linear-

ly increasing modulus, as suggested, by various investigators,

are shown in Tables 5.2 and 5.3.

Sy adopting the above concept, Sroms �964! developed

charts to give the deflection of piles at ground surface under

working load conditions. The charts for the two cases where

k is constant with depth anc is increasing linearly with cepth

are shown in Figs. 5.27 and 5.28, respectively. The use of

these charts requires a knowledge of the dizmnsionless para-

meters, 9 and q, defined as:

�.9!

q ~ '~n,ZT
p p

�.3.0!

Xa cases where repeeteai 3.oadinis mate occur, D.Mssoe �970!

suggeete4 that ~  ox 0 ! be re4xeed. to MK of the value used

for sustained loadmis. Re at~Me4 this to 4egrakation of
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3 4

easeCeNLKSS

Fig. 5.27 Lateral Deflection at Ground Surface
Sub rade Modulus Constant with Deythg
  B roms, 1964a !

Neo

4

1% 4

i8

a Z

Fig. 5.28 X.ateral gaflection at Groun4 Surface
Subgrade Nodulus Xncreasing Linearly
wi+M Depth  Srams, 1964b!
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soil reactions caused by repeated 1oadings,

When the subgrade reaction model is applied to predict

group mooemenrs, a reduccion in tc� or n ! should also be used,

as shown in Table 5.4.

5.5 Seamark

The design of laterally Loaded piles is one of the more

complicated aspects of pile foundations. Very few Load tests

have been reported in the Literature, Mast oX the recent work

is baseck on computer techniques. nevertheless, hand calcula-

tion methods can provide a rapid and rough estimate of the so-

Lution.

Tt has been pointed out that the lateral capacity of the

pile-soil system may be Limited by the strength of either the

pile or the soil. The former is a flmible pile and the lat-

ter is a rigid. piLe. A designer shouLd understand the funda-

mental differences in behavior and application between these

two types of piles to achieve a proper design. The

degree of enck restraint may also significantly influence the

lateral capacity of the system and therefore should be thor-

oughly maud. neck.

Batter piles are coutaonly used to resist large lateral

forces. However, construction limitations or field conditions

may very often prohibit the use of a large angle of inclina-

tion. The occurrence of any potential problem should be in-

vestigated in the design phase. Quickelines are provided to

estimate &e capacities of batter piles. These are based on

very 1imi.ted model test ros'rats Wack shout.a be useck cautiously.
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Note Pile spacing normaL t.o the direction of loading
has no influence if it is greater than 2.5 D.

Table 5.4 Subgrade Reaction Modulus of Pile Groups
 after Davisson, 19'70!
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The best. approach to analyze a laterally loaded pile group

is by pile load test. Xf this is not economically feasible,

the appzo~te procedures outlined in Section 5.3 can probably

be used.

Similar to piles under compressive loads,' piles sub/ected

to lateral forces must also conform to deformation require-

ments, as well as ultimate capacity. The method presented here-

in to predict the amount of deflection upon application of

Loads is based on the subgrade reaction theory. Ai,though this

theory has some inherent Limitations  e.g., fails to recognize

the continuity of soils}, it is widely used in practice and

can be adopted under working Load. conditions.

Xm situations where the Lateral Loads are significant and

batter piles cannot or should. not be used, various methods sug-

gested by 3roms �976$ can be employed to increase the lateral

resistance of vertical piles. These axe shown in Fig. 5,29.

Mast of these methods aze intended to increase the stiffness

of the piles near the ground surface.
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~ IL

Pig. 5.29 Methods to Increase the Lateral Resistance
of Vertical Piles  Broms, 1976!



CHAPTER 6

GTHKR CONS IDKRATIQHS

Xn addition to the load carrying capacities, the design of

pile foundations often incorporates factors that form a major

portion of tha design consideratians. Same af the mora common

of these will be described in this chapter. The degree of im-

portance of these factors deyends uyan the foundations, the

site conditions and the. applied Laads. Qthez considerations

may also influence the design of pile foundations at a given

site; these have to be left to tha ingenuity of the designer

since it is impassible to discuss every passibility in this re-

port.

6.1 Scour Around Pile Foundations

Scaur can be defined a's a process which invoLves the re-

moval of granular matezial on the sediment bed. Xt occurs

araund any obstacle that obstructs the normal watez-flow pat-

terns. This erosive action around pile foundations has always

bean a concern foz the design of coastal stzuctures. The for-

mation of a scour pit  deyressiaa surrounding an obstruction! as

a result of this erosion reduces the lateral capacity oZ the

pile. Moreover, the unsupported. Length of the pile will in-

crease, thus reducing the frictional resistance of the y.'le

under axiaL loadings. H' not properly taken into account in

tha design phase, this phenamanan may markedly reduce the life

af the structure.

Scour may result from currents, waves, sMp mat%an ar vise

162
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of water level. The factors that are Likely to control are cur-

rents and waves. Current and wave-inchxced scour are k~~ted

by parameters such as velocity of flow, wave charactezistics,

water depth, pile diameter and. the geological history of the

site. Scour that occurs- as a result of rise of water Level is

important at sites where large floods occur frequently, espe-

c'ally if the rise occurs in a very short. period of time;

Earlier methods to predict scour depth were largely based

on experience and a large number of parameters related to the

problem were ignored. Kate and. Williams Q.96l! suggested the

scour depth to be the depth where there is a sudden increase in

penet-ation resistance. While this may be adequate to locate

the depth of the I.oose deyosit Layer, the scour depth can have

a Large deviation, depending upon the current velocity and the

dimensions of the obstacles. Terzaghi and. Peck �967! proposed

the mme~ scour deyth for design to be four times the amount

of water I,evel rise anticipated. This proposal is impractical

in places where there is a Large fluctuation  e.g., 8 ft! in

water Level.

Later investigations on the problem were mainly conducted

in laboratory flumes. The p~my' objective of these investi-

gations. is to establish criteria and guidelines by which de-

signers can assess the depth of scour under certain given con-

ditions. Important factors are identified with varying degrees

of success. However,. the results obtained are qualitaeive ra-

ther Nsn quantitative.

Palmez $1969! observed oscillatory wave-induced scour and
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developed a schematic vie« of the general hydrodynsmics in the

vicinity of an obstruction  Fig. 6.1! . Ee considered the pat-

tern of secondazy flax or turbulence to be a major factor in

the remcrmal of granuLar material around sn obstacle. He sug-

gested, the main scouring force to be the primary vortex that

develops in' front of the cylinder.

Laurssn �962! studied the phenomenon of scour in a labora-

tory flume snd demonstrated that there is an equilibrium or

limiting depth of scour for any given set of conditions. He

also pointed out that the depth of scour for a group of piles

does not depend upon the proximity of adjacent piles unless the

scour pits overlapped, in which case the depth of scour can be

estimated by the solution for contraction of a river channel.

This Mll probably accelerate the formation of scour pits. Sim-

ilar investigations by Palmer �969} showed that the pit dia-

meter is proportional to the diameter of the pile, but is large-

ly independent of surge velocity. He further noted that scour

pits caused by inclined piles are of equal dimensions to those

caused by identical vertical piles.

Nachemehl snd Ahad @975} investigated scour phenomenon

caused by the combined. effect of osci3.1atory waves and unidi-

rectional current around a model cylindrf.cal pile foundation.

They studied the effects of curTent velocity, wave character-

istics and diameter of piles on extent of scour. They concluded

1} the increase oX «ate@ pmtf.eke velocity adjacent to

the yk1e W the -maga scourini mechagj.sm.



Vortex

Fig. 6.1 Mechanism of Scour  after PaImer, 1969!
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2! the addition of oscillatory waves in a unidirectional

flow field inczeases the rata of scour development.

3! waves with Long wavelength produce scour pits at a

faster rate as compared, with that produced by waves

of shozt wave Length.

4! scour effect is directly proportional to the diameter

of the pile.

Since the severity of scour is very site-specific, the

best approach to estimate the scour pi» dimensions is to con-

sult professionals with loca1 experience, H' this is not pos-

sible, a large margin. of safety should be used. Allowances foz

this effect should be made in the selection of pile embedment

so that adequate penetration wi11 remaizs after scour.

6. 2 Sucklin of Frx11 and Partiall Embedded Piles

Xt is well known that only very short members can be

stressed to their yield point under compression; the usual sit-

uation is that buckling, oz sudden bending as a result of in-

stability, occurs prior to development of fuLL material strength

of the member. The buckling strength of a pile depends upon

the end conditions, the pzoperties of the pile, and the amount

of horizontal support.

Early studies of the buckling of piles showed that the oc-

currence of buckling for fully embedded piles is a remote pos-

sibility, even in soft soils. ader most circumstances, mini-

mal h~oacal support wiLL be able to prevent the piLes from

buck~ ader co~reesi~ forges. Sje~ �957! has shown

that buckl~ of &Qly embedded piles M a soil Mth a constant
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modulus need be considered only in cases where:

a~

A

in which: E moment of inertia for weak axis bending
P

A cross-sectional area of pile

cr ~ yield stress of pile material

subgrade seaoof on modulus

D diineter of pile

~ amdulus of elasticity of pile material
p

Za general, the above restraint can be satisfied except fax very

slender piles in soft soils.

Davisson �963! presented theoretical solutions to evalu-

ate the buckling potential of fully embedded piles for various

boundary conditions shown in Fig. 6. 2. These boundary condi-

tions represent idealized situations for design. For total

ty at the top, the deck or cap must be rigidly attached to

the piles; for total fixity at the bottom, the sail must be a

firm material into which the piles are driven a considerable

depth. Whether or not the ends can translate depends largely

upon the structural configuration. Eorizontal stability can be

provided by diagonal bracing, shear walls ~ ad!acent structures,

pile caps, etc.. For most real situations, the degree of ro-

tational and translational restraints do not exist at these ex-

tremes. How'ever, analyses made can provide bounding solutions

for designers. Aa apptopriaee ctpice of end con4itions is basej

on the Q udgment Qf the de 8ig?ler .
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! 4

Pig. 6 ~ 3 Buckk~g Load Versus Length for Constant
Nodulus  Davisson, 1963!



bedded piles in soils with linearly increasing

aedulus

The dimensionless buckling 1oad parameter, V, is shown in Fig.

6.4 as a function of both the end conditions and the dimension-

less length parameter, c, defined as:

L
QSX T �. 5!

in which: x~ dimensionless length parameter for fully

embedded pi3.es in soils with Linearly increas-

e~E T..tr~E 3:
+ ~ for Wee-he4Ld conMtjou

Partial.ly embedded piles that extend, through water are com-

mand.y used for coastal structures such as docks and piers. The

buckling yotentia1 of these piles is larger than that of fully

embedded pi3.es. An apprmcfmate procedure to deal with this

problem was developed by Davisson and Robinson �.965! . The buck-

ling 3.oad is estimated through sn analysis of an "equivalent"

system under which the yii.e is assumed to be free-standiag with

a fixed base located at some distance below the ground surface.

The distance from the ground surface to the point of fixity is

directly related to the strength of the soil. The lower the

strength value, the deeper will be the point of fixity. This

concept is furth»r illustrat»d in Fig. 6.5.

The critical buckling lead. for the "a~valent" system

shown in Fig. 6 3 cd be coepztej Sroe eh» fo3.1~~ e~tions:
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4 S

Fig. 6.4 Buckling Loact Versus Length ror Linearly
Increasing 'Regulus vith Deyth  Davissan, 1963!



l73 Point of
Ayyarent
Fixity

Fig. 6.5 Point of Fixity Method
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~z I w~Z I
Q~ " ~+ ~ for fixed-rranalaring head �. 7!

8 e condition

in which: L ~ 1eagth of unsupported portion of' pile

L ~ equivalent length of embedded portion of pile

L ~ equivalent length of the pile

Therefore, the problem lies essentially in the detezmiaatioa of

Davissoa snd Robinson  .1969! presented the solutioa in noa.-

dimensional foaa Xn the case of a constant modulus with depth,

Fig. 6.6 caa be used to obtain L . Xn the figure, J> and S>
are given respectively as:

Lu �. 8!

�.e!

ia which: Z< dimeasioaless parameter for unsupported portion

of piles in sails with constant modulus

9< dimeasioaless parameter for embedded portion af

piles ia soils with constant modulus

Oace the equivalent length is known, the buckling load can be

estimated from Equations 6.6 sad 6. 7.

In the case of a linearly increasing modulus with depth,

Fig. 6.7 can be used. The'parameters in the plat are defined

as follows:

L  .6. 10!

�. 11}

ia ~ch: J< ~ C~~ioaless ~~ter far ua:fupparted portion



Fig. 6.6 Depth of Fixity for Buckling in Soils
vith Constant Subgrade Nodulus
 Davisson and Robinson, 3.965!

Fig. 6.7 Depth of Fixity for Buckling in Soils
vith Linearly Zncreasing Nodulus vith
Depth  Davisson and Robinson, 1965!
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of piles in soils with linearly increasing modu-

ST ~ dimensioaless parameter for embedded portion of

piles ia soils with linearly increasing modulus

Again, the critical buckling Load can be estimated from Equa-

tions 6.6 aad 6.7.

Although. the method appears to be sound, the point of fix-

ity method. does aot have any theoretical justification and in

fact it violates the principles of equilibrium aad compatibili-

Nevertheless, Qavissoa snd Robinson �965! stated that foz

most pzactical purposes, the replacement of a partially embed-

ded pile by aa equivalent fixed base pile with ao horizontal

support csn be used as long as X is gzeatez than 4  soil mod-

ulus coastaat. with depth! or z is greater than 4  soil modu-

lus linearly inczeasing with depth!. According to the ~esti-

gatozs, these requirements can be met under most practical situa-

tioas.

6.3 Axial Ca aci of ZnitiaLL Bent Piles

Piles are often bent during driviag, particularly when loag

slender piles are driven into soils that contain rack fragments.

This results in reduced capacity under compressive load from

that predicted for a concentric load on a straight pile. Fail-

ure of a bent pile under compressive load will occur when either

the amMum bending stress in the pile reaches the yieid strength

of the pile materiaL or the maxiame soil reaction reaches the

yield strength of the soil surzouncLiag the pile. The tolerance

Level for this type of Loa@ag coacKtiaa Spends upon three fac-



1! soil properties

2! pile properties

3! magnitude of applied load

Methods fox estimating the probable load capacity of bent

piles have been proposed by Johnson �962! and Bxoms �963!.

The procedures- as proposed by Johnson �962! are rather tedious

without the accessibility of a high-speed computer and wi11 not

be described here. However, Ms study revealed some of the moxe

important points with regard Co axial capacity of' bent piLes

snd these are stated as follows:

1! the re4zction in capacity for bent end-beaxing piles

is greatex than for bent friction piles.

2! a sharp bend is more detrimentaL Chan a lang sweep.

3! the reduction in capacity is greater if the bent por-

tion of the pile is located in soft soils,

The method. as proposed by Broms �963! is more suitable fox'

hand calculation and will be presented in this section.

By expressing the deflection curve of the pile as a series

of sine functions and assuming Che soil to be an elastic Winkler

medium  soil reaction at any point along the pile bears a linear

relation with its horizontaL deflection at the same point!, Broms

�963! derived the following equation to estimate the maximum

soil reaction along the bent pile under compressive Loachngs:

�, 12!

in which; p ~ maximum soil reaction along the deflected pile
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~ subgrade reaction modulus

~ applied compressive load,

Q critical buck1ing Load

y mmabmum horizontaL deflection of pile

Values of subgrade reaction modulus can be found. in the chapter

9c for cohesive soils and. three times the Raakine passive

stress for cohesionless soils. Thus, using a factor of safety

of three, Broms �963! suggested the follcn~ng aLLowable soil

reaction values for design:

pall - 3cu for cohesive soils �.13!

�. L4!z 8 *h t~ tl*1 + sin 4
SLY y

in which: p 11 allowable soil reaction stress
all

c undrained shear strength of soil

a effective vertical stress

~ effective angle of internal friction of soil

K passive soil stress coefficient
P

Based, on Broms's recommendations, the allowable axiaL Load that

can be applied to a bent pile without overstressing the soil is

gl.ven as:

on lateral loadings aalu the estimation of the critical buckling

Load is presented in Section 6,2.

Sroms �963! noted that the lateral soil reactions caused.

by pile deflectkons reach their ultimate values at approximately



in which- 'Qall allowable compressive load.

Besides overstressing the soils, compressive 1oadings on

bent piles may also ixxdxxce axial and bending stresses in the

pile that may well exceed the field strength of the pi3.e ma-

terial. Broms �963} derived the following equation to comyxxte

the maodmmm bending moment on a bent pile under an applied 3.oad

�.16!

in which: ~ ~ aam~ma bending meant in a pile

E Young's modxxlus of pile materia3.
p

I moment of inertia of the cross-section of pile
P

 8 - 8b! ~ maximum difference between inclination

 in radians! of a pi.le between two

points a axxd b, which are M apart.

Therefore, the malum stress  axial + bending} Chat occurs in

the pile cszx be computed from:

�.17!

in which: a ~. am~wxm stress in pile

cross-sectional area of pile

Z ~ section madnlIxs of the cross-section of pile

This msxixmzu stress should be less than the allowable stress

that can be imposed on the pile materia3..

6.4 Downdra of Piles

Wexx piles are embedded in soils that are undergoing set-

tlemwxt, dawndrag forces wiU. be developed along the shaft as
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the soils move ~mrards ref.ative to the pile. The skin fric-

tion developed as a result of this relative dewmrard movement

of the soil is called negative skin friction. As the term im-

plies, this skin friction vill increase the magnitude of the

axial 4enwazd load on the pile and can have serious effects

on pile performance if not properly accounted for & design.

The magnitude of downdrag forces is a function of the rel-

ative displacement between the pile and the soU.. For cohesive

soils, settlement takes place mainly because of consolidation;

therefore the development oS downdrag forces vil3. be a time-

dependent process. Rigorous analysis to determine the inter-

relationship between downdrag and, settlement is possib3.e by

means of numerical methods. Eowerer, assuming sufficient rela-

tive settlement has occurred to mobi3.ice the ultimate shaft re-

sistance, the amd~ downdrag force on a single isolated pile

can be estimated from the follovtng equation:

f 0 t ff D dRL �. 18!

in which: Qd @md~ downdrag force

~ ~eLmma pile-soil adhesion per unit area
a

D dismeter of pile

L length of embedment of pile

ligible, w in Equation 6.17 can be expressed as:

~ Ka

B!errum �973! has stated that the drained shear strength should

be used to evaluate the downdrag 3.oad. He shoved that if the

rate of relative movement between the soil and the pile is neg-



in which: K horizontal stresa coefficient

e- ~ effective vertical stress

~ effective angle of internal friction of soils

Values of K snd g .for various types of clays as suggested by

B!erxum �973! are tabulated in Table 6.1,

It should be realized that Equation 6.3.8 is not applicable

for batter piles. Based on modal test results, Koeznez and

Mvkhopadhyay �972} have measured substantially larger values

of negative skin friction foz batter piles. For batter angles

commonly used in practice, the authors reported values that are

twice that of vertical piles {Pig. 6.8!.

Hegative skin friction can also occuz on piles installed

in groups, but the downdrag forces are likely to be less severe

than that calculated for isolated, sing1e piles, Results of

model tests conducted by Koezner snd Ihxkhapadhyay {1972! showed.

that group effects reduce downdrag loads. The investigators

zepozted a sharp decrease in negative skin friction at a spac-

ing of about 2.5 D on a 3X3 group. This reduction was observed

at all values of soil surface settlement  Pig, 6.9!.

With a knowledge of the soi1 properties and the dimensions

of the pile, the downdrag forces can be estimated and incorpor-

ated into the design. however, in cases where the allowable

loads have to be reduced significantly to account foz this ef-

feet, application of methods to minimize the downdzag forces

may be maze economical.

Downdrag loads can often be effectively reduced by pze-

drilling through the soils contzi.buting to the down.drag, theze-



Table 6.1 Values oZ K and 5 for Negative SRin
Friction  8 jerrum, 1973!
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by reducing the frictional drag of the settling soil on the

pile. Downdzag could also be theoretically eliminated by en-

closing the portion of the pile which extends through the set-

tling soil in a sleeve vf.th a diameter larger than the pile.

This would separat.e the pile completely from the soil in the

zone contributing to the dmmdrag Loads. However, the ecc~mic

feasibility of such a pzocedure is questionable and such sleeves

often hang up on the piles, thereby defeating the purpose of

their use  AMP', 1966!.

Besides the two methods described above, surface coatings

have also been used to minimize negative skin friction. Koerner

and Bukhopadhyay �972! deecmstzated that. asphalt coatings can

reduce the snount of downdrag load tzansfer to the pile. They

indicatek that the reduction vill be Larger iZ the asphalt coat-

ings are thicker and softer. Claessen and Horvat �974! also

discovered significant reductions  by about one-half} in dovn-

dxag Loads with the use of a slip layer  about 0.37S inch or

10 mm thick! of bitumen coatings on a concrete pile.

6.5 Load Distribution in Pile Qro s

Zt; has often been assumed that all piles in a group carry

an equal share of lead. As nated by Bovles �977!, this assump-

tion is valid only when the following conditions aze met:

1! the pile cap is in contact with the ground.

2! the piles are all vertical.

3! the 1oad is applied at, the center of the pile.

4! the pile group is symmetrical.

For free-standing pile groups in cLays, the Load distrQu



tion among piles has been studied 5y %staker �957! using

model tests, The investigator reported that for 3X3 grouys

with spacings of 2 D and 4 D, the piles at the corners of the

group carry the lazgest proportion of load while the center

pile carries the smallest pzoportidn under working load condi-

tions. However, as aha pile group is loaded to its u3.t~te

cayacity, the order of driving s~s to play a significant

role in distribution of load among piles. The test, results

indicated that piles that are dzivM first cazzy the least

share of load while those driven last carry the largest share.

Rxitaker further noted that at spacings of 8 D, under which

individuaL pile failure governs, de load distribution amang
piles m essentially uniform, i.e., all piles carry an equal

share of load, zegazdless of position or order of driving. 8is

results aze sized in Pig, 6,10a and 6,10b . Zoz 5X5 grouys

at spacings of 2 D and. 4 D, ucpezQentaL results showed that,

the load distribution basically follows that of 3X3 groups ex-

cept that the variation of load. distribution is greater in this

case gig. 6.11!.

For pile gzoups in sand, a rather extensive investigation

on load distzibut,ion using madel tests has b en conducted by

3eredugo {1966! . The author identified four stages of loadings

at which. the load, distributions aze quite different. These

four stages are desczibed as folio&:

1! at a samll percentage of the ult~te load, the load

distribution appears to be zandce,,

2! as the load increases, load distrDution ameag piles
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is mainly governed by the driving order  piles that are

driven Last carry a greater share of the load!,

3! at. or near the ultimate load,, Load distribution is de-

texmlaed by the position of the pile in the group with

the center pile carrying the greatest propoztion of the

load and the corner piles carrying the least pzopoztion.

4! for Loading beyond failuze, there will be a uniform

distribution of load among the piles.

Typical results of Beredxxgo's experimental investigation can

be seen in Fig. 6.12. He also noted that as the spacings be-

~een piles increase, the load carried by each pile will tend.

to equalize, a case similar to that of pile groups in clay.

Vesid �969! has also performed a detailed study on load.

distribution of pile groups in sands. The typical load dis-

tribution measured is shown in Fig. 6.13. According to the

figure, the centez pile carries the greatest share of load and

the coznez piles carry the Least.

6.6 Pile Geo s under Eccentric Loadings

Often it is necessary to consider the effects of eccentric

Loadings on pile groups. This is comaaaa for piles used in

docks, piers, etc.. Rigorous analysis of this problem usually

follows the procedures for three-dimensional structural analy-

sis with computer-aided solutions. However, for simpler con-

struction, the discussion below will provide some general guide-

Lines to analyze the problem.

For pile groups M clays, 5eyerbaf �963! carried, out mo-

del tests on pile groups Loaded eccentrically. Re reported that
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for eccentricities up to half the group width, the group capa-

city is not noticeably affected and can be evaluated using the

ssate procedures as for centxally applied axiaL Loads. This is

explained by the fact, that the reduced paint resistance because

of eccentric Loading is offset by an incxease in shaft resis-

tance on the side of the group. However, it was pointed out

that if the width of the group is equaL to ox greater than the

depth of penetration of the piles, the effects of horizontaL

soil stxess will be xelatively small and thus the shaft resis-

tance should be ignored with the point resistance calculated

in the same manner as fox a shallow foundation. Xn other words,

the piles in the tension region of the group axe ignored and aa

equivalent group width is used g'ig, 6.L4}, given. as;

 .6. 20}

which; B ' equivalent group wid,th.
g

3 ~ group width.
g

eccentricity of loading

The effects of eccentric loading on the beaxing capacity of

pile groups in sand have been studied by Kishida and. Neyerhof

�965} using a series of aedel tests, Their results showed

that for smaLL eccentxicities, the bearing capacity of the

group is not significantly affected, The induced moment is

resisted by the horizontaL resistance on the side of the group

untiL the amcimum passive soil stress is reached, Vithin this

a slight inc-ease in thi &tee ceyaci~ of We gro~

over ~~ ef L ceGtr513.J appLied 1048 is pccsible, KovRver,

b+ma4 this l~t, aha ~fgexience has to be belanceck by en ec-
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Bearing Capacity oC Pile Groups
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centric point zesf.stsnce oz uplift resistance of piles, depend.-

ing on whether block failure oz in&vidual pile failure gav-

ezas. This results in a decrease of group capaci.ty xi& in-

creasing ecceatzKci.ti.es.

6. 7 SuamL'Iz'g

Xa addition to the load cazzying capacities requirement,

the design of pile foundations must also take into account

other factors that may signif cantly influence the performance

of the foundations- under loads. The considerations presented

M thi,s- chapter are typical problems that are commonly encoun=

tered in teal situations. These should be studied carefully

and incorporated into the design, if applicable.



CHAPTER 7

NATERXALS FOR PXLZS

A wide variety of materials has been employed for construc-

tion of waterfront structures. At present, the materials used

for pilings are nozmally restricted to:

L! concrete

2! steel

3! wood

Discussions in this chapter will be L~~ted to the above ma-

terials. The perfoamznce of these materials, as well as other

types of recently developed materials, has been discussed by

Eubbell and Kulhawy �979! . Ho attempt will 'oe made to repeat

this information; however, soma ef the more important points

relevant to piles will be discussed herein. The reader should

refer to Hubbell and KuLhswy  L979! for more detaiLed informa-

tion.

The selection of mater'.aL type for a given structure shouLd

not be based on minimum. initial total cost; factors such as de-

Livery, instaLLation, maintenance, repLacement, durability and

protective measures required thzoughout the design Life aZ the

stxuctux'e should also be eaken into consideration. Foz facili-

tias such as recreational playgrounds, aesthetics or public pre-

ference may also influence the choice of material type.

Althoclh the materiaL type wiLL not greatly affect the com-

putational design procedures fax piie foundations, its detezmi-

nation should not be made after the whole design pxocess has
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been completed. instead, different options should be coastaat-

Ly examined throughout the analysis-design cycles to select the

best material appropriate for a given project.

7.1 Material Deterioration in the Coastal Eaviroxmeat

Material deterioration has always been a major concern for

all types of coastal facilities, - Many structures have been

rendered useless as a result of this process. Deterioratioa

often is expressed ia the form of reduced cross-sectional area.

Xf aot properly taken into account ia the design phase, the

Load-carry', capacities of the members may be significantly

rechxced with subsecpxent failure of the structure.

Materi.al deterioration involves sn interaction between

the materiaL and the aggressive components of the eaviroameat,

The rate at which this occurs is very site-specific aad it

varies with the Locatioa of the material with respect to dif-

ferent environmental zones. Pive canes can be identified in

the coastal regime:

L! atzmspheric

2} splash

3} submerged

4! erosion

5} embedded

These are best illustrated by a pile free-standing in water,

as shown in Fig, 7.L. Mhile the deterioration in the atmospher-

ic, submerged cegL eche~ ~as is dece~aed by the eemiroa-

geagel conMtioas, the gag edatiaa- processes in «~ splash snci,

erosion tones are ckra@nate6 + ~ active mei sb'thrive ectioa
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of. sea bed, sediments, respectively. Each of these zones has

its own charactexistics with regard to deteriozation. Under

most circumstances, the spLash zone is Likely to be the cziti-

cal region t!mt governs the design because high rates of de-

tezioxation usually occur in this zone,

An understanding of the Local'environment is essential to

study the nature and extent of material deterioration. A com-

plete evaluation of the pzoblem should include a study of the

atmosphere, the water and the soil, Atmospheric attack depends

largely upon climatic conditions and the presence of airborne

destructive elements. A complete analysis of watex properties

includes type  fresh ox salt:!, oxygen content, pK values, re-

sistivity and bacterial counts. Soil factoxs that may influ-

ence material deterioration are type Csandy or clayey!, loca-

tion of ground water table, mineraL composition and the coz-

rosiveaess of the gaseous phase of the soils.

Xnstead of the detailed analyses mentioned above, the se-

verity of deterioration can very often be estimated by a thor-

ough observation of any existing piles at the site. Ef neces-

sary, old piles can be pulled from the ground. for this purpose.

7.2 Concrete

Plain concrete is composed of watex, fine aggregate, coarse

aggxegate, cement and, frequently', admixtuzes. Wea properly

pzopoxtioaed and thoroughly mixed, these constituents will Born

a plastic mass which can be cast into iny predetermined shape

and size. Qpon a hydzaMoo reaction between C4e water and the

cement, the, plastic mass will solidify snd beery» hardie~ cOn-
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crete.

Concrete is a materiaL that is strong in compression, but

weak in tension. Because of this, concrete piles are often re-

inforced with steel for bending and uplift, whexe significant

tensile stresses can be developed. Xn cases where the forma-

tion of cracks is strictly prohibited, yrestressed concrete

piles can be used.

Concrete piles are relatively durable and can withstand

a harsh enviracment. They can carry heavy compressive loads

and have long life. On the other hand, concrete piles are sus-

ceptible to cra~M~ under tensile forces ge.g., uplift:, frost

heave! and can be expensive. They require time for curing and

Iyecial equipment f or handling. Furthermore. a predetermined

Length is almost necessary as cutting ox splicing is likely to

be expensive.

Concrete exposed to air is subject to the weathering pro-

cesses of the atmosyhere. They may result either from thermal

expansion/contraction caused Sy changes in atmospheric tempera-

ture or chemical weathering caused by airborne destructive ele-

ments. Abrasive action by wind-carrying particles may also

cause damage to piles in the atmospheric zone. Zn general, the

rate of deterioration under this environmental condition is

minimal and does not require much attention. However, these

processes may lead to the formation of small cracks on the sur-

face of the piles, Subsequently, water may penetrate through

thea» cracks and. cause spelling and ~ting of the reinforcing

bars.
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Za an extensive investigation of long-term behavior of

conczete structures in the mazine eavizoament, Brawne and

Domone �974! discovezed that disintegration of concrete piles

is mosC severe in Che splash zona, a region that is constantly

subjected to pounding of mores and abrasive action of floating

debris or ice. The investigators also reported no deteriora-

tion in the portion of the piles that is permanently submerged,

They attributed. this to the lack of oxygen suppLy in the sub-

merged. zone.

Xn Che erosion zone, the severity of attack by abrasive

action of the sea bed sediments depends upon Che current ve-

Locity and the characteristics- of the sea bed sediments. Den-

age may be appreciable in places where cuzrent velocity is

fast and particle abrasive action is strong.

The embedded portion of conczete piles is generally con-

sidered permanent.. However, this assumption may not be valid

when Che soils or gzounchrater contain destructive alkalis,

acids oz sulphate salts that can cause damage to concrete, Ac-

cording to Chellis {1961!, this effect is more pronounced in

sandy soils than in clays Because Large pore space permits rap-

id Leaching and provides more ai for deterioration to take

place.

Xn the atmospheric zone, concrete may be subjected to dza-

ma~c changes ~ temperature, The durability of concrete with

raSyeCC CO t~ePaMa cheges is measured by the number of

.freeze-thar cycles r~Ted to produce a specified. amount of

4@CezioraMon. Labazato~ texts conducted by the PCA �968!
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on concrete specimens have shown that high durability is assoc-

iated with the use of air-entraQunent and a law water-cement

ratio, as illustzated in Fig. 7.2

Abrasion can be a serious problem in the splash and ezo-

sion zones where floating debris and shifting sea bed sediments

may cause rapid loss of material from the pile surface. Test

results provided by the PCA �968! have indicated that the re-

sistance of concrete to abzasion is directly related to the

compressive strength of the material. Concrete with low com-

pressive strength i.s found to be more vulnerable to attack than

conczete with high compressive strength. Pig. 7.3 shows re-

sults of abrasion tests on concrete specimens with different

compressive strength.

As the compressive strength of concrete is dependent upon

the water"cement ratio and. the length of moist curing period,

it is obvious that a low water-cement ratio and long curing

peziocl will develop h' gher resistance to abrasion.

Sulphate attack is also a major cause of concrete deteri-

oration. Concrete piles can be attacked. very rapidly by sul-

phates occur'ring naturally in soils and in sea water,

The smount of sulphates in the soils can be measured by

the sulphate content of the ground water, if the sulphates are

soluble; otherwise, chemical analyses of soil samples can be

performed, Rmn determining sulphate coacentrations, seasonal

and topographic effects must be taken into consideration.

g~les s~l4 g» ze~~d. after a long 'Period «dry

to obtain «ha best ra$eeseatative 4~les, We concentrations
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of sulphates and the relative degree of attack are described

by Hubbell and Kulhawy �979! .

Although sea water typically has a sulphate content of

about 230 parts yer 100,000, the presence of sodium chloride

has sn inhibiting or retarding effect on its reaction with or-

dinary Portland cement  ToaQ.inson, 1977!, Therefore, sulphate

at. tack in the submerged xone in sea water may not be a coxrcern

for design.

The problem of sulphate attack can be overcome by a proper

choice of cement type. In the United States, information on

properties of various types of cement can be obtained from the

Portland Cement' Association. In cases where sulphate attack is

moderate, ASKS Type IZ cement is recommended. When sulphate

action gets severe, AZDf Type V cement should be used,. It

should be noted that. these two types of cement gain strength

mare slowly than Type I or normal. cement and thus a longer

period. of curing should be anticipated.

To some extent, all concretes are permeable to water,

This allows water to penetrate through the surface and 1eads

to subsequent corrosion of the steel reinforcement, In addi-

tion, entry of soluble sulphates into the pore space of the

concrete piles can cause disintegration of the member.

Permeability of concrete depends upon numerous factors in-

eluding water-cement ratio, air-entrainment, aggregate grading

and period of curing. PCA  l968} indicated that the watez-

tightness of the material depends principally on the water-

cement ratio used and the length of the moist curing period.
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Their test xesults on aon-air-entrained moztax disc specimens

subjected to 20 psi �38 kH/m~} water pressure are showa in

Fig. 7.4. Xt can be seen that watertightness inczeases with

inczeasing moist curing pexiod and decxeasing water-cement

ratio. PCk �968! further noted that. the pemm~ility will de-

crease with ad.cU.tion of air-entraf,ament and Chat hoaeycombs or
t

czacks -shou1.d be avoided to ensure a low porosity.

7.3 Steel

The term "steel" usually refezs to carboa steel with the

following maximum content of elements othex than iron: car-

bon, 2.&�, manganese, 1.65'f.; copper, 0.67.; and silicon, 0.6%

 Hoznbo s tel, 1%78! .

The properties of steel axe determined not only by the

chemi.cal composition, but they axe influenced to a great ex,-

tent by the type of heat treatment and mechanical working dux-

ing manufacturing.

Ovexall, steel is a strong material that can cazzy heavy

1oads. Unlace- concrete, it is stzoag in both tension and com-

pression. Steel piles caa be expensive; however, they have

great versatility. They can be driven to great depth and

thxough hard materials. Furthexmoze, they aze found to be

particularly useful ia cases  e.g., ia sensitive c1.ays! where

small displacement piles must be used.

Fry» �970! exaad.aed the corrosion profile of steel pil-

inis ia the of fshom exv~e~t. Fig. 7. 5 shows th» relative

loss in metal thickness o-f steel ~1Qxg m.th 've years expo-
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sure in sea water on the North CaroLina Coast. This is a typi-

cal corrosion profile for steel piles free-standing in water

subjected to attack by aggressive components in various corro-

s ive zones ~

Xn the uppermost zone where the steel surface is normally

dry, the materiaL is sub!ected. to atmospheric corrosion and the

deterioration rate is not very significant.

En the splash zone, the pile is under severe attack and

the Loss in metal thictcness is Larger than anywhere else in the

pile. Similar to concrete piles, this is a criticaL portion

which usually requires special attention. Added, thickness or

other preventive measures are almost necessary in this region.

The corrosion rates in the tidal and submerged. zones are

minimaL except in the upper area of the submerged region�, Frye

 L970! attributed this to the difference in oxygen concentra-

tions between the air in zone 3 and the water in zone 4, re-

sulting in electrochemical corrosion.

An erosion zone along the mud-Line was not identified.

This is probably because of the M.gh strength of steel, which

provides strong resistance against abrasive action of the shift-

ing sea bed sediments.

In the embedded zone, Frye  L970! discovered that no seri-

ous deterioration had occurred. This may not be true in gener-

al. According to Chellis  L96L!, the rate of corrosion of

steel piles embedded in soils may be significant, depending on
T

~ text~ em@ c~osXMee of the soils, depth of embedment

and moisture content. Be 51m'ther pointed out that bacterial
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activities in the soils may cause corrosion of steel embedded

in tha ground.

A corrosion study on steel piles conducted by Rcen;Inoff

�962! indicated that no appreciable corrosion occurs in steel

piles driven into undistur5ed natural soils, regardless of the

soil properties. The study was conducted at a sita with soil

types that ranged from well-drained sands to impervious clays,

with soil resistivi.ties that ranged from 300 obm-cm to 50200

ohm-cm and soil pH which varied between 2.3 to 8.6. Romanoff

�962! attributed tha non-aggressive behavior to the 1ack of

oxygen in undisturbed soils and concluded that properties of

soil will not affect the extent of corrosion of steel piles

driven in undisturbed soils.

Et is well known that corrosion of metals is largely elec-

trochemical in natura and that the presence of oxygen in some

forms is necessary for this process to take place. Chellis

�961! described electrochemical corrosion as "...the result

of a difference in potential between two points in a conductor

exposed to an electrolyte, with materi.al moving from the anode,

which in this case is tha surface corroding, to the cathode,

or noncorroding material. Corrosion cells are formed on piles

between areas of different ae ation. Tha steel surface plenti-

fully supplied with oxygen is cathodic with respect to the por-

tions of the pile less accessible to oxygen."

P~e �970! noted the follmrit~ three requirements for

corrosion of metals to take place:

1! there must be an anode and a cathode.
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2! there must be sn electrical potential between the

anode and cathode.-

3! there faust be an electrolyte that is capable of can-

dncting e1.ectzic current by ionic flow.

Thus, electrochemf,ca3. corrosion can essentia3.1y occur under all

types of environmental conditions  air, water oz soil! as long

as there is a ncexmxLZorm distribution of oxygen content and sn

appropriate electrolyte.

The damage may be either genezal or localized depending

upon the relative size of the anodic and cathodic areas for a

given difference in potentia3. between the two azeas. Tf the

snodic area is relatively large compazed to the cathodic area,

the corrosion current wi3.1 be sma3.I. and the lit le damages to

the anodic area can be distributed over a lazge area, chas re-

stxlting in uniform corrosion. On the other hand, if the anodic

area is relatively small compazed with the cathodic area, cor-

rosion wi11 be !.ocaliced and seveze damages may result in the

form of pitting Qbmaaoff, 1962}.

Cathodic protection Xs often used as a renedy to curtail

or eliminate electrocheaica3. corrosion. This caunteaaeaaxze

operates en the basic principles af electrochemical cor osion

described earlier. Two methods af cathodic protection are gen-

era3.ly used.

1! impressed-current

2! galvanic

These tm methods have been discu.ssed by Hubbell axed, Kulhawy

�979} .
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As pointed out by Frye g.970!, cathodic protection is moze

effective for coze'osion in the submerged zone. There is little

reduction in corrosion in the region above mean high water lev-

e3., as shown in Fig. 7.6. Also, this method may not be applic-

able in fresh or pure watez, which is a very weak electrolyte.

Paints and coatings axe also used as an alteznative oz

supplement to cathodic protection, A stable coating can serve

as a physical as well as a chmical barrier against corrosive

attack. Protection can he applied throughout the Length of the

member oz just in the portion of greatest corrosion.

Same of the amaze common types of coatings that are used by

the azine industry are summarized M Table 7.1. The choice of

these coatings depends upon factors such as  Petezsen and Soltz,

1975!:

1! surface preparation possible

2! envircnuaent

3! mater'al cost

4! weather condition at time of application

5! surface abrasion expected during service life

6! life desired from the system

7! type of metal being coated

8} type of worker available for applying the coatings

The effectiveness of some of the coatings mentioned above has

beeO described by HMbeU. and. Kulhaary �979!. Zt should be

realized that paintings oz other types of coatings applied pzKoz

to driving may mt be totally eliable because portions af coat-

ings r~ved by abc'asion oz hanMing may se~e as Meas of at-
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i. OR paints-besed ea natnrel m|s from pleats ead Nsh:

b. Relstlsely iaenpeasive.
c. Mey teilaba hmger 4tyiag thneL
d. PermeeMe ead tecom~ oaly lbr mihl etatosphere.

2. Alhyd peh~s obtsiaed ftaa the teectioa of glycetbt sml phthelc eahydri4e:
s. lieve te be beked to dty  ntdess combined with oil paints>.
b Mote ' t thea oR paints, bnt stiR aot nutable for chemical terv ce.

3. Emulsion or we~ peiats-teria ia e weter vehitdm
s. Uttle odoc.
b. Easy to sppiy.
c. Kssy to dean ep.

4 Urethane psints resction of Ltocysnetes with polyols'
s. Oood toeghness snd shresioe resistance.
b. Corrosion insistence mey tpproech that of viaylt sad epoxies.

5. Chlorinated rubber- nstiirsl robber chlorhte ted:
* Ones not wet welL
b. Drits tleickly.
c. Resistsnt to wstsr sad meay taorgeaics.
d. Temperetnre mexiauga- lSQ'F.
n lfey be printed for better protccdon.

6. Vinyl paints-polymerization ol compooads conmaiag vinyl groepc
* blare corrosi~tsnt thea oil or silqn34esed paints.
b. Resistsnt to e vericty of sqeeoes acids eml slkehne medic.
c. Tempera tare mexianus- lSQ'P.
4. Adherence snd wetting ccn be poor.
e. Adherence for the erst 24 h or to is respect.

T. Epoxy psmts-reaction of pokypltenots with cpichlorohydrin:
s. Am~tsrilened epoxy coatings  herdness sad resin-most resistsnt to chemicals!.
b. Polyemid&>erdeeed epoxy is less resistant to ecids bet is toegher end more

moistoreproof.

4. Coal tseepoxy hes good resistance to wetcr. soil, snd hiorgsrec acids.
S. Silicone pei ts-high temperetere service  with moc@lcstion up to L200 Fj:

s. Not very good sgsinst chemicsls.
b. Are we~lent.

9. Coal ters-applied hot: esed specially in undergroeed app licstions
LQ Gac peia!-metallic zinc dhst in sn orgsnic or inorgsmc vehicle:

s. Use4 in gdvseic protectioa by the zinc to prevent pitting st hoies in the costing.
b. EFectlve ia eentrel snd slightly slkekhte solutioreL
c. Orgsaic tiac paint requires fess mrf ice preparation snd is essier to topcost then

iaorgsnic coentcrpsrt is.
4. Lnorgznic is more hest~scent, however.

Table 7.1 Paints and Coatings  Petersan and So3.tz, 1975!
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tack by various corrosive agents.

Za the splash cone where the deteriozatioa of steel is most

severe, coaczete encasemeats are commonly used. To be effective.

the concrete has to be durable aad watertight. The jacket

should be of adequate thickness and length. Chellis  L96l! sug-

gested such eacasements to be at Least 2 feet �.6L m! below

meaa Low water aad 3 feet �.91 m! above mean high water levels.

3esides the splash cone, encasements can also be used through

~ater for protection. In this case, Chellis �961! zecaamended

a penetration of encasement of at least 4 feet �,22 m! into the

soil. With xegard to the thickness of the eacasemeats, Watkins

�969! suggested a a~mum of 4 inches �02 mm! to be used under

normal corrosive conditions.

7.4 Wood

Wood is oae of the oldest construction mater'als, It is a

biological compound of trees and is composed of appzoximatel.y

O'V carbon, WX oxygen, 6X hydrogen and 17. ash Qzady and

Clauser, 1977}.

Compared with steel aad coacrete, wood, has a higher strength

to weight ratio. In addition, its high energy-absorbing capa-

bilities has made it an excellent material fax use in fendezing

devices.

Timbez piles aze cut from tree ~Gas. They are zelatively

cheap aad easy to handle. Moreover, they are readily available

in most areas aad can be cut to any desized length with little

cKfficulties. However, in yzoj acts where loag piles are re-

qui ed, it may be cU.gficult to obtain such piles and splicing
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is a necessity.

Because of different growth conditions, wood ~bits a

wide range of properties. The characteristics and applications

of various species of wood can be found in Chellis 0961} or

U.S. Forest Product Laboratory C1974! .

Decay, insects and marine Gorers are the primary causes of

wood deterioration. These have been adequately discussed by

Hubbell and Kulheuy �979! and, therefore, only a brief descrip-

tion will be provided herein. The reader should refer to

Eubbell and, Kulhawy's work for mare detailed information on

these aspects as well as their appropriate treatment procedures.

Decay is caused by fungi, which are microscopic plants that

obtain their food supply from organic materials. These micro-

organisms require food, moisture, oxygen and a favorable temper-

ature to survive. Deprival of any of these essential elements

will deter or el~ate the decay oZ wood.

The food supply for the decay-prochcing fungi is the cellu-

lose and. Lignin of the wood. Therefore, it is possible to poi-

son the material with some form of preservatives to curtail the

growth of fungi,.

Wood that is exposed to the atmosphere is normally too dry

to support fungus growth and wood that is pendently submerged

under water is too high. in moisture content to promote decay.

The moisture content Eoz fungus growth should be greater than

2&�, but less than the fiber saturation poQxt CBubbell and

Kulhawy, L979!,
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piles embedded in clays, this will be limited to within a few

feet, below the ground surface. However, for piles embedded in

sands where air circulation is likely to be better. it is pos-

sible that decay can occur to a great depth.

Temperature will also affect fungus growth. Decay will be

slow when the temperature is below 50'F �0'C! or above 90'7

�2'C! and it will essentially stop when temperature drops be-

low 32'F  O'C! or rises above 100'F �8'C!  U.S. Forest Product

Laboratory, 1974! .

In general, fungus damage is caused by the following three

major factors  U.S. Forest Product Laboratory, 1974!;

1! lack of appropriate protective methods when storing

logs or bolts.

2! improper seasoning or handling of the wood after storage.

3! failure to take simple precautions in using the final
r

product.

Insects are another major form of attack for timber piles,

AaKrrlg them, termites cause the most destructive dszaage to wood.

Termites can be classified into two types according to their

habitations:

1! sub terranean termites

2! nonsubterranean termites

The distribution of these tm types of termites in the United

States is shown in Fig. 7.7. The subterranean termites are

ground-inhabitizLg and bui.ld their hCmels through mLrth to

reach their food supply, They cause the most severe insect

damage to wood ~ the United States, particularly in the south-
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em part. The nonsubtezranean termites entez the wood. from the

ground and are wood-inhabiting. They aze found only in the

southern part of the Cn'ted States.

lfaziue borers have also caused severe damage to waterfront

structures. They are inha5itants of salt oz brackish watezs and

can be found throughcnxt the world, They can attack susceptible

wood very rapidly. Ma]or species of marine bozers and. appro-

pr'iate protection methods are discussed by Hubbell and Kulhawy

 l979! and wiU. not be repeated here.

7.5 Summmp

Three commonly used materials  concrete, steel and woad!

foz piles have been discussed. Each of these materials has its

advantages and disadvantages for a given prospect. The fac-

tors that determine the final choice of material type have been

outlined at- the beginning of the chapter. They should be exam-

ined, carefully, and the relative importance bet~en various fac-

tors should be noted.

Piles used in the coastal enrirozunent are often subject to

nonuniform deterioration, Xn the genezal case, five environ-

mental zones can be identified. These are described in the

chapter. Under most circumstaaces, the splash zone is of ma!oz

concern since high. rates of deterioration usually occur in this

region.

Concrete is a durable material and can withstand a harsh

enviroament. Zavevez, the formation of cracks is ver common

because of the weak tensile capacity of the material. The eh@a-

bility of concrete wi& respect to the freeze-cheer pzocess is
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dizectly related to the water-cement ratio and the use of air-

mtrainment. The abrasive resistance of concrete is proportion-

al to the compxessive strength of the material. Sulphate attack

can be a serious problem and can be overcome by a proper choice

of cement type. High permeability concrete is undesixable and

proper precautions should be used.

Steel is a material that is strong in both tension and. com-

pression. Steel piles can be expensive; however, they are adapt-

able to many types of conditions snd re~rements, Zt was

noted that corrosion of steel piles in undisturbed natural

soils is negligible and rarely needs consideration. Corrosion

of steel is an electrochemical process, which can take place in

all types of environmental conditions, Cathodic pxotection and/

or protective coatings are often used as remedies to retard the

coxrosion of the materiaL.

Wood is a biological compound of trees. Xt has a high

strength to weight ratio and is proven to be an exceLLsnt mater-

ial for fender piles because of its high energy-absorbing capa-

bilities. Deterioration of wood is principally caused by decay,

insects and marine boxers. These various forms of attack can be

avoided with appropriate preventive measures and treatment pro-

cedures .



XNS'ELLLKTXON OF PXIZS

The operation of driving yiles into the groped is a com-

plicated, construction process that requires skills and experi-

ence. Suyezvi,sion by an experienced person is necessary for

all pile-driving jobs. The appropriate degree of supervision

depends upon the nature of the project, the variability of the

ground conditions and any anticipated installation yroblems.

~ng the driving operation, any peculiar conditions should be

noted and the driving history should be properly recorded for

future references.

The method of installation of a pile can influence its be-

havior under loads significantly. It may also determine the de-

gree of disturbance on the soil properties end adjacent struc-

tux'es. Thus, the installation operations should be carefully

mramined in the design phase, The persons who are responsible

for' designing the pile foundations should have a sound under-

standing of the construction procedures and limitations in the

field.

Piles may be installed by driving with hammers through im-

pact or vibration, or by jetting, augering ox other methods that

axe cayable of driving the piles down to the required penetra-

tion without damaging the piles or nearby structures.

Za this chapter, scroe of Nese insta3,lathan methods m,ll be

described. The effect of time ea pi.le capacity because of in-

stallation loads will also be discussed.

218
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Concrete piles are probably the most difficult to handle

among the three materials considezed.. The low tensile capacity

of concrete often 3.eads to the formation of cracks because of

bending maaaeat induced by the dead weight of the member during

lifting. This is highly undesirable, especially for piles that

are used in a corrosive coastal envizoament. Thezefoze, in han-

dling these piles, great care anxst be exercised duzing pickup.

Long piles should be picked up at. several points to reduce the

unsupported lengths. The mmehzazm bending axnmmt induced for

various yoints of pickup is shown in Fig. 8.1, The bending

stresses developed from lifting should be accounted for in the

design phase and the corresponding picky points should be

clear!.y marked.

Although the handling of steel and timber pi3.es does not

require special attention, the members should be lifted as care-

fully as yossible, especially for piles that have been treated

surficially to deter material deterioration. Removal of pro

tective coatings as a result of negligence in handling can very

yossib1y lead to future problems of corrosion.

8.2 Pile-Dzivin Ri s

The driving zig is one af the most important pieces of

equipment foz pi3.e installation, and a wide variety of these

zigs is available. The range in dimensions and. capabilities of

the equipment is too wide to be fully described in this section.

Detailed information can be obtained fram manufacturer''s litera-

ture.
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A typical driving rig is shown in Fig. 8.2. The most es-

sential component of a driving rig is the leads, which aze con-

nected to the boom and serve as tracks for the haxmner during the

driving operation. They are made of stiff members of solid,

channel, box or tubular section and stiffened by trussing

 Tom3.inson, l977!. The leads are attached to the crane by the

spreader, which is adjustable in Length to permit driving of

batter piles.

The pile is located under the hammer within the Leads,

Lateral support is provided by sliding guides placed in the

leads at the mid-point or quarter-points of the pile  Sowers,

1979!. Men it is necessary to drive piles below the base of

the crane, extension Leads can be bolted to the bottom of the

main Lead.  Tomlinson, 1977}.

Prefabricated leads commonly in use can be separated into

two categories  Hunt, L979}:

l! fixed leads wM.ch are rigidly attached to the tip of

the boom.

2! hanging  or swinging} Leads which are not attached to

the boom but are suspended by a cable from the boom

Fixed leads can align a pile more rapidly and are preferred 'n

cases where a large number of vertical piles are to be driven.

On the other hand, banging Leads are found to be more efficient

for batter piles and hard-to-reach «reas  Kmt, L979},

8.3

Piles are commonly driven into the grouaci Sy ~~as. These
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hammers are heavy rsms Chat derive their energy either by free

fall or chvzxgh some form of external excitation. The energy

is usually transmitted through a pile helmet  also called pile

cap! snd a pile cushion resting on top of the pile, as illustra-

ted. in Fig. 8.3.

Many types of hammers are used in practice. The final de-

termination of the hemmer to be used, in a pile-drivtng job de-

pends upon the size end type of piles, the number of piles, the

characteristics of the soil, the location of the project, Che

topography of the site, the type of rig available, etc.

 Peuz~oy, 1979!.

The merits end 1imitations of some of the major types of

hazmezs are described below, The materials are essentially ex-

tracted from Gilbert �970! and. Peurifoy �979!, unless other-

wise stated.

8.3.3. ~

A drop hammer operates on. the simple mechanical principles

in which the ram is raised by a rope, released end. then allowed

to fall freely on to the pile gig. 8.4a!. The weight of a

typical drop h.immer ranges fram 500 to 3000 lbs �225 to 13350

N!, while the height of fall normally varies between 5 to 20 ft

�.52 to 6.10 m! .

Drop hammers are cheap, simpl.e and easy to operate. How-

ever, it has an extremely slow blow count of 1 to 4 per minute,

snd therefore 's uneconomical to use ggcept st remote sites

where the kelivery cg hes~ drivir~ e~yaaat W diffi.cult. Gee

potential prOblem m uSing a 4rey 4+@er is OverStreSSieg and.
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damaging the piles by lift,ing the hammer too high.
8. 3.2 Sin le-Actin Hammer

A single-acting hammer is the simpLest powered hammer.

The ram is Lifted by steam or compressed air and is allowed to

drop freely by the pal of gravity  Fig. 8.4b!. The energy is
derived from a Limited fall � to 3 feet or 600 to 900 mm

{Sowers, 1979!!, and thus the impact velocity is low. This type

of hammer may strike 50 to 70 blows per minute,

As compared wi.th a drop hammer, the single-acting hammer

can deliver a greater number of blows per minute and, requires a

shorter driving time. Nareover, with the hi.gher frequ.ency of

impact, the shaft resistance is reduced, permitting easier pene-

tration in subsequent driving. On the other hand, this type of

hammer is more complicated snd requires higher capital invest-

ment and maintenance costs.

This type of hammer can operate in all soils conditions,

but is most effective in drivtng piles through stiff clays.
8. 3. 3 Double-Acti.n Hammer

Double-acting hammers operate oa the same principle as

single-acting hammers, except that during the downward stroke,

steam ar compressed air is applied at the top to accelerate the

ram in its downward stroke gig. 8.4c!, Zt delivers from 90 to

130 blows per minute.

As compared with single-acting hammers, double-acting ham-

CNrs deliver a greater Kusibex' of blows per ad.nuts and therefore

remi.re skArter driving tive. Qea of the main disa~tages of

t~ c4 hsasMr is ~ Wbration that may result fram the



227

xalatively light weight and high velocity of tha ram, There

foxe, the use of double-acting hazmners should be avoided in

dzivtng heavy piles thxough soils that have high frictional re-

sistance, especially if there axa many adjacent structures a-

zound the site.

Overall, tha hammer performs bast. in sandy soils, but also

performs well in both sands and clays,

8.3.4 Diesel Hammer

A diesel hammy is a self-contained unit tMt does not ze-

quiza the use of an external source of energy. The complete

unit consists of a cylinder, zsm, anvil block and simple fuel

injection system  Fig. 8.4d! . Xt is basically a one cylinder,

two-cycle diesel engine in which the piston acts as the ram of

the haemer. The range of blows is 48 to l05 pez minute, with

ram weights fzom 1000 to 3855 lbs  .4450 to 17L55 N! .

Since a diesel hammer requires no external source of energy,

it is highly mobile and proves to be desirable to operate at ze-

mota sites. Furthermore, the banner is light in weight and has

low fuel consumption. Zt can function in cold weather where it

may be difficult to use steam. The major drawback of this type

of hammer is that it is not suitable for use in soft ground be-

cause sufficient driving resistance is necessary to activate the

ram. En addition it is diffic~lt to determine the impact enex'gy

pex hammer blow because it varies with the pile resistance.

8. 4 Vibrato Pile Drivers

Vibratory 4rivars aza operated by a pair of co~ter-rotating

eccentric weights  Fig. 8. 5! . The horizontaL impulses from
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Pig. 8.5 Vihratary Pile Drivers  Vesic, 1977!
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these weights will cancel one another, but the vertical impulses

will reinforce each other eo produce a pulsating load on the

pile at, a rate of 16 to 24 cycles pez second.  Gilbert, L970},

The driving of piles into the ground is accomplished by vi-

brations that Loosen ehe soil in the vicinity of the piLe to be-

have as a viscous fluid. These drivers are most effective for

piles driven into saturated sands. Fair results aze obtained

for silty and clayey soils. Driving in stiff clays or soils

with boulders with vibratory dzivers is not possibLe at present

�owlas, 1977! .

There are at lease three major advantages af vibratory

drivers �owles,- L977!:

1! Less vibrations as compared with impact hsuuners

2! lower noise Level

3! greater speed of penetration

8.5

Jetting is often used to facilitate driving operations

throu.gh hard strata. This is performed by applying a high pres-

sure stream of watez  air has also been used} to cause displace-

ment and agitation of tb.e soil particles, The process may be

applied before driving starts or it can be employed simultane-

ously as driving.proceeds. Zn the latter case, two jets should

be attached. to the pile point an opposite sides to avoid drift-

ing of the pile in one direction gig. 8,6!,

Jet pipeS Caemaely uSed Vary M Skm frOm 2 tO 4 incheS

�1 to LQ2 rye! in Q0ter, depencLt.g yam A w3.w of dis-

charge ze~~d. The goxcle C,pgetee ranges tecea ~ to Lp inch1
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lines to voter pump

Fig. 8.6 Jetting of PiLes by Water Pipes
  after AWP Z, 1966!
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�3 to 38 mm! . W'ater pressure is normally maintained between

100 to 300 psi �90 to 2070 kM/m ! g'eurifoy, 1979!,

The method is usually applied to sands; howevex, good re-

sults have also been reported in silty sands and in fine grav-

els  AWPX, 1966!.

Care must be exercised to avoid disturbance by the water

get to previously driven piles. The zone of influence usually

extends to 2~ or 3 feet  .0.76 to 0.9l m! away from the pile,1

which is smal1.er than the normal spacings commonly used for

pile groups  AWFU, 1966!. Et should also be noted that getting

should be avoided when the pile is driven close to its final

position; otherwise, the point resistance may be reduced by

the water ]et action.

8.6

When a stiff stratum is encountered at an upper level, pre-

augexing is sometimes used to drill through it so the piles can

be driven much easier down to a bearing stratum, For many pro-

jects, this is cheaper and faster than trying to drive the piles

through the upper firm material.

8.7 Effect of Tizm on Pile Ca aci

Most of the studies on time effects deal only with piles

driven in clays. For sands where drained conditions normally

govern, the effect of time on pile capacity is negligible and

raxely needs consideration.

Xt is welk known that driving of piles into normally can-

solidated sad lightly overconsolidated clays  contxactive soils!

generatee excess por» water stresses in the soils. These pore
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stresses will dissipate with time and the clay undergoes con-

solidation. Gering the process of consolidation, the soils ad-

jacent to the piles will experience an increase in strength,

This increase in strength with time, as caused by dissipation

of positive pare water stresses, has been confirmed experizaen-

tally by Seed and Reese �957! and, is shown in Pig. 8,7. On

the other hand, when piles are driven into heavily overconso1i.=

dated clays  dilative soils!, negative pore watez stresses will

be induced. As these negative stresses dissipate with time,

the clays will experience a reduction in strength and the pile

capacity will decrease.

The rate of consolidation depends upon the properties of

the soils and the- dimensions of the piles, T.t has also been

found that for normally consoU.dated oz lightly averconsolidated

clays, the gain in load capacity is maze rapid fax' concrete oz

timber piles than foz steel piles. Depending upon these vari-

ables, the mm~ capacity can be zes.ched in several weeks to

several months. This phenomenon is often referred to as "set-

If

Soderbezg �962! attributed this set-up phenomenon fox

piles in contractive clays to radiaL dissipation of pore water

stresses initiated by pile-driving. He indicated that the time

required to attain the maximum pile capacity is proportional to

the square of the diameter of' the pile and inversely proportion-

al to the horizontal coefficient af consolidation. This implies

that the horizontal dimension of the pile is more sigr4ficant

than the properties of the soils in the detezminati~ of the



Fig. 8.7 Comparison oZ Rate oZ Change o8 Bearing Capacity,Excess Pore Water Stresses and SoiL Shear Strength Seed and Reese, 1957!



234

thea effect. Soderb'erg's  L962! work is based. on the foLLowing

as sump tions:

1! vertical flow is assumed to be negligible as caarpared

with horizontal flow,

2! the horizontal coefficient of consolidation is not

altered by pile-driving.

Vesif �977! further demonstrated that piles driven in a

group have a arash slow'er gain in capacity than individual piles,

as illustrated in Pig. 8.8. This point should be remembered for

interpretation of t~ effects on group -capacity.

8.8 Suzaear g

The raethod-of installation can have a strong influence on

the behavior of piles under Loads. The pile capacities may be

significantly reduced because of faulty construction skills and

techniques.. All pile-driving operations should be supervised

by sn experienced person. A proper driving record should be

kept and any peculiar conditions should be noted.
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Length Soi1
Type Qia. f t. type Location

14 219 sf 1 tsteel N Tappan lee, II.Y. Yang l996

Seed 6 Reese. 19S74, steel pipe 6 22 soft clay San l'rancfsco

Hoosel 1958a steel pipe 12 60 soft clay

14 40 soft mlder
56 clay

242 soft to

Mf chf gan

Nortan grayef precast
@f concrete

gernya at al.. 19S8

NcC1el land, 1969

SCeveas, 1974 ��
 tlmoretical prediction!

steel Engene
island0 24 316 sti ff

I- 300 clay

~%0

~SO
X
D
2 60
X

40

O

z 20

a. 0
0.1

TIME, SINCE DR!YING  days!
100

1mallth f year

Fig. 8.8 Field Data on Increase oz Bearing Capacity vith
Time far Friction Piles in Clay  Vesic, 1977!



8KWhRY AND CONCLUSIONS

The design of pile foundations depends upon many para-

meters. Zt is impossible to cover all types of coaditions that

may be encountered in actual practice. No set of simple stan-

dard ru1es oz pzoceduzes is available to deal with all the situ-

ations that csa influence a pile foundation. Therefore, the

designer must understand the design ob]ectives, the design me-

thodologies aad the site conditions to develop a pzoper design.

The detezad~tioa of the magnitude of Loads, the design

methodologies for various foxms of loadiags, matezial evalua-

tion aad the construction procedures have all been described ia

various chaptezs throughout this zepozt:. Although these aspects

are pzeseated ia separate sectioas, they aze aot to be txeated

separately; rather, the diffexeat factors should be examined.

together and the iatexactioa among them should be identified.

Five forms of loadiags  waves, currents, ice, earthquakes

aad ship impact! have been discussed ia Chapter 2. They repre-

seat the most common Loading conditions far piles used in the

coastal regime. The evaluation of wave fozces is Largely based

on Nerison's equation, which asks the total force to be com-

posed of aa inertial aad. a drag component. Forces resultiag

from currents are similar to those for wave-associated flows

aad can be superimposed an the wave forces, if applicable. Ice

Leeds cexa be a daed.nant factor ia cold regions, Dziftiag ice

may cause sipxj.ficaat impact forces, sad ice grip on piles caa

236
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pose large uplift loads on the member upon a sudd,en rise of

water level. Loadings from earthquakes aze complex and may in-

duce Large Lateral forces on a structure. Rigorous treatment

of the problem requires a dynaimic analysis; nevertheless, sim-

plified design procedures using a pseudo-static anaLysis can be

ed to approximate the behavior of the system under earthquake

excitation forces. Design foz ship impact forces is important

for fender piles. The magnitude of these forces depends largely

upon the energy-absorbing capabilities of the system.

Various conventional methods to predict compzessive load

capacity of piles are presented in Chaptez 3. These are based

Largely on theory and empiricism with the empirical factors of-

ten back-calculated from load test, results. Por pile groups,

the compressive capacity can be determined either by empirical

efficiency formulae or by Tezzaghi and Peck's approach. The

Latter seems to be more ~easonable and should be used. foz final

computation of ultimate group capacity. Settlement is often a

minor consideration for coastal structures. Under most ciznm-

stances, costly solutions to reduce settlement are not justified.

The methods to evaluate the ultimate uplift load capacity

of pile foundations basically follow those adopted foz compres-

sive Loads. Ho@ever, the point resistance does not. exist and

the net weight of the piles may be significant ia compu~tion

oS the ultimate load capacity.

The desiin of Laterally Loa4ed piles is one oZ the ayre

dif&cu.lt areas of deep X~da&onN. Xecmtly developed yro-

ce~es aze Largeky bape4 oe q~>utM-aided tichniquee. The



238

methods proposed by Sroms are suitable for rapid hand calcuLa-

tioas and are outlined in Chapter 5. The failure mode of the

soil in front of the pile is assumed to be two-dimensional and

the resistance provided by the soiL is obtained. fxom empiricaL

data. The estimation of the deflection of piles under Lateral

Loads is discussed in Section 5.4 and is based on the subgrade

reaction modeL.

Xa addition to the requirement of Load capacities, the de-

sign of pile foundations often incorporates other considerations

that may strongly influence the performance of the foundations

under loads. Some of the major probLems such as scoux, down-

drag, etc., are- highLighted M Chaptex 6. They are not by all

means exclusive, but they do represent the pxoblems that. are

commonly encountered in pxactica3. situations.

The choi.ce of materia3. type for piLes is discussed in Chap-

ter 7. Each of the three commonly used matexi.als  concrete,

steel and wood! has its own advantages and disadvantages. AL-

though the choice of material type wiLL not gxeatly affect the

computationaL design procedures, the determination should not

be made after the desi.gn pxocess is completed; instead, dif-

ferent possibilities should be reviewed throughout the analysis-

design cycle.,

The methods of insta13.ation, as described in Chaptex 8, can

have a marked influence on the actual performance of the pile

foundations. Very often, construction Limitations may prohibit

the QhpLChentatkon af a certain design. Therefore, a designer

shou3.d have considerable field experience before a good design



can be achieved.

Although the discussioas presented herein cover * relative-

ly wide range of topics, they axe not by ale. means exhaustive.

Good ]udgment must be exercised and every factor that can in-

fluence the results should be identified. Also, every design

amthodol.ogy has its awe inherent assumptioas and it is impera-

tive that the desigaex has a sound understanding of aay limi-

tations involved ia employing certain procedures for design.

The ultimate goal of a3.1 design is to achieve an optimum

solutioa to properly defined ob$ectives. Oa one hand, under-

desiga Mll J.ead to premature failure of the stxucture and oa

the other, overdesiga can pose unnecessary financial hardship

oa the client. Both of these extremes should be avoided. The

more complex the design, the moxa difficult it Is to achieve

the optimum solution.

Piaelly, it should be rea3.ized that, analysis methods and

techniques are advancing at a rapid rate; therefore, the de-

signer should ensure that the most up-to-date Iafoxmetioa is

available.
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KQQG'LE PROBLEM 2. 1

DESI,QH DATA: Wave period, T 8 sec

Pile cKmatex', D 1.5 ft �.46 m!

Water depth, d 10 ft �.05 at!

PROBLZN STATBKHT: Can force calculations be based on Morrison's

Equations

~ 0.0049SOLUT TON:
d

g

Prom Fig. 2.2,

L ~ 5.12 T~ 5.12 8! ~ ~ 328 ft
o

LA
~ ~ 0.40

0

L~ ~ 0.40�28! ~ 131 ft

~ 0.01
0 1.5

A

According, to Equation 2.4,

Novison's Equation can be used.
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RZPAPLK PROBLEM 2, 2

DESKS DATA: Pile di.imeter, D 1 ft �.3 m!

Kmthrmm horizontal veloce,ty at sti11 water l.ave1,

u 3 ftjsec �.9 m/sec}

Kinematic viscosity of eat:er, u ~ lX10 ' ft'/sec

 9.3X10 ~ m~/sec!

PROBLZM STA&2E1FZ: Determine the inertia1 ancL drag coefficients.

SOLUTZOH: From Equation 2. 8,

a,-~ -~<' -zo.o
From Equation 2.6,

R

3xl0~2.5 - p~j~

From Fig. 2. 3,

~ 0.98
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E2GQ6'LE PRQBLZZ 2. 3

DEST.GH DATA: Rave height, E ~ 20 ft �.10 m!

Rave period, T 10 sec

Pile diameter, D 2 ft �.6 m!

Hater depth, d, 80 ft �4.4 m!

80SOLVrZON; 0. 025

From Fig. 2.2,

0. 82
0

L 5.12 T~ 5.12 .10!~ ~ 512 ft
0

LA ~ 0.82�12! ~ 420 ft

0. 0048 < 0. 05  Equation 2. 4!
D 2

A

.'. Narison's Equation is valid.

From Fig. 2. 8,

Kg
~ ~ 0.018

Hg 0. 018 �2. 2! �0! 58 f

~~@ ~0.34Z 20

b

From Figs. 2.4 and 2,5,

Ki ~ 0.42

K ~ 0.27

Drag coefficient, C 0.7

Znettial coefficient C ,1.S

PROBLEM STATEMVZ; Determine the mmclmmm ~ave force on the pile.
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Frcna Ecpxations 2.15 and, 2.16,

mDi

 l. 5! �4!~ �0! �. 42!
2533 lbs

'0 '0 Z " ' "* "0

 9.7!  Q. 5! �4! �! {20!  G.27!

~ 4838 lbs

Fram Equation 2.21,

~ G.21

~a
H 20

Zntexyolat:iag beseem Figs. 2. 1G and 2. 11,

- G.17

From Equaeiaa 2. 22,

Fm~  t!m Y CD I D

~ {G.L7! {64.0! {0.7! �0!'{2!

6990 Lbs {27 kN!



EGQeLZ PROEM 2.4

DESXGH DATA: Same as Z~mpLa ProbLem 2.3.
PRQBLZ2f STATZHEI'4T: Deterred.ne the maximum a+ment aa the piLe.
SOLUTIOE: Inaerpelaeing between Figs. 2.14 and 2.LS,

e 0.12

From Equation 2.23,

M e y+HsD

~ �. L2! �4. 0! �. 7! �0! i �}
~ 4300 Lb-Zt g830 H-m!
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E:MC'LZ PROKZN 2.5

DESIGN DATA: Same as F muple Problem 2.3.

Two piles that are spaced 60 ft apart in the

direction of wave propagation.

PROBLEM STATE!62FZ: Determine the maximum total force acting

on the two piles  use Airy theory! .

SOLUTION: From Equa oioos 2.19 and 2.20,

Fi F~ sin 8 2533 sin 8

FD F~ cos 8 i cos8 i 4"-38 cos 8 ! cos8 I

FT Fi + FD 2533 sin 8 + 4838 cos 8  cos 8 

The variation of FT with 8 is plotted in Fig. A. 1

The phase difference between the two piles,

8 ~~X360'
A

~ ~ X 360'60

5l. 4'

The curve in F'g. A.l can be shifted by 51.4' to

represent the force variation on the second pile.

The sum of these two curves represents the variation

of the total force acting on the two piles.

The maetarum value of the total force as read directly

fram the curve

~ ~9Ql,l �0 lcÃ!



25S 0 0!
8 IU
0

4 8
~ W

ha
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EM6LK PROBLEM 2,6

DESI%i DATA: Same as Ex'mp1e Problem 2.3.

The pile is battered at an angle of 60' with

the sea bed.

PROBLEM STATKHENT; Determine the mmhuum inertial and drag

forces acting on the pile 40 ft below the

the still water level  use Airy theory!,

SQLUTEOHS: Fzom Equations 2.2 and 2.6,

y mD~ xH cosh 2' z+6!/L
im g~ cos x

1 5 64.0 m 2!~ 32.2 ~ 20!
Bred

45. 1

30 1b/ft �38 N/m!

From Equations 2.3 and 2.5,

1 y D E~ 'T' cosh 2~ z+d!/L
Dm DYg W ~ cos ~ j

� 7! � 5! 64' 0 �! 20 ~ �2 2} z�0} z

~cosh�. 6!

35 lb/ft �11 3/m}
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DESK.GS DATA: Diameter of pile, D ~ l ft �.3 m!

T 10 secWave period,

Wave height, E 20 ft �.1 m!

Drag coefficient C 0.7

Maxfmm horizontal velocity at still water level,

on a pile.

SOLUTTQN: ~ T
~ 80

8 20
g

~ 0.0062

From Fig. 2.19,

T
80 is beyond the range oj the figure.

Take C ~ C> 0.7
From Kxamp1.e Problem 2.3,

0.27

From Equation 2. 25s

Fr Lr" D"' "Dm

� 7!  o.5! 66< 0!  l! 0-0!'�.27!

2420 1bs �0,8 kg!

8 ft/sec �,4 m/sec!

PROBLDf STATZNEHT; Determine the maxianm lift force acting
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EGQ!PLE PROBLEM 3, 1

DESIGN DATA: Concrete cylindrical pile in normally consoli-

dated clay.

Diameter of pile, D 1 ft �.3 m!

Length of embedment, L 50 ft �5.2 m!

Undrained shear strength of clay, c

500 Lb/ft~ �4 kN/m~!

Effective angle of internal friction of soil,

300

Submerged unit weight of soil, 7 60 lb/ft'
s

 9.4 kH/m'!

Net weight of pile, 0 8000 Lbs �5.6 kH!
P

PROBLEM STATEI,WIT: Determine the ultimate pile capacity under

compressive loads.

SOLUTIOH: Area of pile shaft embedded in soil,

A. ~ mD L ~ v L! �0! 157 ft
S

Area of pile tip,

0.79 fr~
mD~ m L! ~

P

 a! ~ - method

For soft clay, a 1  Fig. 3,3!

For normally consolidated clay, I 9

From Equations 3.1, 3.5, 3.6 and 3.9,

ecA +N cQ

�! �00! �57! +  9! �00!  Q. 79! - 8000

.7~40'  a3a I
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Pith D SO and. y ~ 30', Ha 20  Fig. 3.l2!

0.30 for normally. consolidated soil

 a+~ ~ ys T �0} ~! 1500 11/fc'
 aP < y L �0!�0! ~ 3000 11/ft~

Mc '"Pa "s+ "~ 'Pt:1 "p

~ �. 3!  lSOO!  l57! + �0! �000!  O. 79! - 8000

~ ill OOO lbs �90 kH!

 c! ~ - ~boa

With L ~ 50 ft, X 0.20 �f.g. 3,9!

~ 0.20[GSOO! + 2�00!] �57! +  9!  SOO!

 O. 79! - 8000

~ 74000 lbs �30 RB!
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ElGQKLE PROBLZH 3.2

DKSXQ% GRATA: Same as Example Problem 3,1, except:

Uadrafaed shear streagth of cMy, c 2500 lb/ft'
U

 l20 RN/m~!

Overcoasolidatkoa ratio, OCR 4

PROBLZM STATKMKÃT: Determine the e, S sad X coefficieats.

SOLUTION:  a! c - coefficient

With g ~ 50 and c 2900 1b/ft

~ - 0.70 a,ig. 3.5!

 b! 8 - coefficXeat

From Eq~tioa 3.13,

S 0.3 ARK

- 0.3 4

0.6

 c! X - coefficXeat

With L 50 ft,
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EMPLK PROBLKN 3.3

DEST.QÃ DATA: Timber pile in sand,

Diameter of pile, D 1,5 ft �.46 m!

Length of embechnent, L 45 ft �3.7 m!

Set weight of pile, 0 3000 lbs �3.4 kH!
P

Sutanexged. unit weight of so'1, y 55 lb/ft'

 8. 6 RM/m'!

Effective angle of internal friction of soil,

! ~ 27'

H.gidiey Xndex, X 80

PROBLEM STATZKHT: Determine the Mtimate compressi~e load.

SOLUTIOH: From-Ecpxations 3.2 and 3.3,

Area of pile shaft, A ~ a'�.5! �5! ~ 212 ft~

Area of pile tip, A ~ ~ 1.8 Zr~�. 5! '
p

Vith y ~ 2?', ~ ~ 6 {Fig. 3.13!

L 6�.5! ~ 9.0 ft

W'ith p ~ 30 and. y ~ 2?, H ~ 10  Fig. 3.12!

From Equations 3. 15 and 3. 17,

q ~ N a ~ �0!  9X55! 4950 1b/ft

Average effective vertical stress along the pile,

a ~ y  g! ~ �5!  ~! ~ 1238 lb/ft

Horizontal. soil stress coefficient, K ~ 1.5  Table 3.2!

Friction angle between pile and soi1, 0 ~�7!

18'  Table 3.2!
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From Eauation 3,16,

Ka' tan 4

- �.S! G23a! e~ 18

~ 603 11/ft~

From Ecpxatkon 3.1,

t fA +@A

�03! �12! + �950! �. 8! - 3000

134 000 1bs �95 RH!



Z3M'.PLZ PROELZH 3. 4

DESIGN DATA: Same as &maple Problem 3.3.

PROBLEM STATKMKHT: Determine the ultimate compressive load,

capacity using Vesif' s �977! approach.

SOLUT TON: Prom Equation 3. 12,

K l - sin 7 ~ 1 - sin 27' 0.55
0

Mean normal eMective stress at the pile tip,

e -'+~ox
0 vp

�5! �5!

~ 1733 lb/ft~

Asaua~g little volume change, X X 80

With T. ~ 80 and p ~ 27', N 35  Pig. 3.15!

From Equation 3.18,

q ~ �5! �733! ~ 60660 1b/ft~
p

Zzom Equation 3. I,

~ �03!�12! + �0660! �.8! - 3000

~ 234,000 lbs �040 kN!
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EGQPLZ PROBLEM 3.S

DKSIGS GRATA: Same as Example Problem 3.1.

TiKdth of block, B 7 ft �.1 m!

Length of block, L ~ 1 ft �.1 m!
8

Center-to-center spacing of piles, s 3 ft �.9 m!

PROBLZM FMKKNT: Determine the ultimate compressive capacity

of the group.

SOLUTZOH:  a! Converse-Labarre Formula

From Equation 3.23,

~ 1- arc taxx !   +are tan

From Equation 3. 23,

Group capacity 9X74000 lbs

666,000 lbs �960 kH!

 b! Terza hi ance Peck's a roach

Block fai.lu-e, from Equation 3. 24,

q B L c Z +m<B+L!c

{7! �! {500!  9! + 2�0! �+7! �00!

~ 920,500 lbs

QxdiWdual pile failure,

Q lt ~ 9X74000 ~ 666,000 lbs

,'. Group cayaci~ 666,000 lbs �960 ~q!
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ZXQ6'LE PROELZH 4. 1

DESIGN DATA; Sama as Example Problem 3. l

PROBLEM STATZ2KifZ: Detexmiae the ultimate uplift capacity.

SOLUTION: Q! e - method

Fram Equation 5.1,

T~t~cA +I

�! �00! �57! + 8000

86500 1bs �85 kN!

 b! 8- method

Scr A + 0

- �.3! �500! �57! + 8000

78650 lbs �50 kH!

 c} X- method

Tlt X a +2+A +g

0.20�500 + 2X500! �57! + 8000

~ 86500 1bs �85 kN!
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EXQ~ PR03T2Z 4. 2

DKSTGK DATA.: Same as Example Problem 3.3.

SOLUTION: T 1 - f A + 0hIee

�03!�12! + 3000

~ 13C 800 Lbs Q82 kN!

PR0BLZM STATB62IT: Detezmiae the ultimate uplif t capacity.
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EM%LE PROBLEM 4. 3

DESXRl DATA: Same as Example Pxoblem 3.5.

PROBLKM STATKHK2Ff: Determine the ultimate uplift capacity

of the gro~.

SOLUTION: Ass~g the density of piLe materiaL is ecpxal to

that of the soiL,

VoLume of sall enclosed by group X sub-

merged mf.t weight of soiL

�K7X50!  .60!

147,000 1bs

BLock Failure, from Zg~tioa 5.3,

'T~ 2D L +B !c + VT

2�0! {7+7! �00! + 147,000

~ 847,000 lbs

ZndividuaL pile failure,

T~t ~ 9 cA +0!

9  86500!

778,500 1bs

Group uplift capacity ~ 778,500 Xbs �460 kB!
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E:VALE PROBLZH 5.1

DESI' DATA: Pzee-headed pile in clay.

Diameter af pile, D 2.0 ft �.61 m!

Length of embedment, L 30 ft  9.1 m!

Distance of, lateral load abave ground-line, e

16 ft �.9 m!

Undrained shear strength of clay, c 1000 lb/ft~

Yield moment. of pile. 8 - ld 230,000 lb-ft

�10 kH-m!

PROBLEM FZATKKBiT: Detezmine the ultimate lateral capacity of

the pile,

SOLUTION: g ~ ~ ~ 15L 30

e 16

Assuming the pile to be zigid, fram Fig. 5.7,

24.
c D

P~ ~ 24�000! �! 96000 lbs

From Equation 5.2,

~ ~ P~t  e + 1. 5D + ' alt!~ 0.5P

~C

96aaall6 �.M<2!

208,GGO lb-ft < Ã .
yield.

the pile is zigid.

P~t ~ 96000 lbs �30 kÃ!
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Em&~E FRQSLKN 5. 2

DESIGN MTA: Same as Example Problem 5.1, ex,ceyt

Yield mament of tbe pile, iQ<d 170,000 lb-ft
�3O m-m!

PROBLZH STATK%2fT: Detexad.ne the ultimata lateral capacity

of the pile.

SOLUT EON: Prom Example Problem 5, 1,

208,000 lb-ft > g ld

.'. the yile i.s flyable.

17O,OaO

From Fig. 5.1L,

Fult

P 1 2.2�000! �.!

8800 lbs �9 kH!
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E'GQ&LE PROSLZN 5. 3

DESIGN DATA: Restrained pile in sand,.

Diameter of pile, D 1.5 ft. �.46 m!

Length of embedment of pile, L ~ 12 ft �.7 m!

Effective angle of internal friction of soil,

7~30

Submergect unit weight of soil, 7 y 120 lb/ft,'
S S

�8,9 kN/m'!

Yield mt:cment of pile, N~ald 800,000 lb-ft
�085 m-m!

PRQSLZM STATKM2lT: DetemLne the ult~te Lateral capacity

of the pile.

"4>
SOLUTION: 1+sin 1+s in 30'

L 12

Assuming the pile to be algid, from Pig. 5.14,

P

K Py
Qlt 95

ult -  95! �! �. 5! ' �20!

~ 115,400 lbs

From Equation 5. 5,

0.67P 1 L

~ 0.67 �15,400!�2!

927,800 lb-ft > M
yield

.'. Cha pile is flexible.
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439

Flea Fig. 5.18,

P~~ �40! �! �. j! ' �20!
170,100 1bs �60 M!
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L'GLNPLK PRQBLRi 5. 4

DESKS DATA: Free-headed pile in sand.

Length of embedment, L «60 ft �8.3 m!

Distance of lateral load. above the ground-line,

e «30 ft �.91 m!

Modulus of elasticity of pile material, E

30000 Lsd. �6,5 kM/mm~!

Moment of inertia of cmss-section of pile,

30000 i ' �.0125 m'!

Horizontal load, P 1,000,000 lbs �450 kÃ!

Coefficient of mochxlus variation, n 100,000

lb/ft' �5715 RH/m'!

PROBLZH SLU22KBT: Determine the pile deflection at gzouad-line.

SOLUTXQN: E X « 6.25X10~ Xb-ft~
p p

From Equation 5. 10,
S j

~ I ~ ~ I'

Ki5XXi5' - 0.11/ft

«~«05e 30

From Fig. 5.28,

3/S

1

�00000! �0!

~o �. 25X10 ! ' �00000!

1 inch �5.4 mm!
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L'GQPLK PRQSLKH 6 1

QESEGM DATA,: Pile pizmed at top and bottom.

Length of embechaeat of pile, L 50 ft �5.2 m!

Mechalus of elasticity of pi1e material, E

30000 Wi  m.S mr~'!

Moment of inertia of cross-section of pile,
p

30000 i ' �.012' m'!

HcMscntal reactive stress, AD 200000 Lb/St'
 9600 kmlm'!

PROBLEM FZATKNKHT: Det,ermine the critical buckling load.

SOLDTION:

-.zmm-

Prom Equation 6. 3,

max K
L 50

From Fig. 6.3,

U, - 2.XS

From Equation 6.2,
E I

~cr cr 6.2SXlo'
!

~ 77100 kias �43 i'!
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PZN&LK PROBLZM 6. 2

DESIGN MTA: Pile free at top and bottom.

Length of unsupported portion of pile, L

30 ft  9;l m!

Length of embedment, L 60 ft �8.3 m!

Modulus' of elasticity of pile material, E

30000 ksi �6.5 M'/mm !

Moment of inertia of cross-section of pile,
p

30000 in �,0l25 m'!

CoeM.cient of modulus variation, nh ~ 80000

lb/ft' �2.6 MN/m'!

FRQBLZM STATKQ2PT: Detenaixm the critical buckling load.

SOLUTION. j
� 'gp~j~ 9.5 ft

From Equation 6. 10,

u 30

Prom Equation 6.5,

2 ~ p ~~~ 63 > 4L 60

Fram Fig. 6. 7,

ST ~ l.S

From Equation 6. 11,
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Prom Equatkoa 6. 6,

. ~'�.2SXXO'!

7~MO Rf ~ �1 Ml!
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EGG%LE PROBLEM 6.3

DKSZGR DATA.: Pile in clay,

Applf.ed compressive Load, Q 20000 Lbs  89 kN!
Critical buckLing load, 0 L400000 Lbs

�230 m!

Hotizontal subgrade modulus, kb 200000 Lb/tt'
�1.4 m/m'!

Undrained shear strength of c1ay, c ~ 1200 Lb/ft~
<S7.S m/m'!

Maxim' horizontal deflection of piles y
0.5 ft, �.15 m!

PROBLEM STATISM!IT: WE'LL the bent pile overstress the soil?
SOLUTTOH: From E~tion 6. L2,

P -kb  ~! y

2000atl  ~!  O. 5!

~ L4SO Lb/fthm

From Equation 6.L3,

Pall u

~ 3�200!

~ 3600 Lb/ft' > L450 Lb/ f t'

.'. the Loading of the bent pile wiLL not, overstress
the soil.
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K'GQ~ PROBLEM 6.4

QESXGR DATA: Pile in high plasticity clay,

Diameter of pile, D 1.5 ft �,46 m!

Length of embedment, L 35 ft �0.7 m!

Mmerged unit weight of soil, y 60 1b/ft'
S

 9.4 h5/m~!

PROBLZN STATKKIf7: Detezmi.ne the maximum dew+drag force on

the pile.

SOLUTXON: From Table 6, 1,

K > 0.60

! ~10'

Average effective vertical stress along the pile,

cr ~ y  <! �0! �7.5! ~ 1050 1b/ft~

From Equation 6.17,

  DL! Ka tangy

~ e�. 5! �5! �. 60! �050! tan 10'

~67 ki s �00 kH!




