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s LateraT load1ng on p1les 1s 2 cormon occurrence in p1le-supported .

/

structures such_ as mult1stor1ed bu1ld1hg$. large-span frames and:archesf' |

-4

.« and electrlcal transmlss1on towers A reference to'these can be found' '

in class1cal geotechn1cal l1teraturei' w1th ‘the expans1on of offshore ',':_‘LY

o1l and~gas produetnon act1vlt1es 1nto deeﬁer waters, the demand 1s

_ever. 1ncreas1ng for des1gn1ng huge structures sdppdrted on large p1les.5?;f'.fr:'

Although such plles are also laterally loaded p1les the envlronmental Lf;dl

._:-f:~ : -f“.ik D1fferent methods of analys1s are ava1lable at present for solv1ng .' 'T°;;ff' ff;i
W - | 3' "iV the laterally loaded pxle problem A compar1son between two theoret1cal N ;\;,. L
. »,‘ _ methods, the flnlte d1fference and the f1n1te element, 1s presented' 5‘ . '%f i
;%fff :;“~"; fo here In th1s process, a computerﬁprogram was developed to generate ' .:“;'fJY:' 3 ~gﬁ

¥
5

'

N in order to 1deal1ze tge soll,- structUre 1nteract1on.. So1l non-

llnear1ty 1s cons1dered 1n both methods wlth the a1d of these CUrves

1;ﬁnf3:f¥fz“:”1~ Th1s p-y curve concept was eXtended to layered 501l systems.; New :...n'gfj_f:"

v,

) E;{_" L 'f: . computer programs were developed 1n add1t1on to adaptlng an ex1st1ng

"tllé-;‘ ._' one and a comparlson was made of the results obta1ned by the flnite 11:'”' ;f{}v;ﬂi_"

<.
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- udn.hfjcr1t1ca1 and s1gn1f1cant in the behavior of the 1atera11y 1oaded pl]es.,i'[;hfjfn-?‘ b
- RN The effects of 1) p11e load1ng, 2) p11e properties 3) 501] propert1es ‘ ‘

B __.,—— . PG

5*3;} and 4) so1I ]ayer1ng on the max1mum deflect1on and the max1mum pos1tfve gﬂ u37§j::

W . . "‘ “ .'- -
and negat1ve bending'moments were exam1ned Two types of so1ls, soft ; L

clay and st1ff clay, representing typica] offshore soi]s were cons1d-~ . v ,:{.2, i
\““~“““ \-.wa';y;. o ?
ered 1n the ana]ysis.‘ Both free and f1xed head pi]es, representxng ‘ o

two extreme types of end cond1tio} ':fere studled The CALCOMP graph

u

.Hé'jr pﬁgifﬁiftheﬂPara@Qthc stud1es;*
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CHAPTER I

INTRODUCTION

»~

1.1 General

Riles must often support substantial lateral loads as well as

~axial loads. Examples-of piTé—supported structures which must support
. large 1atera1'10ad§ include marine structures, large advertising signs,

“ and transmission- towers. |

v { o . B !
The .design- of axially loaded piles is at present done satisfacto-

~rily using bearing capacity‘theoriesQ ,Bﬁt the problem of 1atera11y\
Lo - . .

loaded pjles is more complex becauéeﬂof the type'bf its interaction }

with soil. The‘broblemhis further- complicated due to the nonlinear

1

soil response.

With the advent of computers and facilities for high Speed itera-

tive procehéing, analysis of laterally loaded piles has received

-.considerable attention in recent years. A valid Solution to the

D

.;ptoblemzmﬁgt insure- both compatibility and equilibrium for the soil,"

the pile and the §uperstr&ctune. With'the methods of sa?ut?unil
currently avai1abie, the hostiimportant but difficult part of .the _
problem is to express the'soi] resistance characteristics,~ fheoreti;
cal methods available at present i&gTude d}fferent'var%ations‘of

finite difference’and finite element analysis.

. Published literature also contains the results of full 'scale tests

on 1atérally loaded piles. Such tests are invariably expensive to
conduct. Any theoretical method has to be Subported by experimental

evidence before the theory éan'find-wide acceptance, and this is
e <N . ' . P .
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particularly important in any soil - structure interactionyproblem. -
With this objective in view, pdbl1shed %u]1;sca1e'}est data were used
in this éhesis in an evaluation of the methods of ana]ygis.

" Three main.factors are commonly believed to affect the behavior
of a laterally loadedwpile; 1) the pile 1oadin§ » 2} the pile proper-
ties and 3) the 5611 properties. Each of these parameters has an
influence on both the deflection and the bendinglmoment in the pile -along
its length. The bending moment combutation is required to determine the

size of the foundation‘ahd the deflection is important with regard to

the.sérgﬁceability of the superstructure. Methods evaluated here compute .

these two responses and the influence of the different variables on such

computations.

&

1.2 Scope of the Presént Investigétﬁon

The purpose of this investigation is two fold:

1. To present a comparative study<%etween the finite difference and

the finite element approaches for analyzing the laterally loaded
piles. Computer programs will be developed including the effects
-of soil nonlinearity and soil layering. Results will be compared

with published full scale tests data.

2. . The variables which.are|critica1 and significant in the behavior

of the laterally Toaded piles will be establjished. -The effects of |

1) the pile loading, 2) the pile pgoperties, 3) - the soil properties

and 4) the soil layering,-on the méxfmum deflection and the maximum

positive and negative bendipg moments will he'éxamined. ‘Two types

o; soi]s, soft clay -and stiff c]ay which are conmon in the 8ff~

" shore enviropment will be considered in the analy;js. Both free. '
and fixed]ﬁead piles will be stu?iéd. . .
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“also reviewed. |

CHAPTER 11 ' .

REVIEW OF LITERATURE

.2.1 General

sThe various environmental factors which cause high lateral forces
on pile foundations can be grouped under earthquakes, wind and wave
forces, differential water preséhre and lateral earth pressure. -
‘In this chaptgr the different methods of analygisioffthe laterally

loaded piles will bé'piiefly discussed. The soil response which is' the

key element in predicting the behavior of . the latérally loaded bile;.is

discussed. Previous work on the parametric studies of the problem is

2.2 Examples of Latera]iy Loaded Piles
Offshore structures used for oi]’dri]]ing are often subjecied to

heavy wave and wind forces. The piles supporting these structures have

te resist lateral forces up to 3300 kN per pile (Loftin, 1976). Bridge

. L]
piers and coastal structures such as dolphins are also subjected to-a

similar type of lateral loads but not necessarily of thélsame magnithde.
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There are a number of other examp]es'in»wh1ch.strubture§, and hénce‘

4

the foundations are subjected to lateral loading. ,Thése include ‘tall

buildinygs subjécted to 'wind loads, large-span rigid frames and arches

designed to resist heavy horizontal forces, roadvsighé $ubjected to wind

—y -

forces, guard riil posts where -impacting vehicles deliver the lateral
load, pi]é anchors used to'support bulkheads, piles used to rétain slopes 3..

and to increase the stability (Broms, 1972), and electrical transmiésion
. ) . ) v .\‘ K B f >
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-by an'1dea1, eélastic and 1sotrop1c mater1a1 with a constant modu]us of

.e]ast1c1ty and a constant Po1sson s.ratio (Broms, 1972)

towers subjected to large lateral forces (Radhakrishna et al, 1977).
Another interesting application of laterally loaded piles is the
behavior of pile groups which include both vertical and batter piles.-

Even when these pile groups are subjected to only axial leoads, the

deformation of the group causes high lateral earth pressures resulting

in lateral loads on the individual piles (Broms, 1972). §"

2.3 Methods-oﬁ Analysis of the Léterallybkoaded Pile Problem

T ]

The methods of predicting the behavior of laterally loaded piles
can be d1v1ded into two maln categorles, namely: 1) e]ast1c nethods and
2) subgrade react1on methods (Broms, 1972). Elast1c methods assume*ﬂﬁnﬁ\ , ‘ rS;'
the 5011 surround1ng the. p11e réacts as an e1ast1c half—space and conforms . ‘
to the theories of elasticity. jﬁicht ‘and Koch, 1973), wh11e,the subgradé .
reaction methods are based on hé aséumbtion that the soil mass resisting"
the lateral forces is replaced by a series of springs acting independently
of one another (Radhakrishna et ali 1977). Both methods will he briefly
discussed. A
2.3.1 Elastic Methods

. \ v . ' . .
" The lateral deflection of pile foundations can be calculated fromp -

Mindlin's equations (MindTin, f936) assuming that the soil can be rep]aéed

Sp11]ers and Stol] (1364) were. pnobab]y the first to use M1nd11n s
equat1on for calculation of the deflections of a 1atera11y 1oaded pile.

The behavior was ana]yzed by replacing-the 1atera1 earth pressure a]ong

the pile:ﬁy a Series of point Toads.. DpugTas and Davis (1964) have

calcu1ated from M1nd11n S equat1on the pressuFe d1str1but1on, the Iateral-

EN

\




o \1zed e]astic ana]ys1s of the working load response of scng]e p1les

- nodel ‘for the soil surrounding the pile. It is assumed that the soil

R S-S e SR S R PP

displacehent and the rotation of laterally loaded verticd} plates.

Poulos (1971) extended this. work fo; single piles. The laterally loaded-
piles were replaced by thin hectangu]ar sthips with the same widfh and
tota1,1enghh as the pile. -These strips were divided into a number of
segments and the lateral edrth pre55ure.on‘each segment was assumed to

be constant. Elastic solupions’were also applied by Lee (1975) to full- ’

‘scale foundatioh tests- Baﬁerjee and Davies (1978) proposed a general-

o

\

empedded in a soil whose modu1us of e]ast1c1tw 1ncreases Tinearly with E P
depth | ‘A ‘ ’ _ '
As 10ng as the soil reSDOnse to an applied latera] ]oad rema1ns ”; : ;"' | !J"f
within the e]ast1c range, an e]ast1c approach can be used to- determ1ne '
the behav10r of the p11e Unfdrtunate]y, the near-surface-so11 around
most ]aterally loaded piles is genera]]y strained we]] imto- the p]astlc

range so that direct application of an elastic half—space procedure is

not valid (Focht end Koch, 1973)

2.3.2 Subgrade Reactidn Methods

These .methods ere’bésed on aisjmplffied load-deflection response -

'res1stance pona p11e is, re]ated to the p11e Tlateral” def]ect1on y

~according fo the equat1on

p=-E ¥y - m

where ES is the sGil modulus or the. coefficient -of subgrade reaction.
The pfle is regarded as SUpported 1atera11y‘by a series'of independéntly"

' act1ng mechan1ca1/spr1ngs It shou]d be: noted‘that the concept of the-

coeff1c1ent of Subgrade reactton does not take 1nto account the cont1nu1ty'

‘e T, 4=

T




eV,

o i

——t e

. . |
'of the soil mass (Broms, 1972).

The poyerning differential equation for the1§011—pi1e system .

according to the subgrade reaction®approach in case of a pile supporting

Aa horizontal ]oad—?gzgiven.by (Hetenyi, 1946) ' .
dty ) -
El &Y - p =0 (2]
X . .
-where - ‘ B ) .
= 1atera1 def1ection of the p11e at po1nt x a1ong the p11e Tength
p- = 5011 react1on per unit length of the p11e N '” 4 '
‘.= ‘ .'. :A v' A ‘\ " ‘r '.H-“- ."~ .

| EI

'spbstitutﬁoanf~eduatdon‘[]J intbleqqatfon.[Z]'yje1de'i

Heteny1 (1948) .
" aind Mcc1enand (1955* y

, and Mano]hu (1973) ‘and Reeses(]975b 1977)

'sections

p11e f]exura] rlgld1ty :

\ ' . A , . . H

.' - o
¢ . ' . . e

EI"—-&—dA t E oy e
cdx -

0&_ L
So]utions t0’equatﬁon [3] have been presénted'by many'aughors.{;
C]osed form su]ut1ons for s1mp1e boundary cond1t1ons are presented by
The f1n1te dffference approach was.- discussed by
severa'l authors

Pa]mer and Thompson (1948) e G]eSser (1954) y F0cht

Reese

Hohe (1955) " Reese and Nht1ock (1956)
and; G1nzbarg (1958\QT_,3t10ck and Reese (1960) y Bow]es (1968) y Reese-.-'

They ana]yzed the 1ateral1y o

‘Toaded .pile prob]em for anyavarlat1on of 5011 nndu]us w1th depth for ,

‘- non11near 1oad d1sp1acement relat1onsh1ps and for nonun1form p11e

A brief descr1pt1on of the contr1bution of each author 1s

- presented ina subsequent sect1on
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Brunsl(1964) presented methads for the calculation of the u]timate

(S

lateral res1stance/and 1atera1 def]ect1ons at. work1ng Toads of both free

and fixed head s1ng]e p1T’s

Latera] deflect1ons at work1ng Toads have :

been ta]culated using the subgrgde reaction theory and~taking ikito

account edge effects both at the. ground surface and the bottom of the

p11e

- The 1atera1 deflect1on can a]so be- calculated by the dEthods of

T st

'fsucce551ve approx1mat1ons~as proposedibj Muzas (1972) hy us1ng co-.r'

. b3
,~form for the cases where the coeff1c1ent of subgrade react1on is constant

' ana]ys1s

N

'Mustafayev et a] (1972

or 1ncreases ]1near}y w1th depth

Mori (1964) B Reddy and Va]sangkar (1970) and Madhav et a] (1971)/

FANEY

A

"..efT1c1ent of subgrade react1on which 1s e1ther constant or 1noreases »~¢;'
rexponent1a11y with\depth. A 51m11ar approach has a]so been used by

The resu]ts can be expressed 1n a non d1men51ona1

»

. have solved the dlfferent1a1 equation~[3]-for elasto-p]astlc 50115 when -

the 1oad - deformat1on re]ationshlp cons1sts of two stra1ght 11nes.-

B Reddy and Va]sangkar (1970) presented the resu1ts ina non d1mens1onal

~"_ form for the cases when the coeff1c1ent of subgrade react1on below the . f

plast1c surface zone 15 e1ther constant or 1ncreases 11near]y w1th depth

Bow]es (1972

o

s, .-

CE =k-| .+: :.k2 '_X

1974) ana]yzed the 1atera11y 1oaded p1]e prob]em :

Mk

W

gzdepth X accord1ngtto the equation

- e 0 N
Tl
. L sl .
3 ST
PR ¢
’

:’.us1ng the st1ffness or d1sp1acement method of the f1n1te e]eMent approach

:He cons1dered the coeff1c1ent of Subgtade react1on as a funct1on of the ‘t’n

B where k].ke,k3 are constants that can have any arb1trany va1ues in the ‘3

.:‘.Q
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""’fz A Soﬂ Response in_the Subgrade Reactiori Methods

N
The modu'lus of subgrade reaction has an important application in

the analysis of the laterally loaded pi]e probTem and extensive studies

"have been made on this soil moduTus : Terzaghi (1955) has gﬁgwn that the

' coefficient of subgrade reaction for coheswnless 'soils can be expected

to increase- lmear]y w1th depth, wh‘i]e it ts essentiaﬂy constant with

depth for pre]oaded coheswe soils Mat]ock and Reese (1960) have

L .EffT c1ent of subgrade reactlon is a power function or a po]ynomial

e
o,

| ..','j\".discussed the apphcation of the finite d1 fference nethod’ when the co- R

Early apphcations of the subgr&de reactwn theory assumed that th.e

' f:""-:'.usoﬂ mas[s re51st1ng the iateral forc\es 1s rep]aced by a senes of

:'.hfhnear, 1ndependent1_y actlng sprmgs ' iIgnor‘lng the nonhnearity of the »
¢ " 'soii response may 'Iead to conservative Jinear predictions in vardance

‘w1th actuai behavwr (Ismael and Kl_ym, 1978) A more promising approachi-

to account for- the soﬂ nonlinearity 1s the p-y curves concept which mlT

be- d]scussed 1n the fo]]owing sections

2.4. I The p-y Curves Concept S

) T

The p—y curves are generaﬂy 'ﬂsed to c‘naracterize the soﬂ re51st-

o ‘fi.ance - defonna,uan reTationship for the Tateraﬂy loaded pﬂes These
) curves are re'lated to the strength deformation characteristics of the

‘ , soil as obtained from conventwna'l soi'l tests., ,The use of p-y curves |
“in the soTutionv to the problem of the Tateraﬂv Toaded piTes was f’li"ST.

‘ ‘.'proposed by McCTeHand and Focht (1958) Based on the ana]y51s of

o vfie'ld test data they proposed a hnear converswn of the sca]es fo‘r

non‘linear Taboratory stress-strain curves to produce correspondi ng'l_y

shaped p-y curves for Tateral 'ly loaded piles. The current methods f0r

N .

W
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constructing p-y curves are empirically derived from the results of-

lateral load tests on instrumented piles. The use of empirical methods

. M e A
for deS'ign purposes is just®fiable when the design conditions approxinate

those upon which the method is based The methods present]y used for

e constructmg p-y curves for c]ays are based on the resu1ts of lateral

oy,

2 4. . 1 - Bas1c Idea of p-y Lurves’ Concept

load tests on 1nstrumented pﬂes carmed out by MatTock (1970) for

soft c]ays and by Reese et al (1975) for stiff cl ays\ The 1mportant

d1 fference between Mat‘ldck s ,(1970) soft c]ay méthod and Reese et a]

-

(1975) st1ff c]ay method 1s that the former 1s for a stram hardemng

oﬂ and theTatter 1s for a stram softemng so1“l he resistance— -

Y

?

‘ deformatwn behavior 'of a stra1n hardening soﬂ 1s characterized by

1ncreased res1stance wi th 1ncreasing deformation, whﬂe for a strain

softemng soﬂ » the res1stance reaches a peak va]ue"and then drops to :

~some 1omer value at 1arger deformatmns (Stevens and Aud1bert, 1979).

" The.use of the p-y curves in geotechmca1 englneermg has been descm bed ‘

by McC]eHand and Focht (1958) Matlock and Reese . (1960) Mat]ock (1970)

API (1974) Reese et a] (]974 ]975), Reese and Ne]ch -(1;975)._. and Lee

and Gilbert (1919), _ ’. S e .

Gy

Lo

- The concept of p-y- curves can be exp]a1 ned by referrmg to- f'i gure 1

| (Reese and rCox,«- 1969) F1gure 1& shows the section through a deep

foundatwn at some depth x] beTo oW the ground surface Figure. 1b shows

the poss1ble soil- stress d1str1but1on in- the soﬂ around the foundatwn

after 1t has. been msta]]ed and before 1t has heen loaded 1ateral ly.

The deﬂectwn of the foundatwn through a d1stance y1 as shown in°

f1gure lc, generates Unba1anced soﬂ stresses presumably as mdicated

AR

AR
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R Figure 1 Gr'aphical definition of p and: y: -(a) side view;™~

: . ~.(b) A<A, earth.pressure distribution prior to lateral
'Ioading. (c)- A-A, 'earth pressure d1str1but'lon after
°1atera1 1oad1ng (Reese and Cc:x. 1959)
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"~ history of cyclic 1oad1ngs

't1es. o '

/" 11

in the figure. .Integration of the: soil stresses yeﬂ"ds an unbalanced

force py per uhjt length of the pile. The deflection of the pile could

generate a soil resistance parallel to the axis of the pile. However,
. 1

it is assumed that such soil resistance would be quite small and it can

be ignored in the analysis.

. For the so]u‘twn of the ]ate@aﬂy Toaded pile, problem, Tt is

'necessary to predl ct a set of p-y curves. such as those shown in f1gure

2. This set of curves wou]d seem to 1mp1y that the behavior of the soﬂ

. ata part1cu1ar depth is 1ndependent of the soﬂ behavwr at all’ other
- depths V{hat assumptlon of course is not str1 ctly true However, - ‘
';experlments seem to md1cate that for the patterns of pﬂe deﬂ ect1ons
_that can-occur in pract1ce, the soﬂ reactwn at a pomt is dependent
essent1a11y on the pile deﬂectwn at that p01 nt and not on pile
.deﬂectwns above and below. Thus for purposes of the analysis, the soﬂ

*can be removed aﬂ%‘eplaced by a-set of dlscrete mechamsms w1th Toad-

def]ectwn character1ot1 cs of a- type shown m figure 2.
. . ¢

t

2. 4.1.2 Factors Affectmg the p- MVes

The proper form of the p-y re}atmn is ?‘rﬂuenced by a nunber of

-factors 1nc1ud1ng 1) natura] var1at1on of soﬂ properties with depth ‘

\

"2} the general form of the p11e deflectlon, 3) the correspondmg state' U

of stress and stram/throughout the affected soﬂ zone, ) depth be]ow :

the ground surface 5) the pﬂe diameter and 6) the rate, sequence and

N oo AR N -

2.5 Parametmc Studies . L

The parameters whlch affect the behavwr of Taterally. loaded pﬂes

‘ ‘,a're: .1) the pile loading. 2) the pile propert1es and 3) .the soﬂ_ proper-

\
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ﬂ' effect of 1ncreas1ng lateral Toads on the behav1or of the pﬂes. The

(1974, 1975) stud1ed the behavmr of 1ateraHy 1oaded pﬂes 1n sand and
' };Jn stiff c]ays Ismael and K]ym (19-78) stud1ed the behavwr of 1atera11_y

; :'-?,floaded \r1gld p1ers in 1ayered cohes1 ve soﬂs The effect of the vert1ca1

) I, Zuhkov and Bal ov (1978) based on both theoretwa] and expemmenta]

‘ (1954) based pn the exRemmenta] work of Mason and B1shop (1954)

" of the pﬂe propert1 es on the I8 xi mum def]ection and max1mum bending

' ”study the effect of the eng1 neermg propert1es. such as the 5011 shear

"",',.sj:rength and umt ‘wei ght. on the behavwr of latt_'ra]ly Ioaded p1 les

-‘1n 3 layered system of soﬂ en the pﬂeasoﬂ system They conc'luded
- that the surface layer exérts an overwhe]mmg 1nf'l uence on the behavwr
] :""of the pﬂe ' o - '
2.6. .S_érx

13

.

L]

e

¥ The effect of the pile *loading has received much attention by many

restarchers. Most of those studies have been done to inVeétigate the

studles were genera] 1_yv\conducted after fu]'l scale tests. Matlock (1970)

.ot -7 4
et N e SRR
o

performed hlS tests on piles’ embedded in soft c]ays white Reese et al’

il e RN

load on the behavior of the ]ateral'ly 1oaded pﬂes was presented by \ "

e il el
. . - .

'"analy51 s. The effect of the extErnal moment 1n the case of a free head

'pﬂe embedded in sand was- theoreu c:a‘l ly studled by Pa1mer and Brown S

.

Pa]mer and Brown (1954) presented a theoret1 ca] stud_y on the effect

1

moment 1n a free head 1atera'l]y 1oaded pﬂe enbedded 1n sand -'"1{

To the author s kndw]edge, no parametr1c ana'l_ys1s has been done to

Dav1sson and Gﬂ] (1963) StUdlEd the effect of- the surface ‘Iayer | 4,

ExamM]aéwﬁﬂy 1oaded pﬂes have been mentloned A rev1ew O ( L

of the' dtfferent methcds bf analysi s has been presented The sqﬂ







CHAPTER II1I

L]
~

COMPARISON OF FINITE DIFFERENCE AND FINITE ELEMENT METHODS

3.1 General
Tmo of the widely dsed approaches in ana]yzino 1atera]1y loaded
piles are the finite differencé and the finite elemerit methods. The
difficult problem in both iS“the1dea1izat10n and representation of the
soil surrounding the pile. To account for the soil nonlinearity, the

p-y curves concept is generally accepted as the best approach (API,

1974; Réese .and ﬁe]ch 1975) ,, "A computer program mas developed in this

research to generate the p-yﬁcurves for a p11e embedded in 1) soft clay
below water surface, 2) stiff c]av be]ow water surface and 3) stiff
Ling .

01%y above water surfate. This program 1s capable of being used for any

1ayered system made up of these broad types of so115 The program can

‘,generate the’ curves, for short term static lbadlng. The computer program

to so1vé the}latera11y 1oaded piles problem dsdng the finite difference -

' method described by REese and Mano]1u [(1973) and Reese (1975b,1977) was

modified to 1MC1udeathe p-y curves generation capab111ty -
Bow1es (1972 1974) has §uggested -a congept in the .use of the finite

reTement method- for so1v1ng the 1atera11yoloaded pile problem. Using
th1s«approach and tak1ng Tnto “account the 5011 non11near1ty, a computer -

,program was developed as a part of th1s research

A comparfson between the finite dafference and the finite element

approaches and a comparison with ‘the results of published full scale -

tests are presenf/d “ : ‘ ‘ . . ’
) « .a
4
» . ] 5 . P
S . e . f
. . ' @ '
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" those due to waves tend to be cyclic.
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3.2 Soil Response

-

-

As'already discussed, the p-y curve%igpproechLWTTT be introduced
in the analysis to account for the‘soi1.non]1nearity. The soil wi11jbe
removed and replaced by a set of di5crete'mechanisms with Toad_¥.detiec-
tion characteristics of a type shown in figure 2.:

In this analysis the-shbrt term static loading wil]obe-studied.
Short term static loading can furnish a basis for.ffna11y evaluating
1970).

the behavior of the pile under cyclic 1oadin§-(Matlock, This

[

. ° .
aspect is very relevant to offshore foundatiens where loads, such as

Another. form of analysis 1s;the

dyna ic analysis which is;not within the"scope of . this work.. In case

- of 1ong term static 1oading both creep and v1sco—e1ast1c effects should

&

'med1um s11ty.c1ays at ‘two d1fferent test 51tes

be 1ntroduted . This is also not considered in th1s research work
The-ana]ys1s presented here gives the basis for both dynam1c arid long

term static ana1yses R

3.2.1 p Y Curves for Soft Clays

Recommended procedures for developing p-y curves for piles 1n

soft’ clay below. water surface have been proposed by Mat]ock (1970) The

procedures are sem1 emp1r1ca1 and re1y heav1ly on pile Toad tests

performed on a-323.85 mm (12. 75 in) diameter pile driven into soft to

the procedures - was presentéd’by Reese (1975a) for short tenn stat1c

\ Ki

iyt

loading as follows:

1: 0bta1n the best est1mate of the var1at1on of the soil shear strength

t

. and effective un:t we1ght with depth.. Also: obta1n the value of e;

Y

fthe strain cdrresppnding to one-halfuthe max imum pr1ncdpa1 stress

differénce. 'If no values pf‘eso are 5vatlébie; typical values

<

[y

A simplified summary‘of !

o

-
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suggested by Skempton {1951) are to besused. These values are given

_in table 1. ‘ -

Table 1 Typical values of eso , the stra® corresponding to one-
half the maximum pricipal stress difference {Skempton,1951).

' ‘ . Consistency of Clay >
© 50
soft - 0.020
’ \
- - medium : 0.010 ‘ -
- o StiFf ' . 0.005

AN Compute the ultimate soil resistance per unit length’of'the pile p, »

at the required depth as follows

a

p, =N . ¢ . d | = - ,5]

\ u °p
,Z , where
d = width of pile ) ‘
c = undraiped shear strength at the requiréﬂ-depth oo
Np = ultimate lateral soil rgsistance coeff;cient

For great depths where sufficient confinement exists, Np =9 is !

sﬁggested by Matlock (1970). Near the surface the soil in front of
LT _ the pile is-hot wel] ‘confined and as the pile deflects, this soil is
pusied up and away from the pt]e. For this type of failure mode,

Matlock (1970) suggested N_ =3 at the surface which increases with

Ol p

$ depth as follows- k

N /. .yt 0.5 '

i Ny =3+ < x * —=g-x . [ .
) _where ‘ ' . ‘

{ X ;= deﬁth from ground surface to p-y curve

, y' .= average effective_phit weight from ground surface to p-y curve

The vaiue of Py is dampuied»at eééb'dgpth Qhere a p-y curve is desired,

o
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based on the shear strength at that depth.

r

3. Compute the deflection yso,‘éi one-half the ultimate soii resistance

from the equation .

0 y = 25 ¢ d [7]

50 50

. 4. Points describing the p-y curves are now computed from the relation-

ship

1/3

p/p. = 0.5 ( ., ) (8]

u

The value of p.remains constant beyond y = 8 yso

3.2.2 p=y Curves for Stiff Clays

& Reése{and Welch (1975)‘bre§énted proce:sges for'deVelbpth p-y
purveé-for stiff clays above water Sqffaée;'.This'précéduﬁe Q%]] not be
discussed here in detail since the main concern is offshore piles where
thg soil is below wéter surface. Development of p-y curves for ;tiff
clays below water surface is given by‘Reese et al (J975) based on* the
results of tests conducted on two 609.60 mm (24 in) and che 152,40 mm
(6 in) diameter piles driven into stiff clays. Using an approach similar
fo_thaf used by Mat]ock'(1970) for soft clays, an empi?i;a] correlation -
of the experimental da;a, soil heh;§1or and foundation engineering concepts
was Fformulated by Reese et al (1975) into a design procedure to construct
the pﬁj'Curves:.‘That Proceduré, for short‘term staffc loading,. can be
sunmarized as foilpws:“. B .. ‘ \- f
1. Obtain valuéshfor dndrained soii'shear4strength.and!effeét3ve unit

weight from ground surface to the required depth x . .
2. - The ultimate lateral sbi] resi§tancebpu', per qnit length of pile i§
determined from the smaller value given by the following equations:

.r_

e .

s
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" 2cd +-y' ' dx + 2.83cx (9]

p, = Mcd - (103

“~

3. The p-y curves may be defined in five different sections as described

* in detail by Reese et al (1975) .

\

3.2.3 p-y Curves for a Layered Soil

Extending the above proceddres, a method was evolved for conscructf,
ing.the*p-y curves in a layered system. The p-y curve was ossemed to be )
primariiy inf]uenced‘by the type of the soil for wh{ch 1t~is generated
and a suitab]e computer program PYCURV was, deve]oped. Layered systems 4
composed of. various comb1nat1ons of soft c1ays be]ow water surface,.
'stiff clays below wacer sorface_and stiff cIays ebove-water.surface
were considered. Thislprogramecan'hand1e up to 5~1ayersmqnd as’manx
as 25 p;y Curves cen befconstructed'along the prle 1ength: The va1uesv
of theeundrained soil spear strength,\the'soil effective unit weight

and the strain corresponding to one-half the maximum priocfpa1'stress
\ ' .

difference ¢ o’ should be deffned for each 1ayer For the analysis,

at 1east two p-y curves. Qre required 1n each 1ayer ~This program can
generate equ1-d)stant p-y curves in each layer, yjth the first at the
ground surface ano the last at the bottom of che pile. There will be
two p-y curves at.the interface of any two adjacent 1eyers; one
repreSenting.the upper 1ayer’and the other for the Tower one: .
The zone of 1mportance io'the Tateral behavior of piles is.the
upper G\to 10 m {20 to 30 ft)’(Reese aﬁd‘He]ch' 1975) . Below thot a
zone the Y curves are 1dent1ca] because the ultimate lateral soil

res1stance becomes/constant in a given so11 1ayer. Thé’program developed

[

e ot

¥
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V4 .
here also enables one to analyze a given single soil system efficiently

by considering an upper zone as an imaginary layer and developing as

e TR

“many p-y curves as are required at small intervals in order to increase
“-

the accuracy of the solution. The lower zone can be copsidered as another

e et e

layer with the same properties and a smaller number,ofsp-y curves can be

generated to adequately define the remaining soi1.
]

~'The computer program deve]oped was ﬁntroduced as a subroutine PYCURV ,

-in both’ the finite d1fference and- the finite e]ement approaches. Details

of this subroutine are 1nc1uded in: the 11st1ng of the f1n1te/e1ement

e e
p i

" program-g1ven in .appendix C. The results obta1ned and a compar1son w1th

&

the full scale tests w111 be dtscussed 1n sect1on 3.5 .

- L4 N
it on A i 2, G 057

' 3 2:4 Gomparison of Results A

Measured and computed fam1]1es of p-y curves for a stat1c test on .
609.60 mm (24 1n) and 152.40 mii (6in) diameter piles are_shown in figures .
3and 4 . .The measured values are the results of lateral load tests
conducted by Reese-et al (J975) on-piles dr1Ven into stiff clays. The
computed values are the output of - the computer program a]ready d1scussed ‘
where the soil Was~divided 1nto four layers of stiff.clay to Satisfy the
varjat1on 1n the undra1ned 5011 shear strength w1th depth at the: s1te ‘
.The\ enera1 shape of the p-y- curves in f1gures 3 and 4 1s stm11ar ‘for both .
the measured and the computed curves For.any-part1cu]ar depth-the 1n1t1a1
- part of the curve is. re]at1ve1y steep The u1t1mate 501] resistance shown '
T1n the Py - curve corresponds to. a part1cu1ar deflectlon Beyond th1s
deflect1on there is a reduct1on in soil” res1stance w1th cont1nued ' .
deflect1on. WIth regard to the fam11y of. curves in figﬁres 3 and 4 oo AR

. the s]ope ‘of the 1n1t1a] part ‘of the curve 1ncreases w1th depth as does'

the magn1tude of the u]t1mate_resastance.. It can be not1ced that wh11e the

. - .

. - A T P TR IT R ey

. ‘1 . s , :
'
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R ' o ' —— Compiltegl

A ' --#~  Measured

300.0

g Af' x= 1542.0 mm o (Reese et-al 1975)

250.0°

(kN/m)

© 20040 [

1100.0
l" »

50.0

"1"

T0.007 1.0 200 30.000 40,0 - 500,
' T DEFLECTION. (10 )

NoaL S ;L

Figure 3 Ccmparison of compui‘.ed and lleasu‘red p-y

cur'ves for static test on 609 60 m-
diameter pﬂea

60,0
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i
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—o— Computed

- .
(Repse. et-al 1975)

Measured

100

’

200

| ;_ PILF. oen.;cuou.y (10 m)

]

.'“25\.0"

Figurg 4 Cunparfson of computed and measured p-y

..\' Wt e
‘ .

" curves “for stat1.c. test on 152 40 mn

d*lameter pﬂe
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measured curves are described up~to a deflectian of 0.02 m , the
ctoﬁEed curves are extrapolated to higher values of pile deflections.
It can also be seen that the u1ttmate.soit resistance’in the case of

a 609.60 mm diameter pile jS‘significantly higher than that for %‘152130

] R
mm diameter pile. The small .irregularities in the shape of the measured

.
. . - L Caem e bl b = e o i s af
s Ly, G i . -

curves are due to experimental problems (Reese et al, 1975) .

. Figure 5 shows a‘predicted family of the computed p-y curves for

Sab1ne soft c1ay for short ‘term static Ioad1ng Inkthat site. the -soil

undra1ned shear strength was 14.5 kN/m in the upper'regjon of

[E R S

s1gn1f1cance to the ana1ys1s (Mat1ock 1970)

-To check the accuracy of the computed -y curves, they were used as '
an 1nput tg a computer progran (Reese and Mano]iu, 1973 ; Reese, 1975b
1977) that y1e1ds the p11e behav1or under 1atera1 1oad1ng There was.

good agreefient between’ the experimental’ and the computed results as Do
L4 .

- ' ;W111 be discussed in section 3.5 . A o

3. 3 The Finite D1fference Method

The use of the f1n1te d1fference approach in -analyzing the 1atera11y
& o ! 1oaded p11e prob]em was f1rst suggested by Pa]mer and Thompson (1948)
‘as a method of. squt1on for free. head piles (the d1fferent énd cond1t10ns

N oo o - of. p1]e heads w111 be d1scussed subsequent1y) The mechan1cs of th1s

so1ut1on 'Was con51de b]y s1mp11f1ed by Gleser- (1954) and mod1f1ed by. -

Focht and McC]e11and (1 55) .- Howe (1955) ‘set up the f1n1te d1fference

equat1on so]ut1on 1n an e1ectron1c computer wh1ch signif1cant1y reduced Y

A o the t1me required for thqfsoiut1on A further extension was made by -
i - ‘; Reese and Mat1ock (1956) to enab]e the 1ntroduet1on of moment and shear
B T ‘e

o as the boundary cond1t1ons and to produce a set of non-d1menseona1

Y

. -
- N
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Figure 5 Pred1cted famﬂy of p-y curves for Sabine soft
chy for. short tem static loading = o i
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- d1fferent boundary cond1t1ons,

" by Reese (1975b ,

. be represented as a 11ne ‘Toad (Heteny1, 1946)

. Other beam formulae ussful 1n the ana1y51s are :

: C -
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solutions for the problem. A computerhprogram més developed by Reese
and Ginzbarg (1958) in which the flexural rigidity oF.the pile may be'
changed abruptly at points along the length of tho pile. The method
was generalized by Matlock and Reese (1960) . Reese Bnd Manoliu (1973)
developed a computer program which uses succqssive d?%ference equations
bmsed on repeated reference to the p-y curves. The soil modulus was
detérmined”at increments along the pile such that fhereEqu;both .

the pile and the super-l

comp ibi!ity and eduilibrfum for the soil,

structure That program has the advantage of ana]yz1ng 1atera1]y

: .1oaded p11es subjected to both hor1zonta1 and vert1ca1 1bad1ng with

1977) .

The Govern1ng Equat1on

3;.3:]-
 The differential equat1on to be solved is der1ved on the assumptlon

that the pile is a linearly elastic beam and that the 501] reaction may

my o~

;_d_f( + Px_d_fz_ - :p: = S B

where . . ‘
y = 'lateral def]ect1on of the pile. at po1nt X a1ong the p11e length
P ‘E« so11 react1on per un1t lTength of the p11e | '
-,P; = ,ax1a] load on ‘pile . -
EI = o

p11e flexural r1g1d1ty;

. 3. N
~EI d’y =IV‘

L )
dx® v c 3

Deta11s .of, the‘program are documented 2

RS

v ——

i
i
i
3
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El -—if =M [12b%-

[12c]

.o‘and'\ e -4

in which

"
town
]

v ~shear force <

‘M = bending moment : &

's = slope of the elastic curve . . , .
. i . \ . X - . ..‘ } N " B w -
. '.‘FOﬁ convenience. in solving equationf[I]J . a secant»moduius of soﬂfJ x y
3 reaction , E_ ., is.often used : -~ - . o N o L ;

B . . i i e -~ . . . s . - L o ol Lo e
' ’ - ’ ‘ = "—L o \ ) “ \. B ] f ' . A .
ES ' ' ':;Yc, v . v ' - ’ [ 3] S . s, /1'..‘ .

—

3. 3. 2 So]ution of the 60vern1ngAD1fferent1a1 Equat1on

It is des1red to express the govern1ng d1fferént1a1equat1on [11]

AY

in a finite d1fference form: This 1s accompl1shed by d1scret1z1ng the
p11e length: us1ng a constant 1ncrement h, as shown in figure 6

Substituting equation [12b] into equat%on [11] and us1ng equat1on [13] v

?‘

2 . - . . . N - _— Wy
B D . . .

LR ' . P d M . ! e ~ R ST ’ - s

Q.

The d1fferentla1 equat1on in the f1n1te dlfference form at p01nt m- is o

-.’f.-..yml '('2"’»"1 2% + Ry i ) L

L ’ Rm ] e -4 Rm + R . 2 P h2 f,.E' .héi?;;‘{,ﬂi fitihf2 ‘7ié§';ﬂ;
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‘;'?',In add1t1on to the f]ex1b111ty\of generating the p—y curves the program

eccentr‘|c1ty ~ :\ 45--’. - :_. : l-:. . . . l ; . ) . :. .

' bottom are’ added as a dev1ce for 1ntroduc1ng the boundary cond1t10ns. T Tt

- 3.3. 3 The computer Pr gram

. extended by Reese (1975b, 1977) uses succgss1ve d1fference equat1ons“

SR .
;'a1]0WS for step changes 1n the p11e f1exura1 r1gid1ty Three sets of

’carry1ng a known 1afhra1 1oad H , and moment MT th1s case w111 be

"referred to as free head p11e where the p11é head 1s free to rotate and

) ’ SR
28° !
. ) A , )
' 2
ymfl (‘? R = 2Rpyy + P ) . , : | o
oY R A0 SPR A [ T
in which R. is the pile flexural rigid1ty at po1nt 3. y ,.ﬁ :
SV i 4
R, =-E,1 [161° g B
i i BNty o
' . o e \ T
_It shou]d be noted that the ax1a1 force—P e wh1ch produced compressioTA. ;f',-fftaf?f

1s assumed to/bespos1t1ve and it acts through the\p11e ax1s w1thougfﬂﬁyv.

BN
. ' ., - -

. LY
J
‘®

Two 1mag1nary po1nts at the top and two 1mag1nary no1nts at the Do T -,,yi;ja:
oo I

App1y1ng the boundary cond1tions to the top and bottom of the p11e, _\

P

»equat1on [15] can be so]ved (Gleser, 1954) . - A;*ﬂ““'

'.s . C
. - o ) R

o

X
The computer program developed by Reese and Mano]1u (]973) and

based on repeated reference to the p-y curves Th1s program was further
mod1f1ed in the present research to al1ow'for the generat1on of the pey }u*.

curves for var1ous so1l systems as a}ready descr1bed 1n sect}on 3 2 3

boundary cond1t10ns are cons1dered at the top of the p1le.‘1) A p11e

trans]ate, 2) A p11e carry1ng a known Tateral 1oad H w1th a deflned

~sﬂope of the elastlc eurve at the top ST‘, 1f ST equa]s zero, this case ; ftf‘fj7‘$ f}:
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: will be equivalent to the conventional fixed head pi1§*where the pile head

. _ : 29
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is free to translate but fixed against rotagion, and 3) A pile carrying a
known lateral load H , with a defined rotational restraint constant MT/ST,
at the top. In addition, an axial load m5;5be specified in all these cases.

A flow chart far the entire computer program is given in appendix C.
Details of the subroutines developed for generating the p-y curves are
similar in both the finiQQ difference and finite element computer programs,
and they:ise included in the listing given in appendix C:

. -~
3.3.3.1 Computer Core Storage Requiremert-

The'modffieq program’requfres ;bdut 256 K of storage to compileé’gng
.about{76 K of storage to execute one problem on the FORTRAN H compliet of

;n IBM 370/158 machine. It is to be noted that the program.uses double

precision arithmatic. ( . : r

3.3.3.2 Running Time : * ‘
N

The central processor unit (CPU) time of the program cannot be

©

defined preéisely because of the'fact‘that the program solves non?fngar
problems and the CPU time depends on the magnitude of the problem. However,

less than 2 seconds for each problem. ' ¢

©

fgf the types of the examples illustrated in this thesis, the CPU time was

!

3.3.4 Sample Problem . ~

A sample pkdblem was chosen-to demonstrate tﬁe use 0% the ﬁoﬁified
fiﬁite difference program. - A free head pipe.ﬁ11eﬁof 0.05 m wall thickness
was assumed to ﬁt filled yith Eonc}ete and driven in a soft clay soil .
below water surface. fhe pile is subjected to a hogiiontal load and an

external moment. The Tnpu% data given below 'is chosen as typically

J

N
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representing offshore piles in template structures .

a)  pile loading:
haorizontal load , H = 500.00 kN
*vyertical load , V = 0.00 KN

external moment , MT 1000.00 kN m

. Lt r et BerRosed e
.o T ¥ = A
U g, s st

b) pile properties:

pile length , L = 30.00 m :
pile diameter ; D =" 1.00 zn )
_pile flexural rigidity , EI . = 2710.00 NN m t
c) soil properties : o _ o
soil undrained shear strength , C = 25.00- kN/m2
" 501l effective unit weight , EAMA ,§ 6.00 kN/ma‘
. strain co;ré;ponding to 1/2 the maximum
principal stress difference , eso = 0.02

The pile was divided into 30 increments each 1.0 m length. The
® .

" upper 1070 m of the soil was considered as an imaginary layer in which
11 p-y, curves were generated 1.0 m apart. The rest of the soil was

considered as another layer with the same properties, but only 2 p-y curves

were generated in that layer. : . N\N\"

The output of the computer program shows that the p-y curvés become
jdentical below a depth of 9.0 m . The maximum def]ecfion occurs at the

ground surface and is egqual to 1Q9,99 mn , whereas the maximum positive

-,

bending moment occurs at a depth of 7.0 m below-the ground surface and is

equal to 2934.90 kN m.. The soil modulus E, » increases with depth ‘

Y

*The vertical load ig not zero for offshore structures, but it is o
neglected here so that the loading conditions for the two programs are

{dentical. :
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Al i 2
until it has a constant value of 10444.00 kN/m below a depth of 11.0 m.
. - ‘
The 5011 resistance p , has a maximum value of 82.035 kN/m at a depth of
7.0 m. A partial computer output is shown in figure 7 and plofted in

figure 8.

3.4 The Finite Element Method

&}
The use of the finite element scheme in analyzing laterally loaded

piles started in the early 70s. Approximate two-dimensional i&ea]ization
assuming plane strain conditions for complex pile foundations (Desai et
al, 1974) and plane stress idéalization for determ{nation of p-y curves
(Yegtan and Wright, 1973) have beén used. Bowles (1972, 1974) analyzed )
the laterally loaded pile problem using the stiffness or displacement
metHod of analysis. Ruser_and Dawkins (1972) End N1ttke’(19?4) havé :
considered the use of three dimensional finite element metﬁods for
laterally loaded piles. Desai and.Appe1 (1976) developed a finite e1ément
procedurg that éan allow for nonlinear behavior of so%]sz'nonlinear

X - Uy -
interaction effects and simultaneous app}ication of axial and lateral

loads. Kuhlemeyer (1979) presented a formuTation for'finite element

~analysis_of laterally loaded piles in which the beam bending, .aspect. of

the prob]em was properly and efficiently considered. o
The stiffness method which was presented by Bowles (1972, 1974)

was chosen in this thesis-to analyze the laterally loaded pile problem

because of its simplicity. A computer program was developed in the present

~ research for this approach. The program takes into account the soil-.

nonlinearity by repéated reference to’ the p-y curves which are Qenerated

in the. program. A discussion .of the method is_ presented in section
. BN . . .
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3.4.1 and the effect of the soil nonlinearity is discussed in section
3.4.2 . A brief deserigfign of the program along with a sample problem
are presented in sections 314.3 and 3.4.4 . The matrix notation of

Wang-(1970) will be used in the analysis,

3.4.1 The Stiffness Method \
\ '
The fundamental equations of the stiffqess method of the finite

AN

element app;oach are as follows: T
P = AF : [17] '
e = B X = A X 18] .
F = 'S e o [19]‘ L, '

where A 1s the static matr1x of size NP x NF acting as a bridge between

external Jo1nt or nodal Toads P and 1nterndﬂ element forces (acting at -
the nodes) F The connection between'the 1nterna1 element displace-
ments e and the external riodal displacements X 1s the deformation matrix

B which can be shown to be the transpose of the static matrix A (Laursen

‘ 1969; Wang, 1970) . The stiffness matrix S of size NF x NF is the relation-

,ship between the internal element forces F and the resulting element

displacements‘e.The NP and NF symbols are the number of P and F entries

respect1va]y

\

N
Substitution of equat1on [18] into equation [19] yields,

NE-

F = [S A ] X ‘ ' [20]
and substitution of equation [20] iﬁto equation [17] gives,
P = [AS Al X [21]"
The P vector.is the applied load vector, X is the ‘unknown displacement y
vector, and [A S ATJ is a square matrix of size NP x NP which can be
. . \
inverted to give, o e .
t ) - | X



e e

andm from (2n+1) to (3n+1), where n is the number ovf\elements;

35

X

as AT P [22]

With t_h_e computed. X vector, the desired internal forc_es' at the
se]ectéa nodes F , are obtained frpm equation [20].

. Figure 9 shows; the pile-soil system and the corresponding
ana;;t;\:a] model. It also shows the coding which is used. in building
the A , S and P matricey in case of a free head pile. (Detaﬂs of

constructing both the Static and the stiffness matrices are

presented by Bowles (1974).
. b

3.8.2 Soil ReSponse L |
The soil -effect on the pile in-the stiffness method approach

- appears -in the stiffness matrix S, as a soil spripg constant. I(1 , where
. \ : B oL - .

L . A ) ‘@ -

3

The ,iniethod chosen to determine tﬁe values of the soil spring -
constant is based on us’;ng‘ a 'secondv degree Earaboh‘c curve to describe
the ivariation of the soil moduius/with depth (Newmark, 1942). . ,T‘his
method is also valid for‘ a constant or linéarly varying soil mo‘dul us.

This gives nodal soil spring constants,as follows:

h ' -
Ki =—~ [ E + 10E 4+ E 1 [24a]
B Si-1) L S) S
.where o \
h = element length - - ,
ES( = s0il modulus_at node i , where i varies from (2n+2) to (3n)-
1) ‘ .

At the top of 1'.he.~ pile, the soil spring constant becomes
h . . - -

Kooy = [ 7 E. -+ 6E -E ]

2l 3R S(ant1) . S(am#2)  S(2n+3)

and at the bottom'of the pile we have - :

-, \ . Pl

[24b]

3\

A . . -
’,'-‘ o

‘

Ty
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\

J . h )
K = —; [ 7E + 6E - E ] [24c]

)

A reduction in the first soil ‘spring constant at the top of the pile
is recommended (Bowles, 1972,1974 ; Stevens and Audibert, 1979) to a\ccount
for surface disturbance, tension ;racks. seasonal changes and lack of
confinement of soil. 50% reduction was used by Bowles (1972,1974)

\
A study was made in this research to determine the optimal percentage of

reduction .in the soil spring constant at the top of~the pile such that

_the p‘ﬂe d fleét‘ion at the ground surface obtained by the finite element
method is identi cal with that obtamed using the f'lm te d1f(erence

approach he study shows that the r‘e]ation between the percentage of

r‘eductlon an the pﬂe def]ectmn at the ground surface 1s T1near. and

A

procedure is performed to determine the pile deflections. Revised values

-

a reduct1on 20% IS reconlnended,for a free head pile embedded in soft ,

1

_clay. Resu]tz are shown in f1gure 10. . 2 )

The soil nonhneamty} taken into cons1detat1on by developing as
-‘many p-y curves as required along the pile ]fngth Initial values for
the so0il ‘!hodu]us are assumed at the nodal points, and the finite element
for thé soil modulus are then obtained with reference to the p-y curves

énd, the finite element procedure is repeated using these revi_sed values

togiget updated values for the pile deflections. The above procedur‘e is

repeated until the solution converges. o

3.4.3 The Computer Program , . R

-

The computer program usin %he finite element approach was deve]ope\d

The program uses successive cycles of the finite e]eme,nt‘
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procedure calculations based on repeated r.eferer?c'e. to the p-y curves to
determine the values of t;;soﬂ medulus at the nodal points which insure
both compatibility and equiH.bri;Jm for the soil, ‘t%he pile and the super-
structure. The program can generate a set of p-y“curves in a 1§yered
soil system similar to those previously described in the finite difference
method in section 3.3.3 - A reduction of 20% 1n the soil spring constant
at the top of the pile is used.‘ ‘.Step changes 1in thipile flexural rigid-
ity can be introduced at any depth provided that the éh?gge occurs at a
nodal point. As many as 30.elements can be used 1’n—the progrqfn. This
progr'am in its present form is capab]ehof analyzing only free I‘head ;iiIES'
where. a. 'latera] Toad H and an extérnal moment MT are spec1f1ed at the

top of the p&1e wi thout any ax1a1 Toad.

N Th1s program 1s not so f'le)vb]e as the finite d1fference program in

‘\\

tha >any change in the end'corditions would require major changes in
‘%ﬁm Only one type of end conditidn has been chosen for this

analysis with a view to eva].uatibg the cohparative merits of the finite

element and fimte difference methods. A listing of the entire fin.ite

element program is given in append1x C.

AN N -
N

. 3.4.3.1 Computer Core Storage Requirement

The finite element program re'quires;‘a’bout 256 K of storage to compile.

216 K of storage will be required to execute one probTem on the FORTRAN

H compﬂer of an IBM 370/158 machme as compared to 76 K for the f1n1te

difference method. It should be noted that the program uses double
. . K}

precision ar{thmet.‘ic.

3.4.3.2 Running Time

" The CPU time' of the program cannot be defined precisely because -

!

%‘

|
|
|
|
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the program solves norﬁi‘near probtems and the- CPU time depends on the
magnitude of the problem. However, for the types of the examples illus-
trated in this thesis.the CPU time was about 85 seconds for each problem

as compared to 2 seconds for-the finite difference method.

3.4.4 Sample Problem

The example that was chosen earlier for the finite d'ifferencé‘ .
program wa‘s solved .by the finite element method. The pile loading, pile
proper'tie's and soi1l propertieé are given in section 3. 3\ 4, The pﬂe was
divided into 30 elements of 1. 0 m 1ength each \ The so1'| was analyzed
in-a similar way as mentwned in sect1on 3 3 4 and an, 1dent1ca] ‘set of

h

p y -curves were obta1 ned X

-The output of the computer program shows that the ‘nj_oﬂmmum T
deflection at -the ground surface is-equal to 190.99_mm s whﬂe thé
rﬁax'imuin positivg berfding moment occurs at a depth of 7.0 m below the
ground sur‘face'Jand is equal to 2945".40 kN m. The soil modulus Es\ |
inc’re‘ases with depth until it reaches a constant ualue of 10444.00 kN/m?
below a depth of 11.8m. The soil res1stance P has“a max1mum value o‘F
82, 7?5 kN/m at a depthof 7.0m. A part1a1 computer output is-shown 1n
figure 11 and plotted 1n figure 12. It should be noted thatethe signs. -
of both the deflect'ion y and the soil resistance p are opposite\\to those

obtamed us1ng the f1n1te d1 fference program because the coordinate:

' systems are oppos1te in the f1n1te e]ement method. 'A comparatwe state-

“ment showing. the salient values obtameJ by both methods is given in

—

table -‘2.7l oy
4

3.5 . Compa;ratiye Study

A

A comparative study between the finite difference and the finite -

,
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. - .Tab’le 2 Compar1son betyeen the two outputs of the f1n1te d'iffer-ence and the i
- ; . finite e]ement programs for so]vmg the sampie problem. '
" N . A h « “ Y . N .
Method - .- - : Finite Difference ' Finite Element
. Maxjmum deflection, mm - 100.99 100.99

" Maximum bending moment, kN m v 2934.90 . . 2945.40

Depth to the maximum bending o

moment., -m : — o 7.00 i, 7.00

R Max imum viflue of soﬂ modu’lus, 3 v
) _ kN/m2 10444.00 . 10444.00

Max imum soil résis}ancé, kN/m 82.035 B . 82.735

- - ’ |

Depth to the maximum soil resistance, ' -

m . . 7.00. : 7.00

’ : D ) &
_ » i .
PR S ’
\ | /\ >
.‘ ‘ o -
~4
S S —— - e iR
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\relationship.(equation [22]), to obtain the so]ution. In both the computer

requires. 216 K of 'storage to execuﬂe‘the Same problem on the same

44

element abproaches in solving the laterally loaded pile problem will be

presented here. A comparison between the two theoretical schemes and

T

pub11shed results of full scale tests in different types of soils. w111 be

discussed.

H
N
i
3
e
%

3.5.1 (Comparison Between fhe'Finite Difference and the Finite Element

Methods
) b'{: [ .
-*  The two.methods presented in sections 3.3 and 3.4 insure both

compatibility and equilibrium for the soil, the pile and-the super-

‘ structure under the effect of lateral loading. ~The finite differencé

approach is baged on expressing the governing differential equation [11]

in a difference éabaticn form [15] and extending it to sequential points
along the pile length w{th the aid of two imaginary‘ppings at fhe top of
the piie and another two at the bottom to represent the'Boundary conditions.
On the other hand , the finite element approéch is based on discretizing the
pi]é into a finite number of elements and expressing the external nodal
:?rées fn‘terms af the external nodal.djsplacements with the aid of both

- .
the static and the stiffness matrices (equation [21]), then inverting the

programs soil nonl1near1ty is taken into consideration by repeated reference

to the p-y curves along the pile 1ength which are generated 1n the programs.
/ ' S . . S
3.5.1.1 Computer Core Storage Requirement. andvRunn1nggTime

Both the programs require about 256 K of storage -to coﬁpi]e, but the
finite difference program requires only 76AK of storage to execute one

B

problem on.the FORTRAN H compiler while the finite element program

compiler . Also the first prograi SOIVgs‘one problem in lessithan 2 ' h

. ' - I

- S T " ke
R R N A N T N A P R R anen St
R P P S P e T P SR TR e LA PR - ~
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"~ for the second program is that it involves large matrices and the

.~ .3.5.1.3 Bouridary Conditions

o7 45
seconds of CPU time while the latter one solves the same problem in
about 85 seconds. d

4~

The reason for the large storage and the greater time requirement
¢ LT
process of inverting such matrices requires both storage and ‘CPU time. »
This problem can be overcome by using more powerful'compﬁ%er'techniques
in dealing with these matrices and taking advantage of the sygmakf%éal,
banded or sparce matrices. Such madifications would form part of a ‘

separate project on computer ﬂ!Ehniques;;
by

3.5.1.2 Number of Elements .

.

While the finite difference program can-use «is'many as 150,in;rel
mentg along the pile length, the fipite ;Igménf prdgram allows only up
to 30 elements. , The mgximum allowable number of e1ement§ whicfis 30
in the finite element' program proved to be sufficieﬁt to yield good
results when these results are compared with the experimental values
as shown in subsequent sections. Héwever, ;his number can be increased
without a significant incréqse in both the computer cére storage and
the CPU timeﬂby'usinglmore powerful compﬁiér techniques as previously
mentioned in section 3.5.1.1 . Moreover, long piles with pile properties

and loadings of the order discussed in this-thesis, 'can be analyzed

based on fﬁé upper 15 to 20 m of the length .as théxpiie Tength {s ngt

‘ ~ . . ‘
_a ¢critical factor in the analysisg(Bowles, 1972, 1974) . This fact

. makes ‘the maximum number of elements specified in the finite element

program sufficient enough .to obté1n good results. '

The finjte difference program can-deal jﬁth pilés with diffqrent

A i -

ey ik s TR
g Ee s S

b St

P A
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. the latter program can be modified to allow for, other types of-end

“full scale- tests and the'finite differénce and the finite element anmaly-

‘:3.5.2{1 Laterally Loaded Piles in Stiff Clay

- of max imum bend1ng moment as a funct1on of the lateral load for static

.nm diameter piles respectively Curves in fugureslls and 20 show the

;>comparison between computed and measured va1ues of def]ection at ground-

'168 30 m diameter’ p11es respect1ve1y A good agreement is observed -

SITY -]

46 ¢

degrees of head fixity, while the finite element program as deyeloped.

here is capable of analyzing only free head piles. It is to be noted that

conditions. The advantage of thd finite di?ference approach over the
finite element one is that {t 5_capable ot:dealing‘With both horizontal

and vertical loading, while the-Tatter can handle only lateral iPading.

3.5.2 Field Test Results i

A number of full scale test) on Taterally loaded piles have been
conducted during.the last few years. The results obtained from qaree i
d',ferent‘sites have been chosen to present a comparison between the 3 L

L3

ses..

Reese et- al (1?75) conducted a series of full scale, tests on two
609.60 mm (24 in) and one 168.30 mm (6 in) diameter piles driven in
stiff clzy be1ow-wéter table. The pile and soil properties reported
in theee tests were input into the finite difference and the finite
element progr:ams. The Acomputétf and measured moment curves for the

609.60 mm‘diametéﬁ pile subjected to an increasing set of horizontal
. & .

static 1oadsﬁate shnwn in ffgures 13 to 16. Computed and measured values

Ioading are shown.in figures 17 -and 19 for the 609.60 mm and the 168.30

¥
line ‘as a function of the 1atera1 stat1c load1ng for the. 609 60 mm and

£

- ‘ ° '
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- #7°  and measured.bendi

51
between the computed and measured bending moments. The agreement is not
satisfactory for the deflection at ground]ine, especially in the case of
the 168.30 mm diameter uﬁie The poor agreement is attributed to the
sensitivity of the deflection to. the soil modu1us which is heavily

,influenced by the der1ved p-y curves,

 3.5.2.2 laterally ILoaded\P:l‘& in Soft Clay

on a 1atera11y oaded pile drivenf in a_ soft clay”layer below water

i
AN

surface at Sab1ne site, Texas

'e cdmpared w1thvthose comQuted using

: the two theoret1ga1-methods. The EOmputed and measured moment curves
for diffeuent static load increments are shown in figures 21 to. 24..
H%ie alsg, cumparis;n ndjcates‘é good agr%eheht betweeq the c0mputed

4 oments. - The pile‘defTections were not reported in

.

the test and no comparison could therefore'bé'made.
q. o

3.5.2.3 Laterally Loaded Piles in a Layered Soil System

The e{ficiency of the two computer programs in deahing with a
layerked . so1] system-was brlef]y stated earlier and presented furth#r in
this sect1on? Full scale tests by Ismael and Klym (1978) are the bas1s

'of the- comparison. between computed and measured results. The test was

y S . ”

: condutted on a 1.5 m diameter rigid concrete pier with a total length

v - of 12.0m . The soil profile Et the s1te\genera11y cohsists of -a 1ayered

¢ system of stiff silty c]ays. éoth the' pile and soil properties were
1ntroduoed tn the computer programs and the output computed deflections

ire qompared gjth the measured;vafhe§W1n figure 25. Results indicate

’I', thét beth the phqgrams do not show good correlation, butjtheucoffeiation
‘with the finite element method is sliéhtly better. This deviation be-
\ ) & ’ ‘ -
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tween the theoretical and experimental results is attributable to the

effect of the pier rigidity on the computed p-y curves. Also the
differential eqdation [11] is applicab]e'to the case of*rigid piers

only with a degree of approximation.

3.6- Summary , «.f

Both the finite difference-and the finite element approaches in

— \

ana]yz1ng the 1atera11y loaded pile problem were briefly d1scussed

A computer program us1ng the f1n1te d1fference method was modified to
generate the p-y curves along the p11e length wh1le another program
N

u$1ng the f1n1te element method was developed A c/mpar1son betweeh .

& -
the two thedretlcal sthemes was presented Methods of predictlng

the p~y curves 1n d1fferent types of 50115 were extended for a

layered soil system. Generally, the resu]ts obta1ned showed

N

satisfactory agreement compared with the field results. Conc]usions

drawn from this study are presented in chapter V.

¢
/.
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- face, 3) a f1xed head p11e 1n sof't c/hy be1ow water surface \and 4)

' weight Thé. ¢ ef ct of each of these variables ‘an.. the maximum def]ection

‘ A]so, for a layered soil composed of soft c]ay be]ow water surface

\CHAPTER v,

s

i _ PARAMETRIC ANALYSIS -
4.1 General ‘
—_— -
"~ In the process of analyzing laterally loaded piles, a\number of ~

variables were considered in determining the static response. These
include the pile loading and the properties of the piles as well as, ;: .w

thgse of the support1ng soil. As a part of this study, an analysis of

these var1ab1es wasumade to determ1ne the1r re]at1ve 1mportance.‘t R
| Parametr1c stud1es were made for 1) a free head_gj]e in. soft clay :-"f"f N

be]ow water surface, 2) a free hsad p11e in St]ff c]ay b910w water sur-Lﬂ g .§“ﬁ:?

a fixed head p1Te/)n stiff c]ay below water surface. A free head p1le o

//15 a p11e w1th 1ts head free to translate and rotate. A fixed head p11e P

“is-a p11e with 1t9 head free to trans]ate but fixed aga1nst rotat1on.

These two types of p1]es were chosen as representat1ve of two éxtreme
situations‘that'can occur 1n practice. It is to be'rea1iied that there

N
is no 1dea1 free' head or fixed. head plles that would be found in pract1ce,

' since. there w111 a1ways be some amount of rotat1on Such actua1 s1tua- f

t1ons woqu be intermediate between the two extreme tases d1scussed—here. .92

For' each of%tpe’four cases, a)study was made,td determ1ne the effect of T a
a) the hor1zonta1 Toad, b) the vert1ca1 Joad, c) the externa] moment,’ -
d) the’ p11e 1ength, e) the pile diameter. f) the p11e f1exura1 rig1d1ty,

g) the soil undra1ned shear strength and h) the so11 effect1ve un1t

and the: maximum po.1t1 e and negatlve bend1ng moments was studied
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4

£ underlain by stiff clay, a study was made to determine the pffect of the

soft clay 1ayer depth on the smaximum deflect1on and the maximum positive

and negative bending moments in both free and fixed head piles.
An algorlthm was 1ntroduced in -the finite difference pragram a1ready
discussed to-vary the different arameters one at a time, an{ the corre-

.sponding p11e deflect1on and bend1ng moment were obta1ned In each case,

»

the magn1tude and pos1tion of the maximum def]ect1on and the maximum
positive and negat1ve bending moments were obta1n€d Separate |plotting

e subrout1nes were developed to plot bothkthe pile def]ect1on and\bend1ng |

K moment a]ong the pile length and the var1at;on of the max1mum def]ect10n
o S 'and the max1mum.pos1t1ve and neg;11ve bend1ng moments as a function of apy ; ' .-
. » | ~ :desired variable. Paftia] listing of the plotting subroutgnes is inclpged : |

in appendix C. A CALCOMP graph plotter was used to generate all the grhphs,

.2 Practital Range of Input Data

In order to do the parametric studies, a‘practical range had. to oe
etermined for 1) the pile ioading , 2) the pile propert1es, and 3) the
° L  sbil propertiés Tab]e 3 shows the p11e propert1es and. the correspond1ng
; o p 1e loading for some typ1ca1 offshore structures Tab]e 4 shows., the so11

. ' - p operties for ocean sed1ments in bo ‘the Atlant1c and the Pacific oceans.

RN Al T . , ,Q . . - .
RS _ 4.2.1 Pile Load1ng .

/- \ \ e . R "A\\ o ' " ¢ - . ,
Some offshore p11es 1n the Bass Stra1f off the Coast of Austra11a L

' support hg%hzohta1 1oads up to 3300 KN (Loftiq, 1976), wh11e some -others =
g t L Jin the North Sea are subJected to hor1zonfa1 1oads'as low as 32§ kN
1. = (o Nem -and. ‘Ghazzaly, 1977). The vert1ca1 1oads vary between 23000, kN

- td'i" . _,(McCIelland 1974) and 1850 kN (0 Nei11 and Ghazzaly, ]977) The.exter-'; s 3 }?;;'
ﬂ% ‘:Fg;‘:lﬂ o nal moment at the ‘top of the pxle ranges fron’ 9800 kN al(Focht and Koch R

FRENEIN | 1973) o 2300 K (o Nem and Ghazzaly, 1977)_

. o S T et
. S -,., ':,“" ..‘.‘ o
TS R T el
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) TablegP'i]e/propertles and pile 1oad.f'ng;for.some typical offshore structures. . '
e T T ' ] ) s
PR Refei'én;e" . Type and locatmn '- Pi_]év.len‘g‘th-: Pile diameter Wall thickness _ Horizontal . Vertical . External
O T of - S : G\T - load load moment
: “the structure N (m) m (m) 7 __' (kN) g (kN) (kN m)
e 'Focht. and Typ'lc‘al North Sea L . Lo .
-":Koch offshore, structure.,  76.0 1.22 '0.0635 2000.0 * 9800.0
< i (1973);-';:5.- S ) ) ' '
HcCle]'Iand Drﬂ]mg ‘pFatform, . ' P _
L (1974) Gu]f of Mex‘lco o " 91.0 1.22 . - ‘1']0_0.0 18000.0
Sy ';;' . Drﬂhng platform, N . \ - o L .
ROV Cook Inlet,’Alaska. - 8.0 ' 76 ' - - %00.0 18000.0
, : B Drﬂhng p]atform, L . . o
= ;o ‘ North Sea. i * 73.0 . 1.37 0.051 - 0.064 - 2100.0° 23000.0
- ' ,f'.‘:_"\_:-'_l‘i : ~.011 sterage strue’ . ‘ : : - .
: R tum, Pers1an (iulf 28.0 .o | 0.91¢ Lo - 5400.0
2 , Loftin ,:.Drﬂhng and pro_duction. '/ | ' ,,
; (19 ) f;".wp'latfonn,'Bass Strait - “" ¥ . -
--0ff.'the coast-of ' . ‘ - ’
BRI Austraha. R B 157 0 . 1.22 - 1.52 0.025 - 0.051 » 3300.0 22000.0
o'Nem f *+Typical-North Sea. [ 520 - 1.07 0.025 - 0.051 325.0 . 1850.0  2300.0
- "apd.. platform structure. . 52.0 ) 1.07 © 0.025 -, 0.051 . 325.0 2500.0 2300.0
; ";'Ghazzal . o g .
. T (197 Typ'lcal Gu'lf of - 30.0 111 - 1.42 0.051 - 0.076 1300.0 5700.0 7800.0
' Mex1c0 structﬂre 30.0 - 1.11 - 1.42 0.051 ~ 0.076 -1300.0 7500.0 7600.0
( . , .
~ o
» - I —
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~':dra1ned shear strength is'Tess than 50 0 kN/m2 the c]ay will be tons;d-

: #;ered-as soft é‘f
‘ 'i,,:} referred to as a stiff c]ay.»

‘. ‘/
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4.2.2 Pile Properties
Most of the offshore piles are stee] pipe piles filled with concrete. %
The pile lengths vary between 137 m for a deepwater fixed platform in

t
Bass Strait off the coast of Australia (Loftin, 1976) and 28 m for a -

3 e

drilling platform in Cook Inlet, Alaska (MsCIe]]and 1974).- The pile
diameters range trom 1.52 m‘(Loftin 1976) to .0.76 m. (McC]e]]and 1974),

~

. while -the wall th1ckness varies betweed 76 mm and 25 mm -

5.2.3 :Soi]'PropertTes: o . | ] o

4.2.3.1 Soil Undrained -Shear Strength s ] 3
Average shear strength va1ues.in the Atlantic dceen range from less

than'3 5. kN/m? to 14 0 kN/m?, for the upper few feet of sea-floor sediments.

e "

P
Sed1ments w1th a shear strength of 3.5 kN/m to 7. 0 kN/m? appear to’ pre-

’
dom1nate in the North At]antic basin. In contrast to the North Atlantic,

'.1argé port1ons of the Nortﬁ Pac1f1c sea-flpor are covered. w1th sediments

whose avarage shear strength is ]ess than 3.5 kN/m . However there are.

N\

.‘some areas 1n the\Pac1f1c ocean‘wﬁere the-shear strength’Va1des'range'from

‘]4 0: kN/m to 17 5 kN/m2 (Ke]]er, 1969 Fukuoka and Nakaee, 1973) H1gher

]

'values for the. shear strength as- h1gh as 23. 0 kN/mZ, in the At]ant1c .
- . 3

-ocean have also been reported (Noorany and G1z1ens$1, 1970) v

) A clay samp]e is con51dered tovbe stiff, st1ff, or hard 1f,the

__undra1ne§’shear strength is h1gher than 50 0 kN/m2 o and’ 1t 1s cons1dered

Nt

:1to be, very soft, soft or‘medium i the undra1ned shear strength is Tess f}}};;fv :

than 50 0 kNYm (Terzagh1 and Peck 1948) In th1s anaIys1s if. the un-»ﬁ’F j‘ ”Qﬁ, 2

LS

'and 1f 1t 1s h1gher than th1s value, the c1ay w111 be fﬂl"
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Since this study concerns with offshore piles, the stiff clay layer

1

below water surface will be simply veferred to as stiff clay, and the '»

soft clay layer below water surface as soft clay.

-
)

4.2.3.2 Soil Unit Weight

For the upper few feet of the ea- floor 1 both the Atlantlc and ‘the

. Pacific oceans, the saturated unit w

{'from 11. 50 kN/m to 19. 50 kN/m3 . but more frequéntly varies from 12.25 - .

kN/m3 -to 17 00 kN/m?-, The value of the saturated unit we1ghts is general-
1y lower in eﬁ% North PaC1f1c, (12. 25 kN/m? 14.75 kN/m®) compared to
the North At]ant1c,(14.75'kN/m3 to 17:00 kN/m?) (Kellen, 1969 ; Fukuoka
and Nakase, 1973). - N |

4.2.4 Input Data
. .
From a brief survey of the practlcal rrange of the d1fferent parame-

fters affect1ng the lateraTIy loaded offshore p11es, values were chosen

for the parametr1c ana1y51s. The standard values used in the parametr1c .

studFES and the range of var1at1on consfdered for each variabTe are

- tabulated in tab]e 5 ~Each of these parameters was var1ed within.its

~

'range wh1le all other variables were kept constant The resu]ts w1l]

rpe_d1scussed in the'foTTowmng sect1ons:_ IR o S

. oo B A

- '4 3 Parametri} Studies” - .'_ AL E ' SR

Each of/éhe parameters 1dent1f1ed in table 5 was varwed aﬁ’seven

Ly 1ncrements wixhln 1ts rangﬁ wh11e a]] other variables were kept constant

7

; ‘ The parameter eff t was stud1ed for the four cases, two piTe types ;

(free head and ffxed hasd) and two so11 types (soft clay and st1ff cTay)
L
In each case. plots of the deflep;1on and the Bending moment a]ong the

ght of sed1ments is. fdund to range -

&
;;:L"::;‘;o -
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Table 5 Standard values and range of vamatwn considered for each vamab]e in the parametr1c
studies _ ' . .
© . . Variable . . o * Standard valqe - Range of variation
Pi'le 1oading L A - L «
..* | horizontal load . kN -° . 800.00  _  100.00 -to 1150.00
_.vertlcal Todd . . kN ) 8000.00 0.00 to 18000.00
'e'xiemar-.mdment L TENm 0:0 - 0.00 .to 2400.00
- _Pﬂe propert'aes : - -7
q Pile length S . m 60.00 .. 24.00 to  96.00
pﬂe diameter S s M ‘ 1.00 0.75 _to 2.25
R . ) ',,;_.'pﬂe waﬂ th1ckness SR s JM - 0.05 '
e oo -pile flékural rigidity M m? 2710.00  ° °  2000.00 to 20000.00
Cwl " - (steel pipe pile filled ‘ . -
with concrete) . ' : .
oS0i1 pr,opeft'les . ) ' <
(a) soft clay ° S Y o ; . ] )
undrained shear strength  , kN/m* . 25.00 15.00 to  45.00
g o effectwe unit weight . kN/m? 6.00 ¢ 2.00 to 8.00
“‘"(b) stiff clay - TR . A
s undramed shear strength s kN/m* 100.00 = . 55,00 to 205.00
__:_.._eff:e.cti_.v_e_,ur_nt/.\_ve}ght L /e 8.00 5.00. to  11.00
s.’."~‘,:‘ ﬁ o . “ . : ) ' e

29




b - f
.

\ L

:'_.\'I’v

/N\naxt and the max imum n‘egatwe bendmg moment /max for each mcrement S

~ ser1a1]y arranged in an appendlx, but referred and d1scussed 1n the main

" ’)" In se :ofv free head pﬂes, Y- '

ot

63

—~

pile were ghtained far the tuo.extreme values of the ﬁiarameter, Because ’
. . :, ' . . . 7
of the scale Timgtations, only the points where these curves cross the

’

longitudinal axis of the pi‘le are shawn in the lTower portions. These are

po1nts of zero deﬂectwn and zero bendmg moment. The p]ot show1ng the”.

effect of the" parameter on the lné/lmum deflection and thJ max1mum pos1twe -

and negatwe beﬂui moments was f1na11y drawn Magmtudes and pos1t1ons g \

of . the max1mum defhection , Y

max-> the max1mum pps1t1ve bending moment : i

] . ’ - .
were tabu'q,ted e '.,y‘« oL '

The parametric study effectivew 1nvolves nine var1ab1es R mth '
- .

four types of” soﬂ-pﬂe com51 nations. A total of 102 graphs and 32 ‘ A
tables’ were obtamed after-the ana]ys1s Only-thrée. v1sua1s are presented .

in the/\“fn text of the thesis for each parameter, and the ,rema1n1ng are

itext.. A s_lmﬂar method Jsfado.pted for the tabulated results.

'4.5.'1 P-ﬂe'f"Loa'ding_ N {:1 o /
4 3 1. 1 Effect of the Hor1zontal Load _ o A T
@ Typiqa] graphs showmg the effect of the hor1zonta1 load are shown ~

S an f1gures',l'6 to 28. Tabulated resu]ts are sumnanzed in- tab]e 6. Both v
the graphs a nd. the tab]e are for-a free head pﬂe in soft clay S1mﬂar ' ] .
graphs and tab]es‘ far a free head pl]e in st1ff c1ay and a flxed head '.' j‘\' ‘
Lo

pﬂe in the two types of soﬂ are glven in append1x A (tab'les 16 to 18) :

band appendlx B (J"lgures 60 to 68) f' '. R ' ”\‘_ e

ax occurs at the_ ground surface and
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In case of stéf\:l,a,y, the lacation of Mmax+

the horizontal load, while it shifts down along the pile axis in case .

is almost independent of

of soft clay. A shiftas muchas 5.0m was observed for’ the range of

loading considered r;ere. In both types of soil M ax+ significantiy
anreases with the 1ncrease of the hor1zontal load. The ratm of Mmax+

. to Mmax IS h]gher,an case of stiff clay. ‘ '
FQr fixed head pﬂes “voth ¥ and Max- occur at the ground
surface and . 1ncrease mth the 1ncreasing homzontal load, In case of -
. stiff clay, the defl ectlon is. very 5ma11 s where 1ts maximum va] ue equals ;/-
to only. 5 90 mm correspondmg to a honzontal load of 1150.0 kN . For

both types of soil Mmax‘- is higher than Mmax+ by three to four times.

o An inter‘esting phenomenon noticed here is that the ratio of M RN

-
-

to M for fixed Head piles is much smaller than Mmax+ to Mmax-

max+ ‘.

case of free head prl]es. 0bv1ously this means that the design o'f f1xed
head pﬂes will be more econom cal i terms of opt1mazat1on compared to

a free head pﬂe Also in: casf of stlff c1ay, \the pos1t1on bf "hnax+

1s nearer t; the ground surfac_ ana both the defl ect1on and the bendmg
. moment vanash Very rap1dl_y along the pﬂe ax1s, wh1\17e‘31n sott :hy such :\
;| phenomenon is not notlced ThlS 1mphes that'an upper shorte\r portwn
. of the pﬂe 15 sub.]ected to mgmfacant bendmg stresses in case of st1ff ‘, .

P N

cTa_y , ST R ;'f';. T

"4 3 1 2. Effect of the Vertlcal Load

Typica] graphs showing*'the effect of the vert1cal 1oad are shown 1n

k‘
s

“ ‘f1gures 28 to 31t 5 \Tabulated resul ts are sunmar12ed m tahle 7. " Both the

graphs~ahd the table are for a’ free head pﬂe m soft clay \S1m11ar graphs "\-'"f_‘ Sl

"and tables for a free head dﬂe ln strff clay and & flxed he&d pﬂe 1n the

(?\ .
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- n1n soft clay, but 15 not appremab]e in the other' three cases

Ay

65

(figures 69 to 77)

f Results show that the increase of the vertical load causes a corre-

sponding 1ncroase in the magnitudes of Ymax ) Mmax+

“free and fixed head piles in the two types of soil.

and Mmax- for both

This ‘agrees with the

* - experimentat and theOrétical studies presented by Zuhkov and Ba}ov (1978)

for '1a-tera11y 1oaded pﬂes tubjected to vertical loading:- However, this

1ncrease appears to be significant only m the case of a free head pile

be notlced that the position of m'ax+ and M Jis nearly independent of

{ : .
the vertical load especially for fixed head pﬂes.
. ! N \ .

{ The ‘magnitude of Y nax is significant only for a free head pile in

¥:

-

soft clay, whﬂe it is almost neghglble even for higher vertica1 loads,

1n the case of fixed head pﬂe in st1ff clay. Alsd.for piles drwen in

soft c1ay&, a 1onger upper' portion of the pﬂe is sub;ected to appreci-

able bending ‘stresses compared to the case of st1ff c]ays.

R

4.3. 1.3 Effect of the Exferna] Moment

. o ‘.
|
T_yp1ca1 graphs. showipg the effect of the external moment are shown

o‘\

1n flgures 32 to 34 Tabu]ated results are summanzed in table 8..

Both-

the graphs qnd the. table are for a free head pile in soft clay. - Simi‘ Tar'f‘ 3

graphs and table for a free head pﬂe in st1ff c]ay are gwen in appendlx
A (tab]e 22) and appemhx B (f1gure§ 78%0 80) ‘ , '\,,_,. ;_

In both gypes of soﬂ, max 5 Mmax+ and Mmax 1ncrea‘s ) a]most hnear-

Mmax + 1s apﬁroxma;te]y th,e same as the 1ncrease 1n’ thévexternal moment >

‘ It can also

‘.“U“' 'I: :?ﬂ
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Table 7 Effect of the vertical load on the maximum ‘deflection and the max i mum
SO o _bending moment for a- free head pile-in soft clay .

v ) Ymax - Mnax+ Dﬁpthto - Mnax- Dﬁp th to
, ) ' Tmax+ max-

. m wam T m m) (m)

o - 01704  3850.7 . 9.0 - -.150.1 28.0

13000 .+  0.1867 _ . 4188.2 C9l0 167.4 . 29.0°
191.7 29.0

9000:  0.2339 5122.4 . . 9.0. - - 230.5 29.0

. 6000 0.2072 4600.3° 907,
120007 0.2712  5817.8 ..  9.0- - -289.6  29.0
15000 0.380  681.7 9.0 - ~-.378:2  29.0
18000 0.4398 86652 . .10:0 . - 558.2 30.0
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. ) . of the external moment 1n case of st1ff clay, Simnar conc]uswns were -
- R drawn by Pa]mer and Brown \(1954) for ‘a free head plle in sand based on
’ ,' ' '. o B \‘ both theorét1ca1 and expermental work Tt can a]so be not1ced that the
— ,’ o pos1t1on of Mm b is_ nearer to the ground surface in stiff clay than soft v
. ) c]ay for aH va1ues o'r' ‘the externaT moment
IR ?<4‘.3._2\3"Fi‘1_1'e Prbbérti‘es- BRI : L
Lt e 4 3.2 1 Effect of Pﬂe/l./ength e LT
Typ1ca1 graphs shomng the effect of the pﬂe 1ength are shown in -
T: i f1gures 35 to 37 Tabulated resullts arex sumnar1zed 1n tab]e 9 Both the
"‘,;: graphs \and the table are forua free head pﬂe in- soft c]ay S1mﬂar
3 3 ",".':-"."-.‘. graphs and tab]es for a free head pﬂe 1n st1ff \\clay and a f1xed head pﬂe
* 2 1n the two typesx of soﬂ are’ g1ven 1n append1x A (tables/23 to 25) and
B append1x B (f1gures 81 to 89) R / Al L i
T \ Resu]ts 1nd1cate that both the magmtude \and lo~cat1on of: Y . “Al-
?’ _ 'ﬂnax+ and M ' are 1ndependent of the pﬂe 1ength for aH théc four
. o ~i’ ., - cases However, for short pﬂes m soft c'lay. when the- pﬂe length ap-/
'-’ 'I _ proaches a vaJue wh1ch causes a faﬂure of the pﬂe swg\systen}, a d1s— ' o
\ g proportwna] 1ncrease in: Y 1s not1cedﬂ compared to-the change m the .
R pﬂe 1ength The faﬂure 1n SUCh a case 1:11ke1y to be by a comp]ete 1;
3) g . overturn‘lng For h‘lgher va]ues of pﬂe 1engths the curve of Ymax ‘i,"
I".i 5 R becomes asymptotic to a constant va]ue 1nd1cat1ng that the pﬂe response ‘ .
; [ Af"ﬁlﬁndependent of any furtheqr 1ncrease 1n the p11e 'length Hence as far
_. ,\ as the 1atera'l reslstance '1‘s cons1dered 1t 1s a waste of mater1a1 to -_a‘g'
‘?; ¥ use pﬂes ]onger than a spec1f1c 1ength wh1ch insures stab1th for the
i \ : " pﬂe soﬂ system. It shou1d be- noted that there~may he s1tuat1ons%lhere
\\ v?‘tlcal bearmg capac1ty con‘siderahons may necess1tate pﬂes of greater‘:-:- o
L =
11




})' : \ J“ ) : “. ‘ ';‘“' ‘- . ' :1
- 4 N
‘!. ° } \ ., A
. . . \ ‘. T ' - P . , ! _4' N\
- ! [ o ’ \
S lmd thuslthe f1na1 length would be deternnned by the twb d1fferght
y o des1gn cr1ter1a ‘ | - S : . o Y
. N
, - A compamson between f1gures 35 and 36 shows . that there are fewer
e reversa1s in the s1gn of both the deflection and the bendmg momentﬁ‘/ '
N .,\ curves for shorter piles.. This ‘may. be -due to less fixity at the ends of -
- re]atwely shortj pﬂes | R - o o *
‘ 4 3 2 2 Effect of Pile F1exura1 R1g1d1ty S : L R N
ST e ’--, Typn:a] graphs showmg the effect of the pﬂe ﬂexura] r1g1d1ty are L ; -
shown in f1gures 38 o’ 40 Tabu]ated results are sulrmar1zed in table 10 '
},‘f.‘ o Both the graphsland the table are for a free head p11e ‘P soft c]ay 3y oL
A )c,l- ; S - . r:.
e Simﬂar graphs and' tab]es for a free hea,d pﬂe m st1 ff c]ay and rfixed o
N head pﬂe 1n the tWO types bf soﬂ are given m {penmx A (tab]es 26 to | o
| 28) and append1[x B (f1gm‘es 90 to 98) IR B _‘-' "-_',- o ‘.f ‘ |
\ h ' For free head pﬂes. max decreases vnth the 1ncrease of the pﬂe ‘
R '.\'j, ‘
flei\pra] r1g1d1}ty The rate of change in Y max_ 1s Tore sen51t1ve in the

R 1ower range of}ﬂexuf"ﬂ r1g1d1ty va]ues Tne behavwr of the’ moment

A cques 1s si‘fg tly hﬁferent 1n the. two types 01/5011 In tase of soft '
P c]ay, vnth the 1ncrease 1n the va'lues of flexural r1gid1ty the magmtudes
-. :[.'.'“ .,.7 Qf\both Mmax+ and M )—(.

| 1ncreas1ng w1 further 1ncrease 1n the ﬂexura] r1g1d1ty On the other

' shghtly decrease 1mt1a1 1y and then they start

hand, lrﬁase of st'iff clay thls 1n1t1a1 decrease “in- the moment 1s not

NS ST observed Th1 decrease 1s very smaH, 1ess than 5% and occurs only for
SN e A

a free head pﬂe in soft c]ay.. Th1s may be an anomaly due to the ' ';;'h‘-"

A .
conpat1b111ty rleqm rement between the pﬂe and the soﬂ response It is’ ‘

FAN T T B R VRSt e

*_f.‘ LT felt that th1s anoma]y mlght reqmre further detaﬂed 1nvestfgat10n S R
el For both types of soﬂ the 1ocat1ons of both Mmax+ and Mmax sh1ft - -
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- | c
down along the p‘Ele axis w1th 1ncreasmg flexural r1g1d1ty, Wthh means
‘“‘“\\h/a,t a longer portmn of the p1le is subJected to SIgmfmant bendmg
) :stresses for @igher values of the p1le flexural r1g1d1ty. ' _
For leEd head p1les 1n the two types of so1l Both the deflectlon
KN

and the moment responses are s1m1lar to the.case of K free head p1le in

st1ff clay HoWever  the magnitude ofI

max in case of a ‘f1xed head pﬂe -
. in st1ff clay is relatwely small, - CoE I o --. . e
The downward'movement of theg]gcation of MmaxJr and M ' w1th i f-’ - ,

}tncreasmg flexural.—rlg1d1ty oan alvso, be '1nterpreted 1n another \Qy

) a precast concrete p1]e the po1nt of ma

\

-1h -ar 51m1lar type of so1l and subJected to the same loadmgrﬁBut the

N e ) < Coe
- "." " PR

'concrete p1le _ ‘ .
| Palmer and Brown ,(1954) ohtamed smﬂar results for free head plles

/

? almost d1m1mshed and a- lowerlhg of 0. 50 min the locat1on of Mmax+

_"‘.

‘ "4 3 2 3 Effect of P1‘|e Dlameter

Typ1cal graphs showing the effect of the p1le d1ameter are shown in -

f1gures 4l to 43 . Tabulated results are surrmar'lzed 1n table ll Both
.the graphs and the table are for a free head plle in soft clay Slmlar

graphs and tables for a free head p1le 1n st1ff clay and la f1xed head

' L © ;.
PR - L
. i . N “ : “‘"..;
. "‘ N - .-. ;_' .. ‘.r‘
\ " o L » T
. \\ k !
. AT —

Ll i TR
’ 'The flexural r1g1d1ty was var1ed by changlng the t‘hlckness) of the steel Tﬂ
s A,the p1pecp1les Thus, w1th de( as,.'ig the flexural r1g1d1ty, the p1le

':'.rapproaches an equlvalent precast concre gﬂe Hence 1n the cqse of \
X

m moment w1ll be nearer to the -
-; magnitude of the max1mum moment in the steel p1le w1ll exceed that oh the\

1n sand For a 750% 1ncrease in the flexural rig1d1ty\h the magmtude of \

_was obser’d LS R T N

o < ground surface compared to a steel p1le of the same s1zel and l’ength drwen . A
. ‘ i " \
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"'4 3. 2 4 Effect of P1]e'D1ameter and CorreSponding F]exura1 R191d1ty

,”j'_"":"and c f1xed head pﬂe m both types of soﬂ are g1ven m appendix A

. - o B .
: a ’ T .
C e ae LN . t~
. el . Y Co L
e by ¢ BN N
. T T N :
. V. T '
L) : - . .
- R 8T\
i - S B ’ i . et e . )
T oM. 1. i F- . e L S R v .. ' k3 :
g : i . . .

ca ..X.'

pﬂ& fn, thﬂ th types Qf SQ” ,are 9“’9" i append1x A (tab'les 29 to 31) \ s
and appendlx B8 (flgures 99 to 1(17} Here the pﬂe dlameter was vaméd '

whﬂe aH other varia!ﬂes s 1nc1ud1ng thel ?exura] r1g1d1ty " were kept

constant g SN ':,"‘:.

( . S ',‘ ' P . - PR ..
For free head pﬂeS‘ the magnitudes of Y and Mmax+.decrease w1th

o am tncrease 1n the pﬂe dlameter, mth h1gher rate of decrease hur smaﬂer

D A

values of the d1ameter But m case of soft c1ay the locatwn of Mmaxt " ’ " Y

shght]y shifts upwards mth the mcr‘ease'of the pﬂe di’ameter. Onvithe

other ha&d the 1c7t10n 1s 1ndependent of the pﬂe. d1ameter 1n case of’

et
P

st1ff c'Iays?. ‘Reversals m the d1rect’10n of the deﬂectwn an? the"-

bendmg moment cuﬁ?es are seen to be more for Targer d:lameters 1n compar- S

w l,1son with Smf]er d1ameters S1m11ar resu]ts were reported» by‘Pahn 3and' R

Brown (1954) for fre\e head pﬂes emhedded m sandy soﬂs \ |

For f1xed head pﬂes, the magn1tudes of both Y and Mmax

decrease w1th 1ncrea5\1ng pﬂe d1 ameter. 'but re'latwe]y smal] values of

\,:.-

"'":'.Ymax are obtained in: case of a‘ ﬁxed head pﬂe in st1f clay.

l'l— . .“: “ S »_.- ,\-v.'-‘, .,.

Typma] graphs shovnng the effect of thé pﬂe chameter and the

X ‘correspondmg f]exura1 r1g1d1ty are shovm 1n figures 44 to 46 In th1s
;’,-;case; the flexuraI mgld1 ty was changed by changu‘fg the diameter, with
' .‘-".'.'a constaht/thickness of pﬂe material Tabu]ated resu]ts are sdmam zed
_1n table 12 Both the graphs and the,table are for a free head pﬂe 1n ERees | .
',‘;'soft c]ay Simﬂar graphs and tab]es for a free head pﬂe m stiff c]ay N ]

4"(tables 32 to 34) and\-appendm B (f1gures 108 to 116

' For free head pﬂes, Y decreases with increas1 ng pf‘le dlameter.
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Table 9 Effect of the pile 'Iengt'h on the maximum“deflection and the maximum
bending moment for a free head pile in soft clay .

L Yoo Mo D;;?th to (Mmax- Dﬁpth to>
. max+, - - .- max-
(m) (m) (kNm) ~ (m) (kN m) (m)
\\ . 24.0 0.2397 4903.5 9.0 ~ 0.0 240 '

| 36,0 = 0.2243 4932.9 9.0 . 165.4 28.0
48.0 0.2241 4933.0 g0« 215.6 29.0

* " 60.0 0.2241  4933.0 9.0 . - 216.0 -  29.0
72.0 0.2241 4933.0 9.0 - 216.0 29.0 -

i 7 84.0 0.2241  4933.0 9.0 - 216'.0 29.0
Lo . . 96.0 0.2241 ~  4933.0 9.0 . - 216.0° 29.0

T g

98
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~ Table 10 ‘Effect of the p11e f1exural rlgld1ty on the maxlmum def]ectlon and the
maxlmum bend1ng mOment for a free head pg%:;ln soft c]ay . '

)

Y L

(m)

M
max+

o (kN.m)

: Depth tg

Mhax+ -

' Cm)"',.-‘. |

max— ’

“Ti”gkﬂ_m)'g

Depth to

Mmax-,

(m)

S 2000

5000

8000.

11000

14000 .
- 17000 -

. 20000

0.2906 .
- 0.1428°
“0:0847.
10.0729.
" 0.0647

0.0586

4861 7

1 5093.1

- 4948 4

5043.3
51330
5206.6.
5270.7

R

2410
e
i
| 216.9 -
'f;ézb;acf
213
1-'f2i§fé

270 -
EYR

3.0

7.4

‘ _39.0 .

40.0 L.
4.0

68

i










)

A s 2t AL )

\
o

TSI

8] , . 6 '.""[']' ‘”l.u-l "

FHEE HEHIJ PILE

eeT m.m aELou N.S.

, :
v .
‘i
- Y ':
.‘. \
.
‘.4
> .'. .
. . — . L. . I . :" . = — . : .
800 VIn.00 T ETE ) g2.b0. 20.00
: PR L m nlﬂ‘ SRR -
.

Y S R RO TOR % 77 S _
B ¢ -; zm.oo -.l'ﬂl'.‘ o oMM E T 800 ke T
- -;u‘.f ﬁn_.__-.u‘--- :
LR el . glow cand
.— 1 ” . ) " .. s -3."-‘- ' .' ::\ .U‘ " \‘ ..'I"‘«": - 4.-,

Figure 43 Effect of‘the pﬂe diameter on the maximum defl ection and the
. i_- S max'lmum bend‘|ng moment for a free head pﬂe 1n saft c1ay

»
.
(B
]
o
M
Syt

T S

Ry




M’_r:"s}*‘--mﬁt-.'h‘.-a‘.":t»'-‘-t’.‘."'-"*-"--*-‘" T e M S T ST e T TR Cter s XL, 4 . - r AEATEN T,

ol

_ » . 7o IR [ER 2 . - PR A cae T T
:' L : - 'Q..t o [ , )& o . ) .. R - .

L ) s e . - . - ; ° L " :
N ., . . . > . . .-

v o - : . ’ . - . - .

PANEE - '[gglg-ll Ef of the pi le d'igmeter on the maximur{g"“ﬁéf]éc_ﬁ' on aqd the maximum- .
‘ bending moment for a free head pile in soft clay .

P B e . o

- - - . . . - B N .

o - .. D : “Ymaii 'Mma'x+ ».__Dgpth to -'”max- : Dﬁpth to .

max+ max-

) m o (m (ame (m)

1 075 o027 s295.0 90" - 249.3 30.0
Tt oo 0.22417  4933.0 - - 9;0‘ . -2180° 29.0
i.f‘j'~' 1?:::5.2f fly o125 ©0.1937  4683.0 . 9.0 . .--19%.3 "27.0

| | 150 . o0azs  esed T o0 :1§6.01 27.0

1.75 0.1558  4184.6 8.0~ - 173.5 26.0

- -

170.9~ 26.0

'.=\w\,'A S 2.00 o 0.1422 4006.7 8.0 ‘
i 2166:0 0 25.0 : .

L2285 0.1306 . . 3847,1 8.0 -
A . - . : . E o ) —

.- e e et Taeanee
- TRy Y s e

P L T TSP



¥

. -

C -El. 00

18.00

(n} x10? .
sa.op

0.00

-10.00 .

.-zu{‘bp -

TELEvnTlun

-50. 00 a—
¢

-so nn LN PR

n!

ﬂﬁtEVRT]ﬂNfi

.

g . s

‘ -~
i . . ’,U' -

-00.00 -

 FREE- HEHD FI LE~

oL -‘ “ 0,00 n
CEL = 1890.00. LU
s _V - !000.09} -

e . 800.00 KN
’1‘ " .

“a

v

0.00. KN
N I

4

|

SBFT CLHY BELUH# S.

) e ',-

&

0.00

py .
-10.00

20,00

) . 7 D
o ¢ -60.00-‘.

. . L N v
ey . v
) . e,

-4,00

M

!

(KN nl
28, uu’

x10!

60,

00
h

-50 oo o

25.00 KN/
3.00 mm' -

4o
S

D'090m

El = 1890 0 MN m2

.(.

ORI

Figure 44 Deﬂection a/nd bend1ng moment for a free head pﬂe 1n(soff clay,

>

Y
4
l.
I
i
i
“ail
i
.r
“l
i
I
b
.




. s
»
4 - o
s N~
.. A
. e
v e
Lot
v
-
-
\
i

o
[

*

oy

_ELE,\gFi,Ti. N-_'! .

| -u‘o.pu.
-50,00 —
‘-fq'tiv.j’oo =

OI 00

-30 nn _'__',

suFT m.m' BELUH A s
zs 00w
c.bo mw TR

FHEE HEHD FILE

L0008 c.

,ﬂ-muoonuuba m-.
St " ' m‘m “' 1 ORI

lT‘l . . , ‘
I SRR LI L
AR R o

VR 4 TS .

< 7 1

’ “‘ : . Al :

. K N .

al S M ‘

- 3 - A

Figure 45 Deflection and bend1ng modient/for a free headp“e'inso ft c}ay, -

EI = 30325'OMN md

e e

!




v oy esTrn
N

e
-

LI -

,y\.; N

7186 Effect of the pilgidiametey -and- the-correspo;

e po,nding ﬂexural
igidity on, the malﬁmupi deflection: and thé:max

adx pﬂ%’am §oft c‘l ay.







3

T A m— . . o gy oy e P ACATBN RN s ..
r e Sl et AP, £ % Lt . .
.

. ' 98
fowever, in soft clay the magnitude Qf Mmax+ starts decreasing with the
increase of the pile diameter, then if slightly increases with furthef
increase in the diameter. For stiff clay, that magnitude of M

max+

slightly decreases for lower range of increasing diameter, then a signif- B

N . . . T .
icant increase is noticed with continued increase in diameter. In both

soils, the depth to Mmax+ moves down with the- increase of the pile diameter.

. The pile response in this study appears to be similar to the case in which

_only the flexural rTgidiiy was“vqr$ed (section 4.3.2.2) rather than the

°

case where the pi]é diaméter alone (section 4.3.2.3) was increased. This -

o ',‘w‘. N N M . ' ! '
tmplies that the pile flexural rigidity has a greater influence on the

pile response than the d#émeter‘pf the pile alone.: " . .

~ For fixed head piles also,ﬂthe deflection and the bendﬁng moment ‘ ,
responsé are similar to the case where flexural rigidity was the variable.
The magnitude of Y de;reases while that of M__ _ increases corre-

sponding to an increasé'in the pile diameter. De%lectfons in case of

‘_;g__ P

fixed head piles are generally smaller than those for free head piles in

the samébpype of soil.

4,3.3 Soil Properties

. LN
4.3.3.1 Effect of Soil Undrained Shear Strength

Typical graphs.showing the effect of the soil undrained shear

Ly YD T N
“‘-*&fb,\‘..nt' s Nasielnsds

strength‘arg shown in figure; 47 to‘49. Tabulated results are summarized
in table 13. Both the graphs and the table are for a,f}ee head pile in

soft'ciay. Similar graphs and tables fbr the other casgs are giveﬁ in o

' appendix A (tables 35 to 37) and appendix B (figures 117 to -125) ., “?

" For bBoth types oé(piles in soft clay, the magnitudes‘of Ymax . -

Moaxs and M ax- Significantly decrease with an increase in 4¢he .undrained

. . \
° - < \
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soil shear strength. The position of Mmax+ moves upward along the pite.
axis with increasing shear strength. The portion of the pile which is
effectively under bending is shortened with increasing soil strength.

The pile response in case of stiff clay fs similar to that in soft
clay for both types of piles. However, the magnitudes of Ymax , Mmax+
and Mmax- are smaller jn case of stiff clay. Also, reversal in the
sign of both the deflection and the bending moment curves is more

pronounced in stiffer clays. For both types of piles the position of

Mmax+ is ngarer to the Qround surface in case of stiff clay.

!

4.3.3.2 Effect of Sgil Unit Weight

Typfca] graphs showing the effect of the sofl unit weight are shown
in figures 50-to 52. Tabulated results are summarized in table 14. Both
the graphs and the table are for a f?ee head pile in soft Clay. Similar
graphs and tables for the other three.cases are given in appendix A
(tables 38 to 40) and appendix B (figures 126 to 134).

in case of free head piles, ‘both Ymax and MMax+ s]ightly decrease_
wifh an increase in the soil unit weight. Thié decrease is a1most 1inear
and it is more pronounced in the case of soft clay. A slight upward move
in tﬁe position of Mmax+.is noticed in ca;e of soft clays, whilg the
position does not appear to‘be affected by an increase in the soil un;t

weight for.stiff clay.

& .
. Similar behavior is not1ceq for Ymax and Mmax- in case of fixed head

piles in both types of soil, but with smaller magnitudes of deflections.

4.4. Layered System of Soil

- In most practical offshore sites the soil propertigs vary with the .

. depth below the sea-bed. Generally the soil undrained shear strength

(Text continued on page 108)
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. ,Tab]e 13 Effect of the soﬂ undralned shear strength on . the max1mum deﬂectwn and

" the max1mum bendmg moment for a%fr‘ee head p1'le in soft- c'lay
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Table 14 Effect of the soil unit weight on the maximum deflection and the maximum
[ ben‘djq_g moment. for a free head pile in soft clay .
Yt .. Yinax Mpax+ ‘ Depﬁh» to i‘ o Mimse - Depth’ to
: Stwm®) o (m (Nm) L Rm o (kNm) ()
2.0 - 0.2579 5235.0 10.0° - 234.5 _  29.0 .
" . 3.0 - . 0.2474 5155.2- 9.0 - - 229.6 29.0"
4.0  0.2387 5080.0 9.0 .- - 225.3 29.0
. 5.0 " 0.2310  5006.0° .90 - 221.2 29.0
6.0 0.2241  4933.0° °  '9:0. - - 216.0 '29.0 5
7.0 0.2181 4864.0 ‘9.0 - 211.4 - 28.0
8.0 . '0.2125°  4798.2 - . 9.0 © . - 208:2 - 28.0
R i . . - - . v /./
) . ‘ =
. ~ b 2
e ETELTT it iiiiisasimen ) S i e

L oy 2 A At
B L S anic ik AR



0 also tabu]ated

i
! i
.

/ 108 1

has lower values for the upper few meters of the ocean floor, then ' -é‘j
.

increases for deeper soil strata (Agarwal et al, 1977; Mahmood and Hough, - i
1978). For some deep-sea sediments stiffer clay underlain by softer layers 4
has been reported (Silva et al, 1976). This phenomenon rarely ocgurs on o %

the continental shelves where most offshore structures are constructed.

Conditions obtammg in deep-sea sed1£ents will not be discussed heye.

-

The problem of soil 1ayer1ng was idealized by assummg two 1a

e .for 1)

. a soft. clay layer underlam by a stlff‘(lay The s’tudy was
a free head pﬂe, and 2) a.flxed head pﬂe both driven 1nto the ]ayered _
* sofl system. The standard va1ues in table 5 for. the pile 1oad1ng, pﬂe - . i
' propertles anvthe soil propert1es weremsed in the ana]ysis ) o \

In this study the depth of the upper soft c]ay 1ayer was varied
between 0.0 m and 60 am ( the pﬂe Tength) in ten 1ncrements ©Six

p'lots for the deﬂectwn and the bending moment a]ong the pile were

obtained for each o?l\e two piles. The plot show1ng the effect of the. '
depth of the soft clay Iayer on the maximum deflection and the maximum
positive and negative bending moments was fmaﬂy drawn for the two

- types of piles. Magmtudes and po'51t1on5» the maximum deﬂectwn and

|
the maximum pos1t1ve and negatwe bendmg moment%‘for each increment were

A e L |

The graphs and the table in case of a free head pﬂe are presented

in the main text of the thesis, and for f1xed head pile they\re arranged

/
at the end of append1ces A and B.: . ‘ , . . , .
4.4.1 Effect of the Soft Clay Layer . - '

Typlcal graphs shomng the effect of the soft clay 1ayer 1n a

layered soil .systemrare shown in figures 53 to 59. Tabu]afed results'.are
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CIERY" IOV

e Tt G e T el
'

‘a further increase in depth the m’agnitude of.Y 1s nat appreci.'a'tﬂyl

_1ndependent of. the depth of the soft c]ay layer whﬂe the pos1t1on of
:L'Mmax+ moves down a'long the pﬂe axls for lower vaIUes of the soft clay

. govarns the des1gn of the pﬂe, 1ncreases Very qutckly correspondmg to

then for a further increase it shght]y decreases and reaches a constant

and s 1ndependent%of anf further 1ncrease in the depth of the soft c]ay '

;iayer exerts a contro]]fng 1nf1uence on: the behavwr of a soﬂ—pﬂe system

.2) a free head pﬂe in stiff c1ay, 3) a f1xed head pﬂe 1n soft c]ay and

109 ?
S . ' ’ o o
summarized in table 15. Both the graphs and the table are for a fr\ee;. head

\

W ey

pile.
For both types ofspiles Yniax_fncreases rapidly and significantly

7

when the soft clay layer depth increases form 0.0 m to 15.0 m, tflen for p % :

< PR YR
oo tehis pnde B e m T b

affected . The magnttude of Y for a free head pﬂe is about’ 4 5 times

=

that for a f1xed head pﬂe Y a]ways occurs at the ground surface T .
el " DRI

BE
In the case of free head pﬂes, the magmtude of M wh1ch

max+

U - /

an. 1ncrease in the depth of the soft clay. layer from 0 om to 10. 0 m, e

va]ue However for flxed head pﬂes, the magnitude of M wh1ch
governs the des1gn, 1ncreases very rap1d1y when the depth of the soft c]ay E ;
1ayer lncreases from 0 am to 15.0 m. then 1t a'Imost remains constant

“.

stratum : T e

P <0 : R
e

_ Accord1ng to the above ana]ys1s, it. can be cohcluded that the 5urface

subaected to 1atera1 loadmg. This 15 an. agreement mth s1mﬂar conc1uswns

drawn by Davisson anchﬂ] (1953) L R T

® ) .
Parametmc stud1es weré made for l) a free head pﬂe in soft clay,

. / o b ‘(.'l{'ex.ttfcontinu_ed 'on».'page ']18‘)‘\ .
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Table 15 .Effect.of the depth of the soft clay layer .on the maximum deflection and
s the maximum bending moment for a free head pile in a layered soil system .

—

- . Yhax _Mmax+ . - Depth to- ", Wnax- Depth to

A Mmax+~ T Mmax-

|

S (M . G cGam ()

’ - 0.0 . o.0t21  1658.6 3.0~ 68.7 13.0

‘; 5.0 0.0504 © 37889 R §.o,' - - 161.8 16.0
T 1.0 0,153 . 525.6  10.0 -222.0 . 200
1500 0.2149 4939.3 9.0 - -157.9 2.0

’ 200 - -< 0.2187 4926.8 9.0 - 216.8 24.0

il 2500 - 0.2220  49%.5 S0 :imes 2.0

: ~ " 30.0 0.2239 4933.4 - 9.0 - 2776 30.0
o w00 0.2241  4933.0 9.0 - - 2.2 29.0
. T o s00 0.2241 193.0 . 9.0 - 216.0 29.0
e | 60,0 . 0.2241  4933.0 ) T 9.0 - 216.0 29.0
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- in the parametr1c ana]ysis and the CALCOMP graph plotter was used to

) ana]yses ~

j o 118
4) a fixed head pile in stiff clay. The effects 'of 1) pile loading,
2) pile properties and 3) soil pragertfes, on the maximum deflettion
and the maximum bending moment in the.pile were examined. Another study
was made to determ1ne the effect of soil Tayering on the max imum
deflection and the maximum moment “for both free and fixed head p11es
driven’ in a 1ayered so11 system Variatlons w1tth practical ranges
of the parameters were stud1ed The. f1n1te d1fference method was used

generate a]] the graphs

~In genera] resu]ts showed good agreement wwth siﬁ%1ar pub]lshed ";f
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CHAPTER V

~Nuw

SUMMARY AND CONCLySIONS'

l
i
The Tlaterally loaded pile problem has received considerable attention %
in recent years. In the research reported here, a comparison between two .
theoretical methods of analysis, the finite difference and the finite element :
.methods, has been presented.ﬁ.Soii nonlinearity was considered by adopting. i
the p-y curves concept. A comparison uas made of the results obtained by the
two , theoretica1 methods .’ Fu]] sca]e test resu]ts reported 1n pub]ications )
.. were compared w1th the theoretical so]utions A parametric ana]y51s has done
r.idto establish the reiative 51gn1f1cance of the variabies inf]uenc1ng the |
\'behav1or of\iatera]]y 1oaded piies The effects of 1) piie 1oading, piie _ﬂ~/, -'?

) prbperties, 3) 5011 properties and 4) 5011 layering. ‘on the maximum deflection | h
“and the maximum bending moment were examinéd Two types of soils, soft clay.
-. and stiff c]ay. were con51dered in the ana1y51s Both free and‘fixed head
."piles were studied ‘The CALCOMP graph p]otter was used to generate a]l the

graphs for the parametric analy51s.
CEEE The following conc]usions.are drawn from the present investigation : 8 ;

(a) Comparative Study

" 1. . The soil nonlinearity can be eff1c1ently repreSented in terms of t&e Py
curves. These.curves can be generated in a. computer program as was
N ‘demonstrated.. The methods presented here for predicting the p-y curves

in different types of 5011 show good agreenent w1th reported field data. -

2. Tgp method of constructing the p-y curves deye]oped in this 1nvestigation
1ends itself easily to the.analysis of layered soi]s. HEN , ) - .
3. A comparison of the finite difference and the\finite e]ement programs

shows that the‘core storage andgCPU time requirement are more for the
. N VAR - , ‘ N

ng.: L | S S At




(b)

1.
2.

3.
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finite element method. o,

A reduction of 20% in' the first soil spring constant at the top of the
pile i recommended when ana]yz“ing freelhead piles in soft clays using

the finite element method.

AbOut 30 elements will be sufficient to yield good results in the finite ™
element program.

Comparison’ between\the theoretical moments and the full sca1e‘tests
re5u1ts'are generaldy agreeable, but 'the agreement in the computed and
measured def]ections is not satisfactory. .

Parametric Ana1ys1s

N

Y a1ways occurs at the ground surface

max

Ymax 1ncreases with the increase of the 1atera1 10ad the vertical load

-

A)

. 2 and the externa] moment It decreases w1th ‘the increase of the p1]e

d1ameter, the p11e f]exura] rlg1d1ty, the s0i1 undrained shear strength
and the so11 unit welght, whilerit is not affected by the pile length._
The parameters which significantly affect the magnitude of fmax are the
herizontal load' the vertica] load (in case ef free head piles in soft

clay), the external - moment, the pile diameter in case of free head piles.
>

~in soft clay), the p11e f]exura] rig1dity and the so11 undra1ned shear .

"strength

'ﬁload the\vert1ca1 1oad the external moment (for free head pi]es), and .

-

The valug of _is generally significant in case of free"head piles in

soft clay while it is

In stiff clays, failure occurs correspond1ng to relat1ve1y sma]] Jvalues

“of the pile deflection. It may thus be stated that the behavior of stiff

clay tends to be brittle. f/, .
The vaIUe of Nhax+ in case of free head p11es and that of- M _ for

fixed head p11es\1ncrease corresponding to ‘ah 1ncrease in the hor1zonta1

ry small in case of fixed head p11es in stiff clay.

-3,
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the pile flexural rigidity, while they decrease with the increase of the

ﬁi]e diameter and the soil undrained shear strength. They are not

affected significantly by the soil unit weight. Pile length also does

not influente Mma +.and ﬂnax- greatly.

X

7. The position of Wnax+ moves downwards due to increase in the horizontal
1 ’ \

load and the pile flexural rigidity, and it moves upwards corresponding

R

to increase of the external moment, the pile diameter and the soil

undrained shear strength, Both the upward and downward shifts are

£

'isfnot affected by the

within a small range. .The position of Mm§x+

vertical load, the pile length ard the soil unit weight.
8. In general, the position of Mnax+.is-nearer'fo the ground surface in’

case of stiff clay %han soft clay. -

9. The\rat1o of Mmax+

to M. in case of'frée hgéd piles is higher than ?
the.reciprocal ratio in case of fixed head piles. Obviously this means
- that tﬁe design of fixed head piles will be more economical in terms of\\////(/
optimiza}ion compared to free head piles. . /
10. There are mofe reyersa]s in:the sign of the deflect%on and the bending
. moment cgyves when the soil-pile syStem becomes more stable due po longer
piles, larger diameters or stiffer soil.
.. Theresults obtaiﬁgd ffbm this investigation agree with those obtaiped
by PaTﬁér'and Brown'(1954) for a free head pile embedded in sand,
Matlock (1970),fbrzlaterallygloaded piles in éoft clay, geese et al
(1975) in case of stiff Elay, and ZuhKov and Balov .(1978) for akia]ly
and laterally loaded piles. N7 \ "
12, \In'case of a layered soil system composed of a det’c1ay layer underlain
by a stiffer one, only the smaller q§pths'of ;hé soft clay layer affect

Y -y ‘but when the dégth increases the pile behaves .

1

max’ Mmax+’ and Mmax-
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e

as if it is fully embedded in soft clay without any inf]uence’from'the
stiff clay layer. This agrees with thé canclusions of Davisson and
Gi11 (1963) that the surface Tayer has a controlling influence on the

behavior of a laterally loaded pile in a layered s0il system,

The conclusions reported here are restricted to single pi]es'driven in

clay soil Tayers below water surface.

\

Recommendations for Future Research . '

a)

In th1%T§$udy, only short -term statlc loading was* cohsidered. Long-term

static loading, tak1ng 1nto account creep and visco-eTastic effects, and

also dynamlc behav1or are to be. 1nvest1gated

b) -

- systems. and a c0mpar1son w1th,more f1e1d data can give a better

Effect of the 5011 1ayer1ng can be studied for d1fferent layered 501]

: evaluat10n of the method presented here

Modifications' to the f1n1te element program presented here can- be made

to allow for different end conditions and to reduce both storage and

CPU t1me requ1rement

A three d1mens1ona1 finite e]ement approach which considers both soil
and pile e]ements, the npnllnear soi behav1or, and the non11near

1nteract10n effects can be compared with the methods presented here as

‘a d1ffenent approach for analyzing latera11y loaded p11es

e)

R

" taken if the 1nterpretat1on

Laboratony experiments, and full scale tests if poss1b1e, should be
conducted to support the theoretical ana1ys1s _
An 1interesting area of study and an extension of th1s research is the

’ \
effect of lateral loads on p11e groups. Such studies shou1d be under—

\
is to be meaningful and of practical use.

& 3 - ~

SO S
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of the behaviour of p11e grgups in the field

4

3
¢
)
;




-

IE————,

L
o L e

1.

12.

13,

. Bowles, J.E. (1968) “Foundat1on ana1y51s and design" Chapter 9,

.‘»Desa1, C.5. .. and Appel G.C. (1976) "3-p anaTys1s of laterally .

‘~Focht, J A, , .and Koch K J; (1973) . “Rational ana]ys1s of the

A
0

vt

v

REFERENCES

s

R 7R

Agarwal, S.L., Malhotra, A.K., and Banerjee, R, (1977) , "Engineering
properties of calcareous soils affecting the design of deep .
penetration piles for offshore structures" , paper # OTC 2792,
Proceedings 9th Offshore Technology Conference , Houston , Texas.

g e

e
T ke

"API recommended practice for planning, designing and constructing
fixed offshore platforms" , report RP-2A , American Petroleum
Inst1tute, dJan. , 1974,

Banerjee, P. K. , and Dav1es T.G. (1978) , "The behavior of ax1alﬁy
and laterally loaded s1ng]e piles embedded in nonhomogeneous soils",
GeotechmqueL VoT 28 s No 3, pp 309 326

|

McGraw H111 s New York

‘Bowles ). E.’ (1972) R “F1n1te eTement analys1s of lateral p11es” W ‘Lﬂ}f
Proceedings- Conference F1n1te :Element Methdd in Civil Englneer1ng, ’
McG1T] Un1ver51ty, MontreaT R pp 677 700. . - .;‘

Bowles J.E. (1974) , "Ana]ytlcal and computer methods in foundat1on
englneer1ng" , Chapter 9 , McGraw H111 New York. o Co

Broms, B.B. (1964) "LateraT res1stance of p11es in cohesive soils" ,f'
Proceedings., ASGE JournaT of Soil Mechanics and Foundation ’
Engineering, Vol. SM2 s pp 27-63.

Broms, B.B. (1972) , "Stability of flexible structures (piles and
piles groups).: general report"™ , Proceedings of the 5th European
Conference .on. 5011 Mechanics and Foundat1on Englneer1ng R Madr1d

. PP 239 -269.
S, A SN

DaV1sson, M.T. , and -Gil1, H.L. (1963) . "Laterally loaded piles in'.
a layered 50i1 System" Proceedings, ASCE , journal af”the Soil
Mechan1cs and Foundat1on D1v1s1on Vol. B89 , SM3, pp 63- 94.

Joaded structuges”., Procéedings of 2nd- Internat1onaTaConference
on Numer1ca1 Methods 1n Geomechanlcs, BTacksburg s V1rg1n1a .

Desa1,<C.$ Johnson, L.D., and Hargett, C.M.- (1974) "Analys1s of
pile supported gravity Tock“ Proceed1ngs s ASCE , journal of
the GeotechnlcaT Eng1neer1ng D1v151on, VoT 100 GT9 :

DougTas . J.,, and’ Dav15, E H. (1964) , “The movement of buried
. footings .due to moment .and hor1zonta1 load and the_ movement of ..
anchor pTates" Geotechnfque Vol 14 No 2 B pp 115= 132

lateral -performance- of .offshore p11e groups" , paper # ot 1896 s
Proceed1ngs Sth Offshore Technology Conference, Houston: , Texas N

i




PR

124

\-

14. Focht,.J.A. , and McClelland, B. (1985) , "Analyéts of Taterally

loaded piles by d1fference equatLgn solut1on", The Texas Engineer ,
Texas Section , ASCE .

- ot : N
15. Fukuoka, M. , and Nakase, A: (1973) » "Problems of'soil mechanics of b,
‘ the ocean floor"., Proceedings 8th International Conferénce on
Soil Mec¢hanics and Foundat1on Eng1heer1ng , Vol. 42;, qucow.
pp 205-222 .

16. " Gleser, $.M. (1954) , "Laterai Poad tests on vertical fixed head and

free head piles"” , Spec1a1 Technical Pub11cat1on 154, ASTM, pp .
75-93 . . . \
7. ‘Heteny1, M. (1946) ,- "Beams on elastic foundat1on“ Universityiqf %quf
o Michigan Press Ann Arbor, Mich. = ‘ .

E ?A‘Tsii-Howe, R.J. (1955) s VA numer1cal method fdr pred1ct1ng the behav1or ~{d'flL»gi§> o
T . of 1atera11y 1oaded piling" , EPR Pub11cat10n 42 She11 Deve1op- LIRSy
ment Company Houston “ Texas Foe

A e

Tl . \ . }‘ll" i S ' '_7 *~' l ERE
©o 190 Ismae] N F and K1ym. T w (1978) ;,"BehaV1or of rig1d p1ers in . oo b
S 1ayered cohes1Ve spils" |, Proceedlngs .ASCE. , journa] of ‘the: ., '

Geotechn1ca1 Eng ee?qng D1v151on .. GT8 ., pp 1061 1074 ' L

4
- 20. Ke]]er, G.H.. (1969) "Eng1neer1ng propert1es of some ‘séa-floor
deposits", Proceed1ngs ASCE , journal of :the\Soil Mechan1cs
and Foundat1on D1v1sion SM6 . pp” 1379-1392 A
21, Kuh]emeyer, R.L.- {1979) , "Static and dynamic .laterally’ 10aded p11es“ ;'
" . Proceedings, -ASCE, journal’ of the Geotechn1ca1 Eng1neer1ng

. Division, GT2 ., pp 289-304 . | T N

- :\A pp . - / i \ ) 5 . _ N g
22. ,Laursen, H.T. (1969) , "Struaturq] ana]ys1s"" 'ChapEerf]4, dsﬁgga\;~ L
- H11] New York - 3 : T~

L 23, ‘Lee, C F (1975) "Ana]yt1ca] so1ut\ons for the ‘Toad- def]ect1on
Ll response of". 1atera11y loaded piers".; .Ontario Hydro Research T
Dﬁvis1on, Report No. 75- 402 H., Toroqto ‘o ' -

. - R " ¥ . _.._'.
e 22?‘ Lee, P Y. -and Gi]bert, L H’ {1979) , "Behav1or of 1atera11y loaded AT?E '
e .pile in very soft clay" , paper # OTC 3407 Proceed1ngs 11th JRRE '

Offshore Technolqu Conference Houston D Texas =~ _

rs

25.‘.Loft1h T D. (197&) ) "Feasnb111ty ‘of a f1xed p]atform for 1300

feet of water" » .paper # QTC 2683 ' Proceedtngs Bth\Offshore L
Tecﬁno]ogy Conference . » Houstani Texqs . ,.~'A; ~z* :

. 26 Madhqv, M. R ’/kameswara Rao, N.S. -; and,’ Madhavan, w(1971)
A l’Later'ally Toaded plles~1ne1astop1ast1c 5011"v, So1}s and
Foundg;;on, Vol 11 No.‘ ToEyo ‘

v e it e YT
B | . L .




27.

28.

29.

3.

32.

30

34.

35.

36

a7

> -

.és;'

-

- 125

Mahmood, A. , and Hougn J.C. (i978) , "Seabottom 5011 properties
and acoustic characteristics' , paper # OTC 3208 , Proceedings '
10th 0ffshore’ Techno]ogy Conference . Houston » Texas .

Mason, H.G. , and Bishop, J.A. (1954) , "Measurement of earth

* pressure and deflection along the embedded portion.of a 40-ft
steel pile" , Supp ment to  Symposium on Latera] Load Tests on
Piles, ASTM : . . .

Mat]ock, H. (1970) , “Correlations for des1gn oT 1atéra11y'1oaded 4

N

"plles in soft clay" , paper # OTC 1204 , Proceed1ngs 2nd Off-
shOre Techno]ogy Conference » Houston ' Texas S ]

Matlock, H. , and Reese, L.C. (1960) , "Genera11zed solutions for
1atera11y loaded p11es“ Proceedings -, ASCE , Journal of- the Soil
»Mechan1cs and Foundat1on D1v1s1on » Vo] <86 "SMS , “pp 63-91: . .

McC]e]]and B (1974) :"Des1gn of . deep ‘penetration p11es for -gcean -
‘ structures" Proceedings’ , ASCE s Journa1 of the\Geotechnlcal
Eng1neer1ng D1v1sion ,oVO] 100 617, pp 709:747 -

'McC]e11and B. , and. Focht JiA, (1958) , "50i] modu]us for laterally

loadéd piles" , Uransact1ons B ASCE s Vo] 123 4 pager ‘No.™ 29@4 s -
- 'pp 1049-1086 . ".,x o ot

Mind]in R.D. (1936) '"Force at the po1nt in the 1nter1or at ‘a semi-

1nf1n1te so11d“ » Physies No 51, P 195- 202 .

 Mori, H. (1964) ,."The behavior,oﬁ pipe prles ‘under vertical and -

horizontal load" , ProceedingsgSymposium on Bearing Capacity of
Piles:, New Delhi . .. T

Mustafayev, A A.,, Mamedov, K.M.-., and Ismailov, B.G. (1972)
"Pipe f11]1ng piles of sea oilfield structures and ‘methods’ of
calculation for lateral forces" , Proceedings - -5th European «-
“Conference on 5014 Mechan1cs and Foundat1on Eng1neer1ng , Madr1d
pp 381- 386 . oo y

Muzas, F. (1972) , "Contr1but1on to the study of ]atera]ly loadéd

P
-

piles" , ‘Proceedings 5th.European’ Conference on 8611 Mechan1cs L

and Foundat1on Eng1neer1ng » Madr1d 3 pp 387 396 -

R AR
Newmark N.M. (]942) "Numenica] procedure for computing deflect1ons,— - :
o " -

, moments and buckling. loads" , Proceed1ngs » ASCE', Voli 68 ,
. No. o PP 697 o . TR N

Noorany, I; » and Glz1ensk1, S. F (1970) s “Epg1neer1ng properties ;
of - submarine—so11s state- of—the-art review" Rroceed1ngs »
ASCE -5 Journal af. the ‘Soil: Mechan1cs and Foundation Div1s1on ,
SM5 ) pp 1735 ]762 ~ R e R

A

v . : . . VAT g H PR
Al P ‘., - g cal s N . . . . . . - R - v e e Y ’ ~ . oy

- ot L




R ~
o L

&

©w

r'_n__..m-v.ru-:-«-v‘www* e
’ » ‘&
-

‘39,

40.

41.

—

42.

43.

44.

45,

46.

47.

48.

49,

5Q.

_ Reese, L.C. (1975b) s "Analysis of/laterally 1oaded pi]es—Soff&are

» ] . .
RENE
0'Neill, M.W. , and Ghazzaly, 0.I. (1977) , "Analysis of three- "
dimensional pile ‘'grqups with nonlinear soil response and pile-

soil-pile interaction” , paper # OTC 2838 , Proceedings 9th
* Offshore Technology Canference, Houston , Texas .

Palmer, L.A., and Brown, P.P. (1954) , "Analysis of pressure,

" deflection, moment, and shear by the method of difference equa- ‘ s M
tions" , Supplement to Symposium on Lateral Load Tests on Piles , »
ASTM . ) e

\

Palmer, L.A. , and Thompson, J.B. (1948) , "The earth pressures and \
deflections along the embedded lengths of piles subjected to
 lateral thrust" , Proceedings 2nd International Conference on
Soil Mechanics and Foundation Engineering, Vol. V., pp 156-161 .

Pou]o;> H.G. (1971) "Behavior of laterally loaded piles : I-
Single piles” ProceedTngs ASGE , journal of the Soil Mechanics
and. Foundation. D1v1slon , Vol. 97 , SM5 | pp 711 732 .

Radhakrishna, H.S. , Lee, C.F. , and Klym, T.W. (1977) , "Laterally
_ loaded piers in g1ac1al ti11% , 30th Canadian Geotechnical . G\‘
" Conference , Saskatoon , pp IV13 Iv3z.

Reddy, A.S. , and Valsangkar, A.J. (1970) , "Generalized solutions
for laterally loaded piles on elasto-plastic ground" , Soils and
Foundation , Vol. 10 , No. 3 , Tokyo , pp 66-80 . r

Reese, L.C, (1975a) , "Laterd11y\1oaded piles" , GESA Report No.
D-75-14, UCCC Report No. 75-14 , otechn1ca1 Engineering
Software Activity, University of Colorado Computing Center,

. Bou]der, Colorado .

documentation-" , GESA Report No. D-75-7 , UCCC Report No. 75-10,

Department of C1v11 Engineering, Unfvers1ty of Texas at Austin,
Texas .-

Reese, L.C. (1977} , "Laterally loaded piles : program documentation",
Proceedings , ASCE » journal of the Geotechnical Engineering
~ Division, Vol. 103 , GT4 , pp 287-305 .

~Reese, L.C. , and qu, W.R. (1969) , "S$oil behavior from analysis of
" tests of uninstrumented piles under lateral loading" , Performance
of Deep Foundations , ASTM , Special Technical Pub]icat1on No.
444 , pp 160-176 .

Reese, L.C. , Cox, W.R. , and Koop, F.D. (1974) , "Analysis of
1atera1Ty loaded piles “in sand" , paper # OTC 2080 Proceedings
6th Offshore Technology Conference , Houston, Texas .

Reese, L.C. , Cox, W.R. -, and Kbop, F.D. (1975) , "Field testing and
analysis of lateraﬁly loaded piles in stiff clay , paper # QTC

2312 , Proceedings 7th Offsfiore Technology Conference, Houston,
Texas. ¢ . .




S

51.

52.
53.

54.

55.
56.
57.
58.

59.

60.

61.

—

62.

63.

~ Skempton, A.W. (1951) , "The bearing capacity of clays" ,

wang, C.K. (1970) "Matrli method of structural amalysis" ,'2nd.

127

Reese, C.C. , and Ginzbarg, A.S. (1958) , "Difference equation
method for laterally loaded piles with abrupt changes in B
flexural rigidity" , EPR Memo. Report 39, Shell Development -
Company , Houston, Texas .

»
a A

Reese , L.C. Mano11u, 1. (1973} , "Analysis of laterally loaded
piles by computer » Buletinul Stiintific , Al Institutului de
Canstructii Bucuresti , Anug‘XVI , NR.1 , pp 35-70 .

Reese, L.C. , apd Matlock, H. (1956) , "Non-dimensional solutions
for laterally loaded piles. with soil modulus assumed propontional
to depth" , Proceedings 8th Texas Conference on Soil Mechanics
and Foundation Engineering , Austiqﬁ, Texas .

Reese, L.C. , and Welch, R.C. (1975) , "Lateral Toading of deep
foundations in stiff clay" , Proceedings, ASCE , journal of the
Geotechnical Engineering Division , Vol. 701 , GT7 , pp 633-649 .

_Ruser, J.R. , and Dawkins, W.P. (1972) , "3D finite element analysis
of soil-structure interaction” Proceed1ngs » Symposium on

Application %of Finite Element Methods in Geotechnical Engineering ,
Vicksburg .

Silva, A.J. , Hollister, C.D. , Laine, E.P. , and Beverly, B.E.
(1976) , "Geotechnical properties of deep sea sediments :
Bermudd Rise" , Marine Geotechnology, Vol. 1, No. 3 , pp
195-232 .

v Proceedings, Building Research Congress, Division I , London .
Spillers, W.R. , and Stoll, R.D. (1964) , "Lateral response of piles"

Proceedings, ASCE , Journal of the So0i1 Mechanics and Foundatlon
Division , Vol. 90 , SM6 K pp 1-9 .

Stevens, J.B. , and Aud1bert, J.M.E. (1979) , "Re-examination of
p-y curve formulations" , paper # QTC 3402 , Proceedings 11th
0ffshore Techno]ogy Conference , Houston, Texas .

Terzaghi, K (1955) » "Evaluat®on of coefficients ofsubgrade react1on",
Geotechn1que, Vol. 5, No., 4 » PP 297-326 .

Terzaghi1 K. , and Peck, R.B. (1948) , "So0il mechanics in engineering
- pracflce" John Hi]gy & Sons , New York , PP 30 . .

Internat1ona1 Jexthook Co.’ , Scranton , Pa. . \

Wittke, H (1974)-, "Bemessung von horizantal belastetem grossbohrp-
fahlen nach der methods finite elements" , Der Bauirgenieur , Vol,

449 ‘&




64 .

65.

_disptacement relationships for pile foundations in soft clays" ,

_horizontally loaded pile columns" , Osnov. Fund. Mech. Grunt. 20 ,

128 °
~ A . : a4
Yegian, M. ," and Wright, S.G. (1973) , “Lateral soil resistance-

paper # OTC 1893 , Proceedings 5th Offshore Technology Conference ,
Houston, Texas.

Zhukov, N.V. , and Balov, I[.L. (1978) , "Investigation of the effect
of a vertical load on horizontal displacements and resistance of

No. 1, pp 11-14 .

.

oo ~N
N . . N :
N e

SR e PR 2 e TR e

¥



, i 9
i

APPENDIX A

) . ‘

TABLES * ‘
SHOWING THE RESULTS OF THE PARAMETRIC ANALYSIS
\
\ . N
" N ‘ N

. 129

T

Y- avowbg

“;g&?ﬁ'ﬁgm;{xér oy




e A s e

130

A\

Table 16 Effect of the horizontal load on the maximum deflection and the
‘ m\aximum bending moment for a free head pile in stiff clay .

Ak AR T T

H Y Mo Depth to M Depth to
v max ax+ ax- .
- Mmax+ Mmax-
(kN) (m) (kN m) (m) (kN m) (m) :
100 0.0012  -177.4 3.0 - 7.4 13.0
- . : :
275 - 0.0034 487.9 3.0 - 20.4 13.0 . '
450 0.0057-  806.8 3.0 - 337 13.0
o 5% ' 0.0085  1194:5 3.0 - 49.8  13.0
80  0.0121  1658.6. © 3.0 - 68.7  13.0 .
9750 0.0168 21915 , 3.0 - 9.8 14.0
1150 0,027 283%.4 - 4.0 -12L3  14.0 \
‘\\ ' \
Table 17 Effect of the horizontal load on the maximum deflection and the
maximum bending moment _for a fixed head pile in soft clay .
H Y rax Max+ Depth to M .. _ Dhedgth to
. o Mmax+ max-
(k) (m) T (kNm) o (m) (kN_m) (m)
100 0.0026 8.1 9.0 ' -360.2 | 0.0
g 275 . 0.0079  263.5 0.0\ -1054.0 0.0
! ' P ‘ A
# - 450 . 0.0172  s48.0 . 10.0 -1963.,6 - 0.0
625 0.0306  881.7 11.0.  -2999.7 0.0
‘ : \
800  ° 0.0480. ,ge41.1 2.0 -4134.9 0.0 P
/ _ 975 0.0697  1624.4 ~ 13,0  -533.5 . 0.0

. \
© 1180 - .- 0.0950 - -2021.8 4.0 ~ -6653.7 0.0
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Table 18 Effect of the horizontal load on the maximum deflection and the \

maximum bending moment for,a fixed head pile in stiff clay .
M\‘ |4 p clay \
) WY Muor  0SPth 0 M . Depth to 3
max+ max- A
(kH) (M GNm (m Nm (m) s
100 0.0005 51.8 5.0 - 216.5 0.0 ;
275 © 0.0014  142.4 5.0 . - 595.5 0.0 .
450 ©  0.0023 2331 . 5.0 - 974.4 0.0 "
; . 62 0.0032.  323.7 5.0 1334 0.0
. e 00041 43 50 -3 oy
‘ | 975 - 0.0049 . 505.0 5.0  -2111.3 0.0
1150 0.0088  607.1 é.q ~2526.4 0.0 '

— \

’ . : - N
: ‘ \
A}

)

Tablg 19 Effect of the vertical load on the maximum deflection and ti\e
maximum bending moment for a free head pile in stiff clay .

»

- v Y Mot .Dﬁpth to M_ _ Depth to
max+ X-
(kN), (M  kNm) (m) - c(kNm) (m)
0 0.0117  1504.5 30 - 642 140
3000 0.0119  1617.9 ,3.0 - 65.8  13.0
6000 . 0.0120 16421 3.0 - 6.5 13.0
9000 0.0122  1667.0 3.0 - 65.2  13.0
N 12000 0.0124" 1692.6 °© 3.8 - 71.0  13.0
" 15000 0.0126 * 1719.0 3.0 - 729  13.0

18000  0.0127 1746.3 3.0

e 130
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Effect of the vertical Toad on the maximum deflection and the
maximum bending moment for a fixed head pile in soft clay-.

v max. Mmax+ . Depth to Mméx— Dﬁpth to
max+ max-
(kN) (m) (kN m) (m) (kN m) (m)
0 0.0454  1163.9 12,0 -3975.4 - 0.0
3000 0.0463 1192.0 12.0  -4033.1 0.0
6000 0.047 1221.2 12.00  -4093.3 0.0
b000 0/0484  1251.3  12.0  -41%6.2 0.0
12000 . 0.0495 1283.0 120 . -4222 0.0
15000 - 0.0506  1316.3 ©M20 . -4291.5 0.0
18000 L1387 120 o 00 -

0.0519

-4365.0

i

Table 21 Effect of the vertical foad on\the maximum déflection and the
maximum bending moment for arfixed head pile in stiff clay .

L

v Ymax Mmax+ Depth to Mmax- Depth to
Mmax+ . Mmax-
(kN) (m) (kNm) - (m) (kN m) (m)
« 0 0.00403 410.1 Y
3000  0.00404 4117 5.0 17256 0.0
6000  0.00405 413.3 5.0  -1729.6 0.0
© 9000, 0.00406- 414.9 50  -173.7 » 0.0
12000 0.00407  416.5 50 <1737 ¢ 0.0
(15000 0.00408 4181 5.0 -1781.8 0.0
" 0:00409 5.0 ' -1785.9 0.0

18000

‘419.8 -

s s,

N
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Table 22 Effect of the external moment on the maximum deflection. and the

“ maximum bending moment for a free head pile in stiff clay . .
. : ~ B
&
T Yiax'  Mhaxe © DePth to . My, Deptn to %
max+ max- !
o~ A
- (kN m) (m) (kN m) (m) (kN m) (m) o)
0 0.0121  1658.6 3.0 - 68.7 13.0
400 0.0146  2060.6 3.0 - 86.0 13.0
X 800 0.0171  2478.6 3.0 - 1040  13.0°
. ‘
1200 0.0200° . 28907.2 3.0 -121.7 ~ 13.0
N 1600 0.0234  .3329.5 3.0 -139.4  13.0
: 2000 0.0270 3773.3 . 3.0 _ - 157.5 13.0
VoE : , - . ke
L 2400 . 0.0307 4215.2. . 10 - 1755 13,0
r - N
i
' v . Table-23 Effect of the pile length on the maximum deﬂectidn and the maximum
g\ bending moment for a free head pile in stiff clay .
i J .
L . Y Tax Mmax+ Depth to . ~Mmax- g Dﬁpfh'to
\ . .Mmax+ max-
) m) M GNm e ww dn)
2.0 0.0121  1658.6 _ 3.0  -/68.5  13.0
3.0 0.0121  1658.6 3.0 - 68.7. "13.0
g 48.0 0.0121  1658.6 30 - 68.7  13.0
'." . » N -
‘ 60.0 0.6121  1658.6 3.0 - 68.7 13.0
| 72.0 0.021 1658.6 3.0 - 68.7 . 13.5
IR B 84.0 0.0121  1658.6 3.0 - 68.7 13.0 " :
S 9.0 - 00121  1658.6 3.0° - 68.7  13.0 §
."' . ) ) . ) & . };:
‘ » |
LA i | - |
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Table 24

134

—h

Effect of the pile length on the maximum deflection and the maximum
bending moment for a fixed head pile in soft clay .

L Yax: Mméx + Dépth tor Mo D;pth to
max+ max-

, (m) (m) (kN m) (m) (kN m}) (m)
24.0 0.0485  1209.9 12.0  --4138.5 0.0
36.0 0.0480  1240.3 12.0  -4135.3 0.0
48.0 0.0480.  1241.1 12.0 )4/34/9 0.0
160.00 0.0480 1241.1 " 12.0 a9 0.0

L7200 0.0480 124101 12.0  -4138.9 0.0
84.0 '0.0480  1241.1 J12.0 7,4134.9\ 0.0
6.0 0.0880 12411 1250 4139 00

! \\ ) , \
\

Table 25.

Effect of the pi\e Mngth on the maxifum deflection and the maximum

bend1ng/moment for a fixed head pile in stiff clay .

L Yinax Moax+ Dﬁpth to Moax- Dﬁp.th to
i ' max+ max-
(m) m) kMm@ m (m),
24.0 0.0041  414.3 5.0y -1732.3 0.0
36.0 0.0041 © M43 5.0 7R3 0.0
'?’{8.0;' 0.0041  414.3 5.0  -1732.3 0.0
60.0 0.0081 4143 5.0 -1732.3 0.0 ©
72.0 £ 0.0061  4i4.3 5.0 -17,{'2.3» 0.0
80 7 ,0.0041  414.3 5.0 17323 0.0
96.0 ©0.0041. 4.3 5.0  -1732.3 0,0

e sy, OJ;W‘_.... -
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Table 26 Effect ofb%he pile flexural rigidity on the maximum deflection
and the maximum bending moment for a free head pile in stiff
clay . ’

’ EI Ymax Mmax+ Dﬁpth to Mmax- D;pth to
max+ max-
(MN m?) (m) (kN m) © (m) (kN m) (m)
2000 0.0147 1665.0 3.0 - 68.8 13.0
5000 0.0086 1674.2 3.0 - 71.1 15.0
\
8000 0.0069 1762.4 4.0 - . 75.1 17.0
11000 0.0060 1835.1 4.0 - 77.8 19.0
14000 0.0085  1903.9 4.0 - 81.3 20.0
17000 0.0051 1957.0 4.0 - 84.0 21.0
' 20000 0.0049  2013.9 5.0 - 86.1  22.0
%
Table 27 Effect of the pile flexural rigidity on the maximum deflection

and the maximum bending moment for a fixed head pile in soft

clay .
El Voax Mo ?&i::jo C oM Dhe’l;::-‘to
(MN m?) (m) {kN m) (m) (kN m) (m)-
2000 0.0579 12183 12.0  -4004.0 0.0
5000 - 0.033  1282.3  13.0  -4443.2 0.0
8000 0.0255 1318.2 ' 14.0  -4715.9 0.0
11000 0.0214  1338.6  15.0_ -4917.4 0.0
. 14000 0.0188  1358.] 150 -5079.3 0.0
" 17000 0.065 1369.56 160 52458 0.0
20000 - 1382.2  16.0

0.0155

-5332.1 0.0
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. Table 28 Effect of the pile flexural rigidity on the maximum deflection
: and the maximum bending moment for a fixed head pile 'in stiff

clay .
! El Ymax Mmax+ D;pth to . Mmax- Death to
max+ max-
(M m?) (m) (kN m) (m) (kN m) (m)
2000 0.0045  396.2 5.0  -1628.2 0.0
5000 '0.0033  459.4 6.0  -1964.4 0.0
8000 0.0028 4959 7.0 -2155’.’3‘ 0.0 } l
- 11000 0.0025 522.8 . 7.0  -2314.1 . 0.0
" 1000 0.0023  547.2 8.0  -24343 . 0.0 |
000 p  0.0022, S67.4 .. 8.0 -25%.0 0.0 T
20000  0.0021." 580.0 8.0 . -2624.7 0.0
v . | C

C e \

Table 29 Effect of the pile diameter on thegmaximum deflection and the
maximum_ ‘bending moment for a free head pile in stiff clay .

D Yo Mo Depth to . M D;pth to
. Mmax+ max-
{m) - ) (kN m) (m)- (kN m) (m)
£ 0.75 0.0131 . 1686.0 3.0 - 7.8 14.0
1.00 . 0.0121  1658.6 - 3.0 - 58.7- 13.0
1.25 0.0119  1637.8 3.0 - 686  13.0
1.50 0.0117  1602.9 3.0 - 669, 13.0 |
1.75\ ©0.0114  1562.6 3.0 . - 64.3 ' 13.0
200 . _0.0111 1523,7 3.0 - 61.5  13.0
2.25 0.0109  1484.7 3.0 - 53.0 - 13.0
'd
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Table 30 Effect of the }@ﬂe diameter on the maximum deflection and the .

maximum bending moment for a fixed head pile in soft clay .

D Ymax Mmax+ Dﬁpth to Mmax- D;pth to
, max+ : max-
(m) (m) (kN m) (m) (kN m) (m)
0.75 0.0569 1286.8 13.0 -4370.1,.- - 0.0.
.00  0.0480  1241.1 12.0 -4134.9 0.0
1.25 .0.0425 = 1198.1 12.0 -3961.9 0.0
1.0  0.0386 1158.9 . 1.0 -3817.9 0.0 .
175 04385, 5.2 1.0 <0 -3692.8 0.0
200 0.0329 1069.3 1.0 - -3583.0 . 0.0
2.25 ' 0.0307° 1028.2.° 10.0 - -34843 0.0
7, g — g - ——— ; ¥
- . .
Table 31 i’.ffect Tf' the(pile diameter on the maximum deflection .and the
e maximum bending moment for a fixed head pile in stiff clay .
] : ,
R
D - = Yoax  Mpaxe Depthto M ..~ Depth to

Mm Nax M
‘max+ -~ max-

(m (m) (kN m) (m) (kN m) (m)

™

0.75 . 0.0M28 - 96.3 .50 ~ -1748.6 0.0 .
1.00 0.00406.  414.3 © - 5.0 "-.1732.3 0.0
"1.25 ' 0.00399  420.4 5.0 -1723.9 - 0.0% .
150 0.00396 - 4.9 .50 17120 0 00 <
1.75 0.00395  434.5- 5.0 -1698.9 '}“o..o;‘
2.00 - 0.00393 429.7 5.0  -1685.3 0.0
2.05 . 0.0092  423.9 50  -1671.5 0.0 .
_ & :
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Table .32 Effect of the pile diameter and th%respond'mg fle,xu-ral/\'

rigidity on the maximum deflection and” the maximum bending
moment for a_free hebd pile in st1ff clay .

TR e e b TS

’

§

| D . Yma_x JMmaxJr \Dbeap,th to Mmax- Depth to
max+ ; : 'ﬂmax-

M W Nm) ) T (m) ‘g

0.90 . 0.0158 _ 1689.9 3.0 v 70.2, 180 -

0.95 0.0136  1664.2 10 - 702 130 \
1.00 0.0123. ;- 1658.6 |
e ',.of‘dog'é 16555,

3.0° - 68.9 - 13.0
30 - 699 - 140 S
1:25 o, oo79_-_}f"1-7oz 6 40 S22 180 P R

L8 .o 0058 | 1829.6 40 778 o, o o1

Py

T X I, _j;-io 0040" 2201 9 om0 -le3s 200 T e

e . . o L v . . \ : .
- ‘. - . [ ' R N
o .- cL . g i .. E - ) N
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Table 337 Effect of the pﬂe ‘diameter aZd the corresponding flexural
.+ rigidity on the maximum deflaction- and the max i mim-. bendmg _ )
-.moment for a fixed head pﬂ in soft clay '. J = RN
4 / 5 3 .. :

> -1 -
' . <

:'I’Daptlh,\ -tp' ._ff“"vfm»a)‘(»_ ) D;pt::h to
o maxk max-

W j Gim )

-

0,90 00339 /123"7.'-6’..‘:,2 120 467 2 ”o‘.of
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rigidity on the maximum deflection and the maximum bending
moment for a fixed head pile in stiff clay .

- - e
<~ . e

LY
Depth to
max- -

(m)

s \

. max+
(m) {(m) (kN m) (kN m)

1% .
1) .;'.A ]
Table 34
>
]
.
[ ]
i A
. l' .
(24 o

.0.95
" ) ].00 N

125
< 150

Y (m)
Y i '
0.90

0.0047  387.6 5.0 <1615.9

5.0
5.0
A

0.0

- o >
. 0.0
0.0

Cocoom . a3 e -1674.2

0 0041- -

r

0 0036 A

414 3 17]732'.3"

e

’.440 5 ,.f’ 6.0 -1850.4

e 0.?030 . 487-4 A A‘6.;0 . -2023.4 ,0 0 r “'. - :-
., 0.0028 :7 86.4 " - 7.0 -2305.9..

i Tab'le 35.

\_ ".-'o_.o L \
Moo UL 0i00V L 69,8, 9.0 28896 - 0.0, < b
‘ : - R R SR . O

A . o N o . f\ 4 A oy ' ‘

]
Effect of the soil undrained shear strength on the maximum ’
deflection and -the maximum bending moment for a free head ,
pile in stiff c]ay . o . . N

( kN/mz)

- . ) N . . A - /’ = =
[ : Ymax .me +. Depth to Mmax- ‘ D;pt;h to .
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Table 36 Effect of the soil undrained shear strength on the.maximum

deflection and the maximum bending moment for a fixed head

pile in soft clay .

M

’

F Ymax hax+ Dﬁpth to e'aMmax- Dﬁpth to’
. max+ max-

(kN/m?) (m) (kN m) (m) (kN m) (m)
15.0 0.0889  1518.9 15.0  -5099.4 . 0.0
20,0 0.0625 1351.8  13.0°  -4529.0 0.0
25.0 0.0480  1241.1 12.0  -4134.9 0.0
0.0 - 00390 1152.2 1.0 -3843.9 0.0
'35.6 0.0328.  1074.5 1.0 36114 0.0 T o,
40.0. 040283 _  1019.9 6.0 - -3421.0 0.0
-45.0 0.0248  955.8 0.0 | -3259.1 0.0

)

Table 37 E%fect of the soil undrained-shear strength on the maximum ’
deflection and the maximum bending moment for a fixed head
. Ppilein stiff clay . ;
N - ‘ :
C Ymax Mmax+ Depth to Mmax- . Dﬁpth to ~
¢ © o max+ max~
(kN/m?) (m) (kN m) (m) = (kN m) (m) °
55.0 0.0064 4771 6.0  -2031.4 0.0
80.0 0.0048 %25.5 6.0 -1821.0 0.0
‘ 1Q§.0 0:0039 412.0 5.0 ¢ -1713.4 - 0.0 -
130.0  .0.0034 ' 397.8 50  -1633.2 0.0
155.0 0.0030 38z.1 5.0 -1572;3 0.0 '
180.0 0.0027  367.3 40 52420 0.0 . e
' 205.0 0.0025  ~366.0 4.0 -1484.0 0.0
T .
o i
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Table 38 Effect of the soil ﬂﬁi% weight on the maximum deflection

and the maximum bending moment for a free head pile in

stiff clay .

Y Ymax Mmax+ Depth to . Mmax-. Depth to
s ‘ . max+ Mmax-
(kN/m?) (m) (kN m) (m) (kN m) (m)
5.0 0.01222  1663.3 30 - 68.8 13.0
“ 6.0 *Qﬁ§3%0.01219 1661.7 - 3.0 - 68.7  13.0
7.0 0.01217  1660.2 - 3.0 - 68.7 13.0
8.0 0.01214  1658.6 3.0 ° - 68.7  13.0
9.0 0.01211  1657.0 3.0 - 68.6  13.0
10.0 “‘76;01209 1655.5 3.0 - 68.6, 13.0
N.0 . 0.01206 16539 3.0 - 13.0

-

68.5 |

Table 39 Effect of the soil unit weight on the maximum deflection
‘ and the maximum bending moment for a fixed head pile in
- soft clay : ) .
oy Y. M . Depth to . M_._. . Depth to
- max max+ M max- ﬁ
max+ . _ ma x -
“ (kN/m?) (m) (kNm) ~ (m) (kN m) (m) \
2.0 0.0541  1319.5 13.0  -4311.0 © 0.0
3.0 .  0.0522  1299.1 12.0  -4260.5 0.0
4.0 0.0506  1278:9  12.0 -4215.00 - 0.0
5.0 0.0493  1259.7 12,0  -4174.1 0.0
' 6.0 ©0.0480 12411 12.0 -4134.9 . 0.0
7.0 0.0469 . 1222.5 12.0. —4099.5 0.0
8.0 . 0.0459 1204.2 2.0 -4065.8 0.0
\' o

B WP I TP . % e o
Bt g 5 .~‘,=-a~&££
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Table 40 Effect of the soil unit weight on the maximum deflection
and the maximum bending moment for a fixed head pile in . '
stiff clay . X
. , o
y' Ymax Moax+ Dﬁpth to M. D;pth to . 3
) max+ . max- ‘
(kN/m?) (m  (Nm) (m) (kNma - (m) BT
5.0 0.004075  415.5 5.0 17348 0.0~ oy
6.0 0.004070  415.1 5.0  -1734.0 0.0 i
7.0 0.004065 414.7 . 5.0  -1733.2 0.0 ‘:
8.0 o.00s000 Ma.3 5.0 -1732.3 0.0
. ~ xu .
9.0 0.004055 4140 5.0 -1731.5 0.0
10.0 0.004050  413.6 ;5.0  -1730.7  -0.0
11.0 .0.004048  413.2 © 5.0  -1729.8 0.0

Table 41

Effect of thezaepth of the softvclay layer on the maximum
deflection and the maximum bending moment for a fixed
head pile in a 1ayered'soi]\system .

L1 S 'Mma>l<+ D;pth to. M. D;pth to a
max+ max- ’
(m) m)  (kNm) (m) (Nm (m)
0.0 0.0041  414.3 5.0 -1732.3 0.0
5.0 0.0119  1053.0 6.0  -2081.4 0.0
10.0 0.0330  1746.4 10.0.  -3904.9 0.0
f5.0 0.0465" 13211 12.0  .44119.5 0.0
20.0 0.007%6  1268.4 . 12:0 © -4114.8 0.0
© 25.0 0.0478 | 1252.9 ,Liz_.'o T .4130.5 0.0
©30.0 0.0480 12423 2.0 -4134.8 0.0
40.0 0.040 1241.2  12.0  -4136.9 - 0.0 -
50.0 0.0480  1241.1 12.0 - -4134.9 0.0
60.0 0.0880 ~ Y241:1 120 -4134:9 0.0
pRE: “r*i | _ _Atg,;vﬂ",m;
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C.I FLOW CHART FOR THE FINITE DIFFERENCE PROGRAM

‘. { Start )

Read pile loading, pile properties,
soil properties

’ ! ' Al ‘
: : ‘ (1] ‘ yes .
?
- B STOP ) -
no :

Generate the p-y curves
- — T
Compute initial soil modulus values

Lo | Compute . the flexural r1g1d1"ty at 1ncrements .
~along the pﬂe

4 ' . §

. fL , _
* : _ Set boundary conditions and compute deflections
: using the ﬁmte difference method

(2 yes
? \
- J(5T0P
‘ no
- L_{ Calculate revised values | no. 31 .
A of soil modulus ) ? o .
' | yes . / ' '
] r '

Calcula; e the bending moment .and the
soﬂ res1stance along the pile

] ' ‘ .

) {Print input data and output results
[1] Terminatwn

[2% Greater than 150 iterations or Excessive deflection ,
[3] Deflection within iteration tolerance b
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DIMENSIUN SWdD(JI)-DISP(Bl)obUILH(Bl)-BM(3l) ELLV(JI) )

’

T

100

105

120

" 130

140 .

CALL PYCURY

‘NLM1 = NL - 1

(29

C.I1 FINITE ELEMENT .PROGRAM (INCLUDING THE SUBROUTINES FOR GENERATING
THE p-y CURVES)

\

~a
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* | " i
* \ * ;
x - FINITL EULEMENT SOLUTIUN % H
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* FUR v
L &
* A LATENALLY LUADLD PILE 3
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¥ : %
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' . . hd .
IMPLICIT REAL * 8 (A-H , 0-Z)
KEAL * & XA(31)aYI(31)av2032) i, .
INTEGER TMTLE(20) - . , \
- ) sl

DIMENSION A{62,91)55(91,2 r.bA1(91¥%z).A5AT(62.a2)
DIMENSIUN P(2) +X(62)sF(91)

DIMENS ION ASATLI{62+62 ) WKARCA(62) =
DIMENSTON - E1P(39 ¢DISTEI(3) 4 NLELY(3I)

CUMMON /BLUCOL/ PL-PD.D&PTH(”)'C(S).GAMA(bl.tPSSO(S).NXL(S)o
LKODE(S) «NL '
CCOMMON /BLUCO2/. NXyNUM 3 XX{ 25) s YY( 25,5 25) 9 PIP( 2b4 25)

CONT INUE ' s .
READ (545:ENU=440) (TITLE(I)+1=1,2C)

READ (546) PL,PD ¢NELMNEWPY

READ (5,10) uCl,BC2

READ (5,415) NEL

DO 105 I=1s¢NEI : \

READ (5.6) EIP(1),DISTEI(I) 7

IF {(NEWPY ,EQ. 0) GU TO 14l

READ (5,15) NL - . - N
IF (NL .£8. 1) GU TO 120

e S s g,

READ (5510) (DEPTH(I) »I=1sNLM1) : : C
SD = 0.0 -

DO 110 I=1,NLM1
SD = SD + DEPTH(I)

DEPTH(NL) = PL - SD ‘
GO.TO 130 -
DEPTHINL) = PL

DD 140 I=1,NL ‘ ' i _ o
READ (5310) C(l);GAMA(I)oébSaO(I!.NXL(l)-LKUUE(I)
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141 CONTINUE . \

[N

145 SMOD(I) = (I=-1) * H * 100. - - S

150 A(14J)

160 A{1+J) = 1.0

170 4 =4
) 1

180 JI = Jy + 1 o o Lo

WRITE (6,20) (TITLE(I)s I=12C)
WRITE (745) (TITLE(L)s I1=1,22)

WRITE (7+25) PL,PO,BLL, BC2 .
WRITE (6,30) ‘ ' 5

VM\S 3
N3 2
NELM]
NELM2 !
NEL M3 NELM
NE LMD NELM + NELM
NCEMOL = NELMD + 1 ¢
NME = N - | .
ToL = 0,100D0=04 Lo . |
H 2 PL. /7 NELM ' . '

NELM
NEL M
‘NEL M
NELM

nn#*

]
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COMPUTE INITIAL SDIL MODULUS VALUES
DU 145 I=14NELML - : . e

o N T Vo . o
BUILD *}k4ﬂ13i1x [ : . ' - -
DO 150 '1=1,N Ly ' R
DO 150 J=1,M ' T .

0.0 ,
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A(NELM1,NELMD) = 140 :

DO 160 I=2,NELM

5 =2 * 1 - 2

JS1 = JS + 1

DO 160 . J=J5,J451
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J = NELMDIL S
DO 170 T=NELM2,N
AlT,Jd) = =140

+ 1
Z «0 / H . . . .
JJ =1 ‘ N . -

DO. 180 1T=NELM2 ¢NM1 ' ’ <
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DO 190 I=NELM3 N . = s _ S o
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DO 200 I=
200 P(1) = 0,
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BUILD §
00 210 I=
DU 210 J=

210°5(Lesy) =
Lo 211 U=

211 NLELM(I)
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b0 221, K=1
IF (K ,NE
NNF 2«
‘EI'

-
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52 ‘2e0

Do 220 l—‘NNS NNF

Sils l)
511s2)
IF (1/212
5([91)
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I.UNTINUE
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/ 220
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. ITERNOD
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225 CONTINUE
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NEL.M'bé
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00 230 I=
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‘ﬂDD 240 A=
‘00 240 J-
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255 CONT I NUE '
J = NELM2
DO 260 I=NELMD1 »M
SATUT od) = =5(141)
260°0 = J + 1
BUILD ASAT MATRIX
DU 270 I=1 oN
D) 270 J=1 oN .

ENTRY = 0.0

DU 265 K=1 o M
265 ENTRY = ENTRY + A(I-K) ¥ SAT(K.J)
270 ASAT{I.J) =xENTRY .

'INVERT AS AT, MATR IX

- CALL L{NVLF (AbAToN 62-AbAT1.0$HKAREA-ltR)
DD 275!1,N ' ? ) “‘ . oo L
DJ. 275 J=1'sN ; S \ e
" COMPUTE X MATRIX

- ! Tt . -t - e

D). 330 1=1.N . o S o

- X(IJ—OO

P aNala

O 330 K=1.4N ’ : c o ' '—

330 X(.1] xu) + ASAT(I,K) * e Y N . §
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DO 340.1=1 ¢ NELMI, . , <
340 DISP(I) = X(NLLMIH) ) ‘ ,
IF CITERND “eNE» 1) GO TO 350
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G0 -TQ 360 AR

_350 YTOPN = DISP(L)
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6000

iso

400

410

415,

420

430

435

e,

WRITE 161.45)

WRITE (6+60) A \
WRITE (6465) - ' b)

232

COMPJUTE SOIL RESISTANCE & HENDING MOMENT "ALONG THE PILE

DO 390 I=1,NELMI \

Il = NELMD + |
SQILR(L) = FCLI)

DI 400 I=1,NELM

Il =<2 1 -1

BMil) = F(11)
BU(NELML) = =—F{NELMD)

v

\

DO 410 I=1sNclMl
ELEV(LI) = (I-1) %= H

PRINT QUuIPUT

WRITE (6450) 8Cl
WRITE (6:51) BC2 .

CWRITE (6452) POy E}-H-NELM.TUL
"WRITE(6+55) NL ' »
"WRITE (6+56)

DD 415 1=1,NL - I . : ‘ . .
yRITE;16.57) IsDEPTHUI ) s C{I1Xs GAMA( 1) o EPSSOC L) NXLI{T)sLKIDELT)
M ! ‘ “\ . 1 ) N !

N\
$ : \

DD 420 J=1sNX:"

WRITE (6.66)\xx(J).YY(L.J).Pplt.J)

DO 420 K=2 s NUM
WRITE (6467) YY(KsJ )PP (K,sd)

CONTINUE

YL~ ) .

WRITE (6,70) , , -

D0 430 [=1,NELML C

WRITE. r6.75) FLEV(I].DISP(I) BMfl).SMDD(I).SOlLR(])

DO 435 J=1.NELMI ST :

XA(J) = ELEVCJY . - '

vi(d = -pIsP() <:::::>¥[,
Y2(J) = BMCI).

CONT INVE . o ‘ E
WRITE (7415)) NELML : : :

_WRITE (7+80) (XAC{I) sI=LkeNELML)

CUWRITE(Te80F (YLC3) o ISLeNELMLY

WRITE (7-80) (YZ(!) al= loNELMl)

GQ:IO'rQb L o g
- R N | ‘
"FORMAT (20A4) L Co .U
FDRMAT-(zols.é.ZISJ , ’ )
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FORMAT
FURMAT
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(3p15.6,215)
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30 FORMAT (* *o5(/ )+15Xs " ITEIATION lNFOQMATlUN'/lJX.cl“H /777715 X

1 PITERe NOe® o 11Xe*'YT {(A)'/15X¢G(1H-)s11XsO(LH-])7/)

35 FORMAT(L17X,13+10X,D15.7)

40 FURMAT (*1's0(/)s10Xs*10C ITER NOT ENUUGH!')

65 FORMAT(S 1 3 3(/ ) 130X +*LATLRALLY LUADED PILE PHU\:RAM'/JO)C'AVHH—\)'

»

1 S{/7)yLOX, "INPUT INFORMATIUON'/10Xe417¢ LH-)) '
5C FORMAT(® ', 35(7 ) 15X o"HURIZANTAL LUAD H =V, 01349y KN*/)
51 FIRMAT ( 15X o *"MUMENT AT TOP MT =P ,D13,5,° KN M2/ )
52 FURMAT  ( 15X "PILL UIAMETER v 20,0135, M/ s
2 15X+ PILL LENGTH L =0,013.50" MYz/
3 * 15X, ' INCREMENT LENGTH =05013.5,9 m-(/
4 15X »* NU, .OF INCREMENTS =0y 1677 2
5 15X TTER. TOLERANCE =1,D01345.¢ Mi//)
55. FORMAT(‘«'.i(/).lSX.'NU- OF LAYERS's 10X, '=7,15//) ? /
96 FORMAT (* $32{/) 115X+ "PROPERTIES UF EACH LAYER®/15X+24(1H=)///

1. d(/).BX;'LAYER'.9X"DEP1H (M) €, 13X "C (KN/ZM2)' 12Ky

2 * GAMA | (KN/MJ)'alSX.'EPSSO'.l4x..’NXL‘-7X.'LKODE‘/ 2
3 COBXe5CAHT) 19X U LH=) 2 13X 9L 1H) » 12X, 12(lH—).le.5(rH~).

4 18X 43 1H—).7x,5(1u-)/| o o ' 3
57 FORMAT(10X; 11.4(10x.012.b).1ox.1a.1ox i) Q*' '
so FURMAT('U.5(/).1ox.'0urpur INI-URMATIUN'/I.OK.IG(lH-l//)

65 FORMAT(® '.5(/) 10X e #*DEPTH TU P-Y CURVE (M) ?,8Xs'Y ‘4)'.qu.

1 "p (KN/M:'/lox.za(IH-).ux.b(xH— .16x.3(1H-)) '
66 FORMAT (' ' ¢5X75Xy3¢(10X,012,5))

67 FORMAT (27X, 2( 10X,D12.5)) .
70 FURMAT(Y, 0,50/ ) o13Xs*X (M) P41 7Xe?Y {M)*,16Xe*M (KN M) ,13X,

I PES (KN/M2)' o13X, 1P (KN/M) '/13X ¢ 5(1H=) , . .

2 T ITXSTAH=)216X,8(1H~ ).13x.10(1H }ob3Xou{LH-)/) ]
75 FORMATIS(10X,D12.5)) . -
'80 FORMAT (6E1345) N

|
440 STOP \ : \ |
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!
C . \ %
C *#*t***tt#t#****t****!tt‘*#tt#**t*t#it*#*###**t*t#***t#*#*****ttttk a
c * - : - £
C * . . :
C\ *THISs SUHROUT I NE COMPUTES P-Y CJURVES FOUR A RILC IN A LAYLRuY 3S0IL* '
¢ * ) ¥
c * SUIL LAY ERS WHICH ARE CONSIDERED *
c * STIFF CLAY ABUVE WATER SURFALY ok
c * ’ STIFF CLAY BELUW WATER SURFACE *
C * , SUFT CLAY BELOW WATLER SURFACE .
C * : ¥
C . , \ } *
o * PL = PILE LENGTH . .
c- * PO = PILE DIAMETER. . ' S E
Co * NL '~ = NUMBER OF SOIL LAYERS . . h x
C * ) = QEPTH OF A SOILL LAYER ' - : . , " '
-C * 'C  .=. SHEAR STRENG Ty OF A son_ LAYCR o ‘ E T\
c # . GAMA = EFFECTIVE t{NlT WT.. OF A  SOIL LAYEK K S S
c * . EPS50" = STRAIN CURRES. TL.1/2 MAX, PF\INCIPAL srREbb,D,xFF.»_,f' .
c * ., 'OF ASOIL LAYER - - AR S
c .\ = NXL . = NUMBER UF° P~Y CURVES m A SULL LAYLR B T
c,  x KODE = CUDE OF A SUIL.LAYER i7" " .. ¢ o Tk
c * o STIFF CLAY ABOVE WATER SURFA'CE KJDE = 1 %~
C * STIFF CLAY BELOW WAT ER SURFACE KODE = 2 7 *'.
C . * _SOFT CLAY BELOwW WATER SURFACE , KGDE = 3  *
c 1 * ' - ) ®
C * \ NE
C ~. tt**t*#y*t*tt**t#t*t#t*#tt##*t#*ttﬂ!tt*t-":**tttt#**ﬂ!*t*ttt*tt*tt#
c .
C '\

. IMPLICIT REAL #* 8 (A<H, 0-2) | R o
DIMENSION, NXC L S) DXT5),¥i25) o . , ' e
DIMENSION D(5) + C(5) s GAMA(S )" , _ Co
DIMENSION XOPDT (9) 5 AT-(9) i ns).sxr(S).Epscrw) ‘ 3
COMMON IBLL]COl/ PLS +PD 8] S(SIoCS(S)'GAHAS(S)r T ~ T

1 © .. EPSSD(5)ANXLI5)sKODECSJaNL ~ - . C
‘COMMON /dLOCOZI Nx.nuu.xta 5) vmas.zs; .pptzs.zsr-' co T
~ GOMMON, /7BLDCO3/ Cl.CZ e T o L
: ' EXTERNAL F I e T oL
C AR Ce ’ ' ‘ :
-DATA XDPOT 7°0.. ooo oo o ;500 oo.l.ooo 00, 1.soo oo..e 000 oo. ‘ T
SR ¢ : 250D oo,a.ooo bo.a.soo 00,4.00D0 00-./. N 2
\ DATA m / 0,200D 0020,350D 00,0,4500:0040., 5060 0040 .ssoo oo., 1
3y L 05720 0050 .5880 00, C+595) '00,0.6000 00 :/, i SR

DATA CcT 7 0. OTOD OZgD.IOJD 02.40. 2100 OZ:O 420D 0250, 5609 02 / ,
V: - DATA SKT '/ 0, 03330 O4|0 05000 04:0010000 04:0-20000 04,04 26660 04/, )
DALH\ EPSCT" / 0-008D 00, 0 0070 O0.0-OOSD 00;0-0040 00;0.00350 OO / .

v
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CIMm = 254 ,D-24
CLBKN = 4448.D~06
tMI ="1.0 7 CIM ' .
(KNLB = 1e0 / CLBKN
PL = PLS * CMI
.PD = PDS * CMI v ' : , :
DO 100 I=1.N . : oy
D{I) = DS(L) *+ CML . - , , ‘
ClI) = CSCI) * C(CKNLB/(CMI%*CMI)) ‘ ' '
GAMA(1) = GAMASCI) % (CKNLE / (CMLI*CMIRCMI)) N Cal
100 CONTINUE C , . o : \
N ' N % . ! . )

Iy .
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DETERMINE THE LGCATIONS OF  P-Y CIURVES  X(IJ - o

—.—--—-_--—-—--——4—_.—-———.-.----—----—-—-“——_———.—--—-_-—---—-—————-------

Y

e Rapi g B v 0B g ek L

~ . 3
'

NKC (1) = NKLIL) ¢ e L ST
VIF (NL JE@S 1) GO 1o 600 . S ce P ' S
D) 500°1= =200 . C o ‘
NXC 1) 5, NXClTI=1) + an_u). . 4
500 CONTINUE ' ' e
600 CONTINUE :
S = NKCONL ),
IF ONX GTe 25)
oo 700 1=
ox(L ),
TOQ»CUNT‘INUE _ SN o > )
X(1).="0.0 RS T T g
122 o ke Ty .4,"
NAML = NX = 1 :
00 800 [=1 ,NXM1 . . e B
IF U1 ,EQ. NXCUIK). GU 10 750 ‘ A Ce
X(I'et) =" XC + Dxt‘x) Lo SN '
G0 .TO 800 SR o : L

c,/ol"ro“a;«{w L e e
TN ST S \ B Lo

e 7 (qun-u S

KL R .
X(l*l) x(l) : R S . o : .
’ .-—-‘—-;-;h--;-q——-—*—-—--------\1-———_—-1-—.——--—-----———----; -----—--

. DETERMINE' THE PILE OEFLECTIONS . Y(T) TR R

.—-p—-----——-—.—-—-—-——-———-.--———-_————--"—-.'———-—-‘—--;—-—-'—_-é. ----- i v
NUM . 18 . BN B A . e

NI = 1.o ‘- 254.0-4 L

12 =, 15\ .

.-‘upn
CHP2
-.':’-wxam
lZPZ
.-"-zvnp 1.
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IF ( PP(JsK) oLT. 0o0 )

- Q
¢
237
LY
POCJUWK) = (0.5 * (YM(JoKIZYSO)%%(1./40)) = PU
IFCYMIJIK) 6T, (16 o*vso)) F’P(J\\K) = PU )
1600 CUNTINUE
GO TO 2100 )
C
c e o e = o A - A > > S o - e 8 - - - —— - ——
d STIFF CLAY BELUOW WATER SURFACE
( | o e B e e - ——— - -~ o= =t - e o o oo o o o e = ..
C
1700 CONT!NUE
PUL = 2.0%C(KK)*PD + GAMAV #PDEX(K) «+ 2 4835C (KK )AX(K)
PU2 = 11,0 % C(KK) & PD
PU = PUIL
IF (PU2 «LTe PUL) PU = PU2 , oo 0
XDPD = X(K] 7 PD * . ‘
A = 0460 ’ \\
IF (XUPD LLE, 4.0} CALL YINTPL (XOPDTsAT s9+9 2 XUPD»A)
CALL YINTPL. (CToSKT»5+5.CFKK),SK) o :
CALL YINTPL (CTsERSCT »545.5C{KK},EPSC) J
YC = EPSC * PD
Cl = SK ¥ X(K) N @
C2 = 0.5 ¢ PU / osonvtvc) , . ‘
Y2 = A% YC . . s .
CALL CHECK (Fy040D O4Y2,ROOT) ‘ ’ .
Y1 = ROOT* . ‘ - C
Y3 = 6.0 * Y2
Yo = 18,0 % Y2 ° .
‘00 1800 J=1,NUM ) - t
IF (YM{JesK) LT & Y1)
1 PP(JoK) =.C1 ¥ YM(JsK) ’ , o
IF (YM(JsK) oGEe Y1 “sANDs YM(UdsK) JLTe Y2) . )
1 - PP(JeK) = C2 * DSQRT(YM{JsK})
IF (YMUJsK) GE., Y2 LAND, ' YM(JsK) ,LT, Y3)
! PP(JsK) = C2 % DSQRT (YM(JyK)) - 0.0bS*Pu*((YM(J.K) ~Y2)/sY2)%%
2 . ' ’ . ’ * . .. 1 .25
IF (YM(JsK) «GEe Y3 oANDs' YM(JsK) oLTe Y4): . :
1 PP(JsK) = C2 * DSQRT(Y3) = 0.411%PU - (0,0625%PU/YC()
*2 . . : s _ #(YM(J;RJ-YS)
IF (YM(JoK) «GEe Y&) ° )
1 PPCJsK)} = €2 * DSGRT(Y3) =" Q.411%PU — 0.75%PUY%A
PP(J+K) = 0, 0 _ . -

1800 CONTINUE

G0 TO. 2100 N . o o .
! N . . k] T " ‘3:. _
SOFT /CLAY BELOW WATER SURFACE : ; 'f T e T

* s’ o o vk - - —---——--,-———---.'._—q.--——--——_-_—-—-,— ——_.—_---

1900 CQNTINUE L N ‘ - i oo ‘-
C PUL = (3.0+(GAMAV/C(KKJ)¢x(K) +(0-5/PD)#X(K)) tC(KK}*PD
»puz =, 940 * C(KK) *PD £y :
.';: lF ¢pu2 .LT..PUl) PU

l-....’p_‘w
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2100

2200
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2400
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200
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YS0 = 2.5 % EPSS0(KK) * PD °
DO 2000 J=1 sNUM ,
PP(JeK) = (0.5 & (YMIJ,K)/Y50)%2{1er/3.)) = Py

[F(YM{JsK} oGTa. (BeOXYSO0)) PP(JeK)} = PU - ‘—#N\\\\\‘
CONTINUE : ’ ' o :

CUNT INUE
X(K) = X(K) * CIM
00 2200 J=1.NuMm

YMEJ,K) = YM{J,K) % CIM

PP(JdsK) = PP(JwK) ® (CLBKN/CIM) . .
CONT INUE ‘
CONTINUE ¢

GO TO 2500 =
CONTINUE \ . L .

"WRITE( 6410) NX ° C .

sSTOP | -,
CONTINUE - v . -
RETURN :

. s ' s .
FORMAT( 917, 6(/) 410X, INX = *,13,10X.*GT  257)
END C T . ’ g )

\

SUBRUUTINE YINTPL (XY NDIMeiNe XBAR »Y BAR)

#*-‘t**t**;****##**tt#ti\l AR SR E RN Sk R kR Rk R Rk RS F kR ke kk kX
\ . .

* : ' . , . N X
* s ‘TO INTERPOLATE FUK YBAR CURRES. TU XBAR , P
* % ¢ A SET OF TABULATED VALUES FUR X&Y 1S KNUaN | *
* [ : . . %

e R 2 2 2 i##tt*t*tt#t**ti*t**!t*ttt#* Iy Y T Y T Y
\

IMPLICIT REAL ® 8 (A-H , 0-2) N
DIMENS I ON &4N01M).Y(Noxu) .
IF (XBAR.-LT-:X(I) «OR.. XBAR +GTe X({N)) GO TO 250
DO 100 I=1 4N ' R - o '
IF (XBAR .GE. X(I)) GO TO 100
.L = I . ‘ " . '._' 3‘ . . . B \‘
GO TO -200 - ' : S ,
CONTINVE  ~ © | o o <« - ‘
~ YBAR ‘= Y(N) . o . . . . )
GD TG 300 . - o L ;
CDNTINUE ' : S N ‘
SLOPE = (YLl - Y(L-lll / (X(LI-X(L-III o - - o
YBAR .= “Y(L=1) + SLOPEt(XBAR-X(L DY
GO.TO 300 | ‘ . ) e R R
. CONTINVE . - s R BT

- WRITE(6, 100 XBAR\ L

T L e UM &

.
i
‘
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C
10
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C
C
I
. c
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e
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o
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' 100
200
- . 300
! | P

c

. . . C

. / d .‘-c.

~

f
<

ROOT , C
-CONTINUE e I

END \

**t#i#ttt**#**tttt**#*t**t*#t**#tttt#i**t**ttttt**t**tt*t*#tt**t#t

L 2 : Yo R
% .”,“" C .'ro COMPUTE FHE FUNFTIDN ¥ =‘FI}?.Eg U S
*. _‘. L oL _'\’ . . o . I —:t

'H‘**###t*t*tt‘**##t*##**##***#tt*t**#*“‘**t#t*tt##ll#t#*#**t#tt#tﬁ,

'“&xMPLICIT REAu % a (A—H . u-z)

239 ¢ _'1.

sTap
CONTINUE . .
RE TURN . .- .
) - -

EURMAT (' 7450/ )4120X,"XBAR = 1,0135s 10Xy *UUT GF RANGE *//) ' .
END - . . A.

1 . - 4
SUBRQUT INE CHECK (F,4,B,R00T) . . . .

*

REABEEREEEIERE XX RERK RGN G R R R RN R BTk Kk ko k F kg &k t*#)(#::#*t*#t*
* ) ' ' ®

INTERSECTION UF THE FUNCTIUNS FI E F2' *
* ' ( F =.Fl=F2 ) WITHIN A GIVEN RANGE As3 ~ ~ «
* ‘ AR - ok
T s L

* . TO CHECK FOR THE

IMPLICIT REAL # 8 (A-H » 0-2Z) * " I
CUMMON /8LOCO3s Cl,C2 ‘.

N -§0 A . o ',\ '
DX = ¢B-A) / N . o o
X' = AF+DX 1 '

F(X) -
N-1

~

NMI =

\ 3 : : .
00 100. I1=1,NM1 ' : , :

X = X+DX

IF (I LEG. NM1) X = 3

YN = F(X) '
IF (YO%®YN ,LE, 0.0) GO TO 200 ' ’
¥3 .= YN T - S . -
CONTINUE ’ 4 ) ot
ROOQT = 0,0 S :
&0 To 300 . . ' NN

CONTINUE A L) '
=\ X < DX/2.0 ' ‘ '

RETURN =~ . .

FUNCTION F(X) ;gﬁf ‘zf“hmﬁﬂn""l,f_:} T '~,_' T

AU TR T

o « o .-' oo -
’ ‘/«‘ .‘ : N ,\ N L\.
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SUIROUTINE SUILM (HyNELM,Y,ES5)

AR BAEBEEC RS AR R R RR R A R A KR C kP e K ke Rk ok Rk ok

* CALCULATE REVISED VALUES JF SulL MODULUS =
I ImnmnmTmMmMmmMmMIT,TmTNMmMmMm T .

v AR Rt e

IMPLICIT REAL * 8 (A-H » U-Z) . .
DIMENSION Z(31)s YR(25), PR(25) 8
DIMENSIUN Y (310 ,ES(31) '

L) hd

CUMMUN /BLOCO02/ NX ,NUM, X(25), YM(ZS.ZS)IPP‘(JOLS’ \

S .

tt*rﬁ****t#t****#***tt**t* #*******#*t**##*#*t**t#*#***#****#***t*t#i*
SET DEFLIECTION VALUES EQUAL TU Z(1)

tl**#t*x*******#******t4*******#*#t**t*****t****t#*ttt#****tt**t*t*t*t -
: N1 =" NELM + 1° ‘ o~

©.DO 1 I=LlsN1 o
2(1) = .0AEBS(Y{1)) . :

. 1 CONTINUE o , : ‘ e
s s : . Vo

. | ' 2
EEARERRE R R KRR KRR R KRR R KRR KRRk AR Rk kR RN AR RSk Rk Ak AR TR R R FLE
STAT ION DEPTH EQUAL TO. A P=Y CUVE UDEPTH
##**#t***it**#**#.#t****ttt*#t**t**#t'#*#** 132 EET 2RSS I IR AT RS S

" s s INTERPOLATE SOIL RESISTANCE BETWEEN DEFLECTIONS .UN A P-Y CURVE

B30, 0 '
DO- 31 ,1=14N1 k-
DIST=B*%H . i \ R
K=1 S . e
IF (DIST-X(K)) 12+3,10. ) , '
DO 4 JI=14NUM .

YR(JJ)—YM(JJ K)

PR(JJII=PP(JJK) o o v ,
'coprxyus o X “ . C ' .
JI=1 . y ' ) . b

IF (Z(1)~- YR(JJ)) 906e7 : -

" ’ .

W

"PC=PR(JIY T RN e
' 6Q TO 27 ‘ ' e - o o
F?(JJ—NUM)'B,G.ev . , .
NENFTS S o ~ . - , o 3
go T0'Ss o o L : . o -
TERMI=PR(JJ=1') - o ' ‘ A
‘ rEan-(tPR(JJ)—PR(JJ—l))/tYR(JJ) YR(JJ 10))*(2(1)-YR(JJ 1))
' PC=TERMI +TERM2 : -
... . 60"10 27 Do : L ' T
10, EF (KENX) F1s3,3 .~ Y e T T s
!’11f“}‘K-K*‘ S S T N

DN oy P
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GU TO 2
C
C , v
R LI I MM I NI I T MmO
C STATION OEPTH NOT EQUAL TG A P-Y CPRVE DEPTH :
C #*#**ttt****tt******4#**##****l#!**#*#***t#*###*#*t*l#&##**$t¥*t##*t*# .:
C ﬁ' so o INTERPULATE RESISTe BETWEEN DEFLCCTIUNS LN ADJACLENT CURVE 3
12 OU 13 JJ=L4NUM %
. YRIVJII=YM(JIIsK=1) . '
PR{IJII=PP{JIsK~11}
13 CUNTINUE '
JJd=1 s, )
14 IF (ZCE)=YR(JJI)) 18,415,116 '
15 PA=PR(JJ)
\ Gu TO 19 Q
16 IF (JJ=-NUM) 17415415
L7 JJ=JJ+1 _
. - .GU- TO ta ; oo . \
18 TERM3=PR [ JJ=1)" ’
TERMQ—((PR(JJ)‘PR(JJ 1)?/(Y94UJ)-YR(JJ~1)))t(z(1)—vR(JJ-l)J
' *PA TERM3 +TERM4 . . Co, . . '
< e ‘ v ' : ' .
C ‘ '-..XNTERPULATE RES1STe BETWEEN DEFLELTIUNS UN ADJACENT CURVE . -+ |
. 19 DO 20 Ju=1,NUM . :
YR(JJ )=YM(JIJyK) 4 \
- PRIJII=PP{JI¢K) . . '
20 CONTINUE _ v
. o JJ=1 ‘
21 IF. (Z(1)=YR(JJ)) 25,22,23
22 PB=PR(JJ)
23 IF (JJ=NUM) 24 ,22,22 )
24 JI=JJ+1 : . A ) .
, G0 TO 21 ‘ : . ’
25 TERMS=PR{JJ-1) '
. TERM&‘((PR(JJ) PR(JJ—I))/(YR(JJ)—YR(JJ~I)))*(Z(l) YR(JJ 1))
, TERM5+TERM6
C"~ - - ~
c i
C #***##***###tt**tt##*t**t##t**tt#***tt*##**t#t##t****##tt###*t*ttt*t#*
C INTERPOLATE SOIL RESISTANCt BETWEEN' ADJACENT P-Y CURVES AT DEFLECTION .
C t#*##**t#*t*****t*t#tt****#tt*t*%*#tttt*tt###*tt##t**tt#&i***t#tt*#*#t
. .26 pc PA((PB- pA)/(xcxr-x(x-n));«(oxsr—x(x-x)J . o Co-
: . < \
. e ‘
. A c'#*tt*&t**ttt##t*t*t*t*t*t:*tt**t#t#***t*t**t**t*t*t***t*tttttt**ta*t*t‘
i ¢ SET REVISED S01L MODULUS VALUES. . - o
ot - C #-ll#*t*tt#tt***t*t###ttt*k#t#*t*#t**tt#tt***##*‘#*t#*t*tt#ttt*tt**tt***t '
b7 IF (Z(T) ] 2B529,28 -+ - L S
.« 28 . ES(I)-PC/Z(I)"', N < -
- L ... 60 TO 30 ~
o A1) LESCI)=0.0 :
. . 30 . -s+1.o .

'.\

- v‘\'







C.IIT PARTIAL LISTING OF PLOTTING SUBROUTINES USED IN THE PARAMETRIC
¢ ANALYSIS GRAPHS® » ' , *

aOnN

SUIROUTINE PLUTNN

#***#*##*t*#*t#***t****t#**t**#***#*.#*#*##f&**t**l##t#**#t*t**###

10 PLOT THE RESULTS !
‘*tt##tl‘*###***tt*****#**t**t*#####**t“*tttl*#ﬁ#*#t*tt#t#*t*#t##

AN aNalaNe!

OIMENSIUN IBUF(1000)

DIMENSIUN X(152)»Y1(162)sY2(152) .

DIMENSION V (22)Y1ABMX (22} Y2MAX(22)y Y2ZMIN(22)9BIGARR(42)
DIMENSION Y01(20),Y02(20}PL{(20] , vy
DIMENS ION XCROS(100)

NDC = 152 . o . , .
REW IND 10 : '
~ CALL PLDTS (luUF.looo.b) . - g e
c v . ) . : ) ’ ‘ . '
READ (10) uapc.Nopp : _ g A ‘ ! S
PHT1 = 11,0 # Nopp S . o ' S
" PND1'E 8.5 . - ' S Co e \
"CALL PLOT {a, o.x.o.—s)- - \ i C -
CALL PLOT C(PHTI1 §0.0+2) . ..
.CALL PLOT (PHT1,PWD1+3) - )
CALL PLOT (0,0,PWDIL,2) ’ ' , \
CALL PLOT (0,0,040,2) * )
NOPPML = NOPP - 1
DO. 100 ‘I=1,NUPPML = °
PHT11 = 1140 % 1 .
CALL PLOT (PHTLL14PWDLl+3) |
CALL PLOT (PHT 11,0, 0.2) -~
100 CONT INUE’ :
PHTLL1 = PHTI1 + 2.5
D0 200 I=1,2 s
PHT11 = PHT11 & 8 5 -
PWD11 = 9.6, . ‘ , . v

_ PHD1Z = -0,8 ‘ ' s oo T "
- ./ caLL pLaT (PHTII.PHDII#SI v . ‘
' T+ CALL PLOT bPHTtl.wa12.2l‘ o v ) ..

200 CONTINUE'  ° e N '

N CALL PLOT kx o.t 3.—3) . _;‘ L

c '; T a o Co L. N .

S TPHTZNE 9 o : s o

: pwuz 6.6 :

L #bo" 300 K= 1,anp v:j k
O ‘ CALL PLOT (PHTZ 404 o.z)——_

: v CALL. PLOT - (PUTZoFNDZ.Z)
CALL.PLOT to.o.PwDa.Z)
JeALL PLDT (10,0+0, 042)° )
O LIF AL eEQe. NOPP) GO0 TO: 400 e
SRR - CALL PLOT: (11.0.0 o.-a) S

o 300 CDNT]NUE : Y

o5

u il




Saacyope
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400 CONTINUL

CALL
PHT2
PwD2

= -(PHT140.5) + 0.8 : ’

PLUT

= 9,0
= 6.1
PLOT (PWD2sDe0+2) .
PLOT (PWD2+PHT2,2)

PLOT (0.0sPHT2,2) .
PLUT (0.40,s04042) N . .

{11eS5s=1eSe~-3) E

1.5 + 1.07
PLOT (XOsY0,=3) . .

READ (1C) X,
XA X 60
YA X 1.8
XAXR = 640, ™

YAXR = 2,0 g

oo o LA

’

N r
(10) NUHA» KODEPs KODES ° , \ \

. CALL
~ . CALL
. CALL

-MNDLEX (x{NDc;N.XAx;XAXR.x(N+1).klN#é).lcxpx)

MNDLEX (YloNDLpN-YAX;YAXRnYl(N*l’nYl(N+£).IEXPYl)

MNDLEX (Y2oNDC'NnYAX¢YAXR-YZ(N+1)-YZ(N+&)'IEXPYd)_

CYOLUITY = —C ¥U(N41) /7 YIi{N+2) ) ' L
) eovoa0It) = -{ Y2(NH1)- / Y2(N+2)0 ) o
S e = XN 7 X(N$2) e e S |

e cad . .
S cALL xAxJS“(Iexpx.xA
CALL YAXIS (IEXPY1,

. O Y
.x(@#x).x(~+z))
AXRle(N+l)oWl(N+2)’

< CALL YITIFL (IEXPY /A YA XR)
CALL FLINE (X3¥1:~Ne13040)
CALL CROSNG (r.vl.NDC,N.xCRos.NKCRos)
. CALL PLOTXO (xcnos.Nxcaos.x(N+1).x(~+z) von(lx)n
C o
CALL PLOT (0,043,33-3) ' .o
. CALL XAKIS (IEXPx.kAxR.X(N+1).X(N+2)). &
B CALL YAXTS (xsxpva.vaxn.vz(w+1).vz(u+z)) ' \\
© ot CALL Y2TLTL (&EXPfiw*AXR) ‘ S ' ‘
AR Y CALL ELINE. (X $Y25=Nys15 00 g * ®
.. \CALL CROSNG (XsY2¢NDCsNoX kos.nxcnos; S .
cAuL PLOTXQ (KCROS-NXCRDS-X(N+l).X(N+2)‘Y02(II)) o
c - - . 1
¢ oL - cALL PLOT (5.6.—2.5.-3) R : :
' ' ‘IF (NOHA "e€Qa. 1) CALL 5QRH (wvy .
* .. IF (NOHA .%EQe 2J CALL SGRV -~ (VW) ' - L
- CIF (NOHA .EQs 3) CALL SDRMT (wv) .+ = .
4 IF (NOHA <EQ.-4) CALLSGRL. (Vv) =" . - ;
: - IF (NOHA JEQ¢ '5)- CALL\SOREI tw) -0 RS
o ,;' JIE (NOHA «EQs. 6)- CALL,'S@RO" (VM) = . 0 v o T A
’ g ‘lF {NOHA' «EQe 7) CALL\SQRD AVVY o0 T e e e
R L "(NOHA " EQ.-M8);CALL "SGRC,‘ (VV):'\"~ 0 i: o SR ER
L ‘IF‘WNDHA .Eo./g) CALL SQRG o(VV)- = S L,




500

. 600

806

'JIF (NOHA <EQ. 8). GALL TITLC' (IEXPV.VAXR.=0.3)

. CALL MNOLEX (VogZ-NUPCoVAX.VAXR V(NOPC+I).V(NUPC+2)olEXPV)_

1 : s IEXPD) .
cAaLL MNDLEX‘(BIGARR-42.NUPCZ.YAX Y AX R, 1
1 ' 3IGARRaNOPL2+1).BquRH(Nopcz+z).texpm)
B
DO 800 I=1,2 ' \ "

- CALL, PLOT - (VAXR--O 3.3) o e Lo l,_ . ‘

CCALL ‘BLOT (VAXRs YAXR, 2} . ‘ S
. CALL'PLDT, (040§YAXRs2) _ ° - _ = o L R
' CALL PLOT (o.o.a 5.-3) '._--,;’§~‘ j: .
‘ o“—;-(aIGARR(MUPC2+1J) 4 (BIGARR(NOFC2+2)) - ‘»'f'i' .
'LUCALL VAX[SN (4EYEV.VAxn.V(Nopc+x) V(NOPC+2) vo; oy

246
CALL PLUT (2.2.-3.07.—3) A \
CALL VTITLS (NUHAKODEP ,KUDES.11)
1F (11 .EQ. NUPP) GU TO 600 ‘
CALL PLOT (3.2+0.574-~3) :
CONT INUE %
$

. ]
CONTINUE ) , .
CALL PLOT (3,6,0.9,~3) '
READ (10) V,YLABMX, Y2MA Xy Y 2MIN N
VAX = 4.5
YAX = 1,8 \
VAXR = 5.0 ' . o
YAXR = 2,0 ' ’

N LY

.00 700 1=1.NOPC -

BIGARK (1) "= Y2MAX(1) . .
'BIGARRMNOPC+I) = YZMIN(I) , e .
CONTINUE -~  » 2 - - ‘

NOPC2 = NOPC + NOPC S : i

CALL\HNDLEX (YlABMX:EZpNUPL-YAX-YAXR:YIA&MX(NUPC+1J.YlAuMX(NUPC+2)

Y2MAX INDPC+L)
"Y2MINONOGPC+T)
CUNTINUE ‘

BIGARR {NOPC2+1 )
BIGARR (NOPC2+1 )

ou

-

CALL VAXIS (IEXPV,VAXR+V(NORC#+1 ),V (NOPCt+2))

IF (NDHA (EQ, 1) CALL TITLH (IEXPVesVAXRs=0,4]} .

IF (NOHA «+EQs 2) CALL. TITLY (1EXPVsVAXR p=043) _‘

IF (NOHA EQ. 3} CALL TITLMT (IEXPV,VAXR~0?) e
IF (NOHA +EQs 4) CALL TITLL \ (IEXPV.VAXR;=0,3) : :
IF (NOHA <EQG. 5) CALL| TITLEI {IEXPV,VAXRs~0.3)

IF (NDHA (EQ. 6) CALL TITLD (IEXPVsVAXRWw=0:3)

IF (NOHA «EGs 7) CALL TITLD, (TEXPW VAXR=04¢3)

IF (NOHA'-EQ-’Q) CALL TITLG (IEXPV.VAXR+=0e3) -
CALL Yax1s (lEXPo.YAxR.YIABMx(NUPc+1).YlABMx(NOPc+2))

S N 4

. CALL -DTITL . (IEXPD.YAXR) = o : _ i A

"CALL . FLINE cv.leaux.-Nopc.n,x.t)
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-

IF (NOHA .E€Q. 1) CALL TITLH (LEXPV, VAXR2YO])
IF (NOHA ,EQ, 2) CALL TITLV (IEXPV.VAXR,YQ)
IF (NUHA eEWe 3) CALL TITLMT (IEXPV,VAXR,YC)
IF (NOHA JEQ. 4) CALL TITLL (IEXPVsVAXR,YO0)
IF (NUHA +EQ. S5) CALL TITLEI (IEXPVsVAXRsYO) ‘
IF (NOHA LEQ. 6) CALL TITLD (IEXPV, VAXR.YO0)
IF (NOHA .EQ, 7) CALL TITLD (IEXPVaVAXR,YO)
IF (NUHA «EQe B) CALL TITLC (IEXPY,sVAXR,YO)
IF (NOHA LEQ. 9} CAlaL TITLG {(IEXPVsVAXRYO)
CALL YAXIS (lEXPM'YAXR.BIbARR(NDPCZ#I)pBleRR(NuPC2+£))
CALL MTITL (IEXPM,YAXK)
CALL FLINE (V, Y2MAXs—NDPCs 1:1+3)
CALL FLINE (V9YZ2MINe=NOPCs Lsl,s11)
CALL PLUT (0,0,0,0.3) '
CALL PLOT (0.0e—013:2)
CALL PLOT (VAXRs=0.e3+2)
CALL PLOT (VAXR,YAXR, 2) : -
. CALL PLOT. (0+0+YAXR+2} S N ‘ : TN

C . . B ; '
CALL PLUT (3.842.1,=3) : : -

b CALL svqus - : -

. ) CALI.‘, PLDT ("4-0"‘8-l|"3) .

CALL HTITLS (NGHA.KQIQDEP‘KUDES, 1

C .
D RN = -(PHT1+505)

YN 2417 ST

CALL PLOT (XN, YNs-3). .

CALL PLOT (2.5%0 np »=2)

CALL ALOT (2.8+0,0,-3)

CALL PILE (YOl,Y02sPL520,NCPP) N
- RETURN o S

END ] ) 7 o .

e b T Y e

.
’

oo
1
N
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100

200

+ CALL -MNDLM. (VMN, DELV» VAXRy TEXPI T .
4RETURN C .' ) O R A o i o " ’ . I e

vEND)

KN oW el

.. 1F . (ABS (VMXR) -4 GT. ABS(VMNR)) ABMX'= ABSIVMXR) o

,;1F (ABMX_ .ss.-;od.op'so TU 100 R - e
.60 TO 300" i T T )
s CONTINVE. "~ R T S O TN N
ABMX 3 ABMX tf;o.o.-ﬁw'ﬂf'tﬁlzf~,%ut;‘,f} T ST L
- LEXP 1 texe - T A T -
IR (ABMX. eLT. 11 TN

00 RETURN .~

TENDN s
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SUBROJT INE Mmogzi {VaND'W Ny VAXsVAXR s VMN 4 DELV ¢ 1L XP)

- R R e e s e R T R L
TO GET VMIN s DELV o EXP . '
FEREER AR R R kR Rk kA ek ko X Xk g *t******#***#*t***********

[y

DIMENS ION V(ND) o
VMX = V(1) :

VMN = v(1) N

DU 200 I=2,N :

IF (VMX ,GE, V(1)) GO TU 100 : <
VMX = VoL , , _ '
LF (VMN «LEe V(1)) GO TO 200
VMN = ver) o .4
CONTINVE o : : : g . ;
UF (VMX .EQ.  VMN) VMN.= 0,9 & VMX | S Co LR
OELV 3 (VMX«VMN) 7/ VAR T SN : SR S
CALL VEXPLyMN-DELV-VAXR.lEXP) S L T e

——

A i TN ? . "

SUBROUTINE VEXP (VMN:DELV + VAXR s IEXP) TR .~

t*#***t*&*T#tt*t*tt#**##t*t**#****##*t##*tt***#t**##ttt**t##*#*t#t )
TO GET- THE 'VALUE OF THE EXP CORRES. TO SCALE VALUES 10..0 TU 99.99

.tt#*t*tt*ttttttt**t*#*tt*#*tt*t***tt**ttt***tt*tt&*#*t:*&#t*ttt#tt )
I N

R . . ' . \ ) 2
VMNR. 2 VMN* ' o . .
VMXR = VMNR + DELV&VAXR : S . .
ABMX ‘ABS{VMNR) , L S .

~

"

IEXP =.0 N - S
IF ((ABMX . .GE. 1060.0) GD TDP!OO N o . : :
IF. (ABMX’ .LT.'[O-O) GD to aoo N ‘ SR RSN
GO, TH 300 - - L S AN
CONTINUE = . g," lnr’ﬁ:-/ o S P R '
ABMx‘ TABMX /1040 T T e T AT e T T s
AEXPI= IEXP 70, P AT SN




AN = - 1
; g .
: ‘ ]
. ) ’ 5
- : ‘ 249 . a
‘ - ‘ !
C , - .
SUBROUTINE MNOLM(VMN,DELV +VAXR, [EXP) ‘
< -
C .~ *tt*tt*t*t*#t***#**#ttt##ttt***t*#**#*t#vt*tt*t*t#t#*#t**t#*t*#tt#
c TO GET ROUNDED SCALE VALJES FOKSVMIN  DELV
C AEk kAR kxhkkkk bRk REE KL B REKK ******#***it*t#t***t******t*t*t%******## -
c .
, VMNS = VMN 7 (1i0.#%1EXP) . *
. DELVS = DELV / (1Q0.%%x1eXA) ' )
‘ . VMXS = VMNS + DELVS*VAXk
N RR = 1.0D=10 : :
IF "(VMNS) '1:00,200,3CC ~ ' : %
- 100 VMNSR = VMNS - RR . . o
s . GO TO 400 ' ' : - {
’ ’ : . 200 VMNSR = VMNS . . ty . .
: .~ GO _To 400 .. . LR S
' 300. VANSR ‘= VMNS + RR : ) ' . " E
e . "400 DELVSR = DELVS '+ RR' - e w
L ,.1F (QELVaR'.Lr..a.O) o ru 500 e L .
o . DEN. = 1e0! N N e Y ~ .
B Ty ' VMNEM = (1F1x:vu~sn)/z) *\z ,.' ; S Co e
I . 7;1F CVMNSR oL 0°40 - e AND ABSLVMNSM-VMN&) 6T n@) e oy
Do R e VMNsM‘£ VENSM =.2.0 . B
S SR GO TO 600 . e YT e
L0 . 500, ‘DEN = 23 I -_,,t-~ e .
i o T VMNSM = IFIX(VMNSRJ - R _ '
¥ v " IF (VMNSR- ¢LTs 0.0 .AND._ ABS(VMN&“—VMN i) «GTe RR) '
; R S o VMNS M= VMNSM - I Co
600 D 5 VMXS — VMNSM . ‘ ' e
DR = D".- RR -
7 DD 700 I=1,400 - . - : T
Y w DELVSM = I / DEN ‘ . ’ :
: IF (DR oLEs VAXR*DELVSM) ‘60 TD 800 L ' . .
; T 700 CONTINUE . g :
sToP . L. vu‘_ o, o ‘ ‘
' 800 VMN ='VMN$M & (10./%*%I1EXP) ) o ‘ o
Y , OELV '='DELVSM # (10.*IEXP)’ °° = o - T
SR RETURN N o : T :
. R END :
H : - R \ L3

or R
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SUBRUU?INE XAX 1S (IEXPXsXAXRy XMN DEL X ) IS

BN 5

TO DRAN THE X-AXIS (ELEVAT]UN) ..

. kE# t**#tt*t*t#**###*t**#ttt*t ™ ****t**t**tt#t####**t***t##*t*###t#

100

. CALL SYMHOL (999.'999.-0.07.“'M'. 18040+ 1),
- CALL NUMBER (999..YPAGE-O 8950.05,VEXP,180. o.—t) * N
. CALL SYMBOL (999..999..0.1.*) ' :

CALL NUMBER (KPAGE+0 o7.vast-o 63.0% 07.FPN.90 0.22 T
TP o= XAXR L - Lo 5 N N

:thGE
‘CALL NUMBER‘(XPAGE.YPAGE-O 71.0 07.FPN.90 0.2)

CALL PLOT (XPAGE,YPAGE=Ds25¢3F . - . -~ ~ = .
CALL PLOT (XPAGE-YPAGt o.xs.e) j'g ST '

~‘XD[S

,CALL SYM3OL, (999..999..o.or.'M-.lao.o.n) LT
caLi bYMBOL (999..999..0.1.'30.150.0 1) . g" N

. .. : s .
XPAGE. 0.0. , ‘ ) ' < ’
YPAGE = 040, ! ) .
XMNS = XMN / (1o.ottlsxPX). :

DELXS ='DELX 7/ (10, Ot*lEXPxi

FEN = XMNS e . ,f L o ‘i‘
CALL PLOT (prGt.vaGE o.as.e) O : ’

00 100 t,ar.  t - R A
© XPAGE ‘#% 1. o . ‘ "f; R s
FPN FPN - DCLXS ' s : 4

CONTINUE , - ‘\f R . o :

IF'(IEXPX-AEQ;.O)”GG 18.200 S S

VEXP = IEXPX’ L . . : - ~ o .

XD15 = (XAXR/Z2e0) = 0.9 . A N e
CALL SYMBUL ¢ XPAGE-XDI SeYPAGE=0,8240. l-'ELLVATION (1,180.0412)

*10'9180 0r7’

G0 To 300 . - Iy A o
CONTINUE ' Ca ':jfi . e
(XAXR/2 4®) = 0a7 1 . F S S \ .
CALL: 'SYMBOL (XPAGE=XDI S +YPAGE>D , 52.0 l.'tLEVATIUN '

CONTINUE . ..y (0 : o i

- .o

.,';XPAGE = 000 P ' ’ : v . . ": S LR o .‘ S
< CALLE . pLUT (XPAGI‘. QYPAGE p3) ' o o ST

:-XPAGE'A {
-vpacs‘,;‘;"

[T e P AN

#*******#t##’** #‘*******###****t#ttt*#t**#**t*#*#{t**#*#**tt* ****# L3 24

S RETMRNL Y LT , L T PR
' RPN - L " . Co N -
" END " D L R T
L T R S TR Th P
'fsuanourrNE YAXIS (lEXPYoYAXRcYMN.DELY) -1‘;§.filhpf' : - i
. .x ~\ 3 . "" -“' .1
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- _-GA

IF (ﬂEx?YI

CALL SYMBUL -

CALL SYMBDL
CLCALL SYMBOL
" .CAlWL NUMBER
TG0 Te 200

. 100 CONTINUE

SUBRUU1JNE YITITL (IEXPY1l, YAXR)
X

VEXP. =. IEXPY1 . L 5
YDIS = (YAXR/2.0) < 0.5 ‘

u

.EQ. 0) GO Tu 100 . "

»

€202, Y0ISs 0010 t¥ ' (490 0,8)"
(999, 1999, s0,07,* M 50,0 51)
9942999450514 %) * ¥10¢,90.0,7)
(=0,27 49990405+ VEXP+90%04-1)

YDIS = (YAXR/2i0) - 0a2 '

CALL SYMBOL

CALL S5SYMBOL

CALL SYMBOL,
200 CDNTINUE

(-0. é.vols.o.l.fvj ('590.0,4)
(999.-999--0.07.‘M'.90 Os1) .
(9990'999000010'.)"90-00 1)

.

CALL PLOT (0.0.0.0.31

 -RETURN. : -
- ' ) 1 Y .
SUBROUTINE v2TITL (rsxpvz.vAxR) N ‘

..... . A0 . R
*#********##**##****#***tt*t'***#******l******#t*'******##t*#*****in )
~TO WRITE THE MOMENT TITLE M -~ % 70 x Ry
****##********#t#****#*##*##*##*t#***#4***##*#**t****#*###**#*t**f

o it B .
1F" (IEXPYZ .Eo. 0) GO TO 100 i e
VEXP: =, IEXPYZ - - ﬁ;y ‘ '

YDIS r\(vnxn/z 0) -

o CALL’ SYMBOL
_ .svuauu
CAL: MBDL
CALL NUMBER
GO TD zoo

.‘

IOQ CDNTINUE

¥DIS. = (YAXR/Z-O) - 0.4

‘EALL SYMBOL
CALL . 'SYM3OL
CALL " svnaou
. 200 CDNT[NUE

6., '?w'

(:puZ-YD
1(999.'999 c°.07.: M' 490, 0.2)
‘99”.0999.00 ll')
("0027.9 9.'00;’ O5QVEXPp9° .0"‘1)

(-o.z.voxs.o.lf'n (KN'.90.0.6)
(999..999..0 07", Mi390.70,2)
t§99..999..o.1.')'.9o.a.1)~aﬁ

, txo-.go.o.7)~"

>

RS (KN~.9o.o.6)" '

252

*#******t*#t*#*****¥}***#;****###t*#****#**tti#tt#t*t**t#*##**##*t
TO WRITE THE OEFLECTEON TITLE ¥ :
******#***##********#**#*#******t#*****##****#‘***4**#****#**‘#**#

Sbichbat)
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SUBRUUTINE PLOTX0 (XCROSsNXCRUS»XMNsDELX »Y0)

ARKEEREX KR KE KK RREER B R E R R R KRR R E RN R KRR KRR R F PR E TR R Rk Sdhokk Tk

TU PLOT THE POINTS OF ZERO DEFL.» OR BeM,

Ty Ty T Y Ty Ny L T T R L I TR ST T
- ¥

. [
DIMENS ION XCROS(100)
DU 100 I=1,NXCROS ' o . ;
XPAGE = (XCROS(I1) - XMN] /. DELX

* CALL SYMBOL (XPAGE;Y0,041413,04Ca=1) - =

100 CONTINUE ! - L .
" T RETURN RN S R C R .
END - . . [, ' . . A&. \ .
> . B . . R ’ * \ . .. N . . " . (RN ) -
. : A oo
. " N 1 ’ Al (.‘.%".
.- . N %













