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The;increasing use of fixed offshore p supported by pile foundati

hds encouraged the developmen't of morf,utioml methods of analysis of pills. '

jected to comblejxul and lue _loading. The combination of lnge lnlernl

" loads resulting from the action o! wmd waves anfl currents' in eonjm:uon with

'vemul loads has created the, need to- an-lyu sy§tems exposed 'o large |nc|med
loads. : ST 4 2 .

« The lscope of this thesiss to shn‘d).' the pile-soi‘l interaction of.a verﬁ iu|-
ble p

under _mclmed loadings'in dens. sand To 3tudy, the interaction,fmodel.
flexible piles-of 25 25 mm 42 mm and 60 mm dmmeters were_jacked into sand with
controlled density. Thue model pllu were mstmmented with lcud-eells and

strain-gauge bridges to measure the bending moment distributions. The p|l=

- were !ated under vertlcll homontal nnd lncllned loads; using a oompnlemed
=i

?

dat- acqmsmam system. A suitable sou conumer nnd laboratory test frame were

"bassembled to conduct the tests.

TheVertical load test results indicated that the value of the bearing capacity

factor-,N, , was constant with dépt? and _cqn.‘sisuntly smaller than that predicted _

by various existing theories. The results also indigated that/the piles had aeriti-
cnl depth whee? the point resistance became.constant j’ith 'éeplh, at a pile’
¢

dumeler/depth ratio of lbout 200 oh S, . * =

3 Expenmenul Py eurvel wem compnred with those proposed by Reese e! :l

4 (1974), Matlock et al’ (mso), Scou. (1980)°and Parker (1070). The- test data Indl-

L cgte that the semi: iri methpds d imate: the ultimat ist near

the pile head and i it at depth. C

test conditions showed good agreement with the measured rupol,sé.

puted "aponu ol';pilu under *
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in the pile section by

'I'Qe ultimate load uplqty nnder l!lc[.' ed loid dee'msk mth load lpelmw- 4

utm. wnh a upla’ redllchon lor lud mchnl\ﬁns between 45 Illd 90 d s »‘
’ Comp-red tosa plle lﬂb]GcM w only lmml lold the vertical load on the p
. increases “the lateral defl s by about 4 to IS %, and the maxjmum | momen!
nboJ;p m% for lond mclmugom from 80 to 30 degree_. \

\
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) CHAPTER 1 .
. . i ™~ N
: : - lNTRJDUCTION_

1.1 GENERAL

Pile foundations are frequently used for structures when the soil immediately ‘
below the bage - WI" not provide adequate bearing capacity. The purpose of the
& pxles’xs to transfer the load from the structure to soil strata wh can sustain the
‘ ‘ 2 .aPphed loads. e '} »" . ‘
g, ¢ Enr vertical piles when the loads from the structure are-vertical, ‘then the
: Yoads transmitted to tﬁe piles w_ill bg pripcipnlly axm_l. It some: horizontal load:

componernt ;is. prefeht a lateral force will also be" transmitted to.the piles. Eo}

most structur.

tal and vertical of load are.present. 'In

. some ing ) the hori 1’ com) \ will be small and- can be neglected.

However, for many- structures such as offshore drilling platforins, quay nnd har-

buur structures, lock str ,and i tower foundatio ifi

horizontal forces are likely to be produced either due to winds, or waves, ora-
combination of both. Therefore, for a complete:analysis of a pile l‘qx dation_for

" A such structures; the behaviour }I the piles must be analyzed for botl axial and

lateral loads.

When the axial and lateral load on s pile increase at & constant rdte’the

applied load on the pile is inclined at some constant angle; a. Pregently, the

i methods of analysis of piles sul;jected to inclined loads use'the ﬁrin iple of super- .

posn,lon by 'considering the uml and Interul loads sepnntel | (Reese. 1975,

' Matlock et al 1983) However, in case of long ﬂexlble pllu, that are likely to

cause the soil to ‘yield, superposition. will not_hold good (Madhav et al, 1082).

-




The“‘\inmuing use of fixed oﬂshurer latf pported by pi]e,‘ dati
has encouraged the development of more fational methods of analysis of piles
snbject;ed to combined “axial and lateral loading. The beh‘/nvionr of_single piles
“under combined axisl arid lateral kiads slso forms.an important input into the
analysis of offshore pile groups (Poulos 1980, Toolan 1980).

Evans (1953) conducted one of the earliest experimental studies of vertical
piles subjected to a constant vertical load with increasing horizontal'load. Since
then, inmﬁ;.cio;. of piles subjected to. inclinéd Joads has' been ‘confined ‘to

. smpllscale rigid piles (Awad and Petrosovits 1968, Meyerhof and Ranjan 1072,
Meyerhof ftnnl 1981, 1983). Meyerhof et al (1981) have' proposed sn interictigll_
equation for scimning the ultimate load under inclined loads for rigid piles.
This.equation was verified subsequently by Chlll and Meyethof {(1983) using a.
Ilrger 75 mm diameter model plle

1.2 SCOPE OF THE INV'ESTIGA'I,‘ION ) A&

Published li contains a iderable amount of information on piles , *

subjected to axial or lateal load: However, there is limited data on-piles; in par-
" ticular iong ﬂex%ble piles, subjected to oblique (inclined) loads. Accordingly
presented herein is a study of the behaviour of a fiexible pile I;I co;mionlas soil
s :ubjeeted to inclined loads. This study was cafried in con)nnctwn with a com- ’
panion study on the be{bmour of shun rigid piles lublecud to inclined loads (Joo
1085). , 2 :
Laboratory facilities were designed and assembled for conducting model pile
tests. Instrumented model piles of 25 mm, 40 mm, and 60 mm diupelera”were
used. Laborntol;y tests on model piles provide d'l(l on the effect of load inclinl;
tion on the load-displacement relationship and the ultimate pile' ruisuxlce.




\

The specific objectives of this investigation are : .
(1) to determing the varistion in ultimate bearing capacity with varying incli-
" nation of the load, A
(2) to determine ?ll?hehviour ol laterally loaded piles u;d compare expenf
mental p-y curves with theoretical curves, and . )
3 io analyze And correlate the ru‘nlls ‘with available theoretical and empiri-
ctl,melhodsr—— » ] ) 5y
A brief lltenum review, is presented in Chapter 2 The failuré mechmum
of y}lo‘s undgr axial and lateral loads logether with tlle th‘eonu for v:!etefgnlnln‘

ultimate béaring c.plcitl;s are described. . Ghapter'3 ‘contains 8 ducriptioi of the

I l,. t : fagilities, -instr ion, and _the t;pu of experiments conducted.

An'slylis of thu lab 'y results,

of and .predi capaci-

e

ns, and_the. mﬂ\&gn« of different. variables are | analyzed in Chpter 4 anlly

the summary and jon from this i igation and s for

further work are presented in Chapter 5. 3 .

RO S D ‘_'g;)




: piles-and

% CHAPTER3

.,REVIEW OF LITERATURE
2.1 GENERAL
Piles i’nly be classified inseveral ways and into several categories.’ A sum-

mary ol the mljol’ factors which govern the clmlﬁcahon is given in'Table 1. A

definition dugram showing the commonly used nomenclnure for piles is gwen in

~Fxgurel / . o T e

" Piles. may -be ‘subjected to vertical loads, lateral loads, or a combination of

: 2 both reﬂilting in an inclined lond Vertical piles ﬁually support structuré carry-

ing predommsnl)y vertical loads and may | also be used 29 resist uplift forces i in
marine structuru “Lateral forces most frequently occuLwhen the piles - are
reqlmed—bo ratmn forcu causmg ‘the sliding or overturning of Jb’ue ures.

Lnternl lorcu on land may be cnnsed by earth pressure, wind, or earthquakes. In

- marine structures lateral forces may be cnused by the impact of berthing ships, or

- by, the action of wind, clm-ent wavu, and floating i ice. Vertical -piles have 10‘90.,

us\stnnce to lateral loads nnd nkmg or battered piles may sometimes be used to
carry henvy Ilteral forces.” .

Plla sub]ected to lateral loads are clmslﬁed as freahended or restumed'

3 short, mlermedlate or long piles. A free-headed plle is free to. rotate

at its head." A restrained pile is ﬁxed lgnmst rotation at its head: by sufficient .

vcmbedment of the pnle hend into.the pile cnp to develop a fixed end moment n

the top of the plle

Consxdenbla mutch has been done i the past on the behaviour of axmlly "
lngl lmully losded piles, but this research has not yet yielded anyrprehenf

sive method ‘which' cin h\a_ universally nbp!ied to all types of soils or piles,: This is

i




I’ | . TABLE1
. » | » \
: Pile Type Classification,
. 4 : e
4 S 7 2
Factor | Sub-group &
a gl i
1 | Installation Driven; bored; clsb-in-pluﬁjetud; excavated; augered;
o 0 2,‘“"—' Displac low-displ ]‘ Sk |
e 3 {I\‘AaterilL | Concrete; steel; wood; )
' 4 | Function Shaft bearing; toe Senrlng;‘
‘' 5 [ Capacity High; moderate; low; i =
8 | Shape’ Square; rbnndi hexagonal; oc}.‘nnd; H-section; :
7| Eavironment | Land; marine; offshore; .
-8 Inclination ‘Vertiul; battered; -
9 | Length Long; short; g -
10 | Structure | Bridgn;“ ildi ns; towers; machinery; ete.




N

,\{I) A vertical p‘ile‘nn'der (b) A batter pile under inclined
vertical loads, ; or Iateral losds ot S ;

NOMENCLATURE

B -Bameter of pile
D -embedment depth of pile.
* D, “depth of pile otation poiat

<
5

——sea

g -boriz. coefl. of subgrade reaction
Q, -applied axial load

) Q -.ppiid inclined Joad

1 Qy “point resistanee force

1. Q, -total shaft pesistance

i

=@y o 5
PRI T " (¢) Ashort rigid pile (d) A long Hexible pil
Cre ()™ ' D<aT o

Figure 1: Types of piles
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primarily due to the onien highly variable and heterogeneous niture/t)f natural
soil deposits that causes their engineering properties to vary widely from, point to
_point? Associated with this are the problems of testing representative-soil sam-

ples from the ion site. ) 'y tests and methods of
o

analysis do not often take into account the li .and

of soils, and empirical correction factors are used to account for real soil
2

behlViOlll‘

A number of bearing clpsﬂty theona, to uo.mme ‘the ultimate vertical load

clpaclty, hnve been developed for !ootmg: and- pxle foundltxons d\mng the past

fitty years For sands most imethods use tlle friction angle as the primary param-
eter for evaluating beanng pnpncny fncton (Terzaghl 1943, Meyerhol 1951, Vesic -

. 1063). . However, there ‘are other parimeters such u pile me, depth of penetu,-

tion, and density index of the und which also mﬂuence the bearing capacity.

The lateral mutmce ofa plla is-governed by exther the yleld strength of the
pile or by- the ultimate passive resistance of the supporting soil. Normnll; for & &
short. plle, the nlhmnle Iateml load is gov:med by the passive usutlnce of the

/ soil, whereas the strength of the pile section governs for s long pile.” A plla of
‘ B mmmednaﬁe length’ should be checked for both modes .of lu ure. ’l'he ultimate
( o lateul losd on vertical short ngld piles is genernlly computed based on Inter-l
L ‘emh pressure theories (Bnnch Hansen 1961, Broris 15'&1 Petusovus et al 1072,

Mey:rhol et al 1081). Methods lor predlcting tbe hteral load ‘behaviour of long:

,  fexible piles can b into elnsnc methods (Poulos 1011) and subg‘rade reac-

7

tion methods (Broms 1972). 1

The ulhmne rwstanee of piles aubjectcd to ioclined Iondu e [nnchon of
both the vertical and lateral load cwmty Yoshimi (IOM) &nd Broml (1985)
provnde solutions Lo this aspect. 'Awad and Pet;mvm (1988) shou’ed tho simi- B A




Imty betwecn a batter pile mbjected to vertical load and a *ml pile sub-
]eeud to inclined load. y et al (1981) p nted an i ion equation
to compute the nltumle ¢apacity of rigid piles under inclined load. For flexible

piles, the principle of superposition is usually used in making the assumption that
there is no iqte;lction between axial and lateral pile bedaviour. Madhav et al

(1982) howeur,.s_hte that in the case of long Hexible piles, that_are likely to
cause the sqi_l to yiéld. superposition will not hold good. Hence, the pile has. to be -
analyzed 7|lsing 3 c_‘om’bined analysis approach. . % Q\ P

: {

2.2 LONG VERTICAL PILES UNDER AXTAL LOADS

Pﬂu unnllly recelve support hom both end belrlng and shaft- mlstmce
The_ relative magnitude of the slu!t and bm c-pumu will dtpend on the

geomelry of the pile n{d the soil pmlﬂa Plles which penetrate a relatively soft. .

o layer of soil to found on firmer stratum are re(erred to as end—be.nng pllu and
will derive most of their capacity from the base capagity, Q.“ Where no firm
ltrﬂnm is available to found-"the piles on, the piles are known.as friction or float-
ing plh:. In eohatve soils, the -Inn uplclty of a friction pile will often amount
" to 80-90% o! the ovenll upully, ‘while in mwheslve soils the overall c:pmly
‘will be more cuuly d:vided Im-un shaft and base.

/The‘:lhmlh bearing capacity of a pile ,‘Q,, is generally represented by : |

15 %=l =ak LA 0}
‘\ whm Q. ultimate base lo-d, ~~

Q, - ulnmne side loni i %

q.'- ultimate unit bearing pressure, )

* f ,- ultimate unit side or friction resistance,

N




.\/ s o : . %
. A,- area of the p‘ila base, . o

5 ;
A, - ares of the pilé shaft. . ’. & OF

Snccusﬁll Applxcnuon of the bearing cnpmty~eqnntlon depends on the, selec-

tion of the appropriate valuee ol gy”and fies Thae munt take mto ucaunt the

combmed Fects ol‘ soil ditionse pile type end

melhod of pile
g mshll,tlon, and mnnner of loaﬂmg. Y - .
The -classicial tl:e}mm of By jnnng cepmty of p|lu are essentully.hued oh
“the assumption’ thnc 4he soil is a. rlgld pluuc material, whlle the effect ol’ the'
k< 'con\presslblhty of the ‘s0il is tonsldeud only empmcnlly It is'also mumed that )
the colmlon and the engle of mterml I'rictmn (c and §) aré conlhnt regirdlm of V

) the level of stras md stn.ln Moet of: the present dn¥ soluhons ﬁ'e bued on lhq,

o .‘ " selecuon ofa plans|b|e wllnpse meel m-in which the shear ltrength of '.he lml i
: "\s hnlly ‘_ P alung and ,; d of.the eqplhbrmm of .
externnl and—mtermﬂ forces.. : '. ot d Gt s
Vi Raearc ‘shows ‘that the pomt md cuonnl reelslnnee do not Incre\n in

* proportion’ lo dupth bul remain rehhvely,eonnnnt beycnd a certain penetration .

' >depth,, Imown as'the oritical depth D, (Keruel 1964, Vslc lﬂM. Tnenu 1070, .
Hanna s2d Tan 1073) R . B — sy

Dlle to. uncer!untm m evnlunung thedgemng ‘capacity hctors, & number of

- codes or - recommended practices have been developed which are bued on’ experl- -

‘ence. These codes or ices are developed for specifidfgeographical I areas or lor

- .speclﬁe pile O.ype md uses. One eannple is the APl recommended Practice !or W
Plannlns,—Desxgmng and’ Consh‘nctln; fixed Offshiore’ Pletfomu Q082) This code - .
. usm the concept of critical depth and recommends hmmng veluu fol o lnd i

bnsed on local condmons : . . AR LA
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"The ;lltimnte bearing cupn’city of a pile can be estimated by several methods
and the most. cqmmonl}; used are :
’ (1) imsed up‘on"‘bnrin; ca)_)gcity‘_ theories ,
. (2) frem Vthz results of in-situ -penét}ation tests , nnd‘ .
) pile load- tests. i ) B 5

2:2. l POINT OR. END BEARING RESXSTANCE

=

Accordmg to Vesie (1967) most, of* xthe exl.stmg solutions. for the prob[em of

* -unit-base mlstance are the extenslons of the classical work on punching failure_

by Prnndtle (1921) and Reissner (1024) Cuquot (1934) and Bmsmm (1935)

npplled these solutions to lh; problem of bearing cnpauly of deep foundations.
Vom (1867 1977) as summmzed the various theorehcal approaches far the

Iailire mechanism ol’ soll asshown in- Flgure 2.

Among the any eontnbutols in this area of study were: Terzag!n, De Beer
and Jaky in the 1940‘!, Meyerhof Caquot and Kerisel in the 1950's; Brinch Han-
‘sefl, Berezantsev. and Yoroshenko, and Vesic in the 1960's. Skemptcp, Yassin
and Gfbson (1953)' used .a somé'whnt diﬂ‘erexit Sppﬁaeh treating the soil failure

induced by the pxle base as a specml cue of -the. expansmn of a cavity inside a

solid. Vesic (1077) uaed a sxmnlar apprth and carried out a large scale expen- 3

mental nndy.

In ull of tbe l,beorencnl soluuons cned ahove, the ultm\ate unit: ba.se r&m— )

tance g, \dse ’bythe llowing general

C =N kAN A BN, @)




Prandtl (1921 © S o
Reissner (1324) . . DeBeer (1945)
Caquot (1934) d Jaky (1948)2
. Buisman (1935 Meyerhdf (1951
Terzaghi (1843) Wt

. i
I .
I .
i .
i
fiE,
Al
Berezantsev and | - Bishgp et al ages

Yaroshenko (1962) Shes
Vosie . Gioey) |, - Eon.etal (e

4 ) Figure 2: Assumed failure patterns of soil
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s B e where ‘.q, is the ultimnt‘z unit base }es'etunee, i

N, :E ,7\1., :.u the bearing capacity factors,

‘Bis the pile din.mel‘er, .

+ is the effective unit weight of soil at the pile tip, /
¢ is the cohesive strength of soil, and /

Dis * vertical distance between. the ground surface and. the level of pile

tip.

jonless sojls, the first'term in this equltlo!( enn e eliminated For "

——ti i
normal pile lengthis D/B will be grenter than 15 nnd the term volvmg B wnll be '

:’ relmvely small and can bg lected ﬂence, aatio 2 can be implified (Kezdi
s lﬂs,\}uic 1968,Coyle 1979) as: A
e =1DN, . ®
All of the bearing capacity theories require the_‘ ev-lli‘uion of Ny for use in
L Equation' 3. Vesic (1967,1977) has summarizpd’ the valnes of N, ‘according to
different theories-as pruented in, Flgnre 3: It is evident that there.are ‘major
. }" devxnhons frorn one lheory to Another Vesic (1967) and Nordlund (1983) bave
repdn.ed that in practice tha vnluu of Brennuov et al (1051) nppeu.r to best fit
the available test data. .‘ k. _‘;v i e
Kemel (mu) and Meyerhof (1976) reported that, lhe value cf N in snnd

. mcreues wnth depth and’ rucha its maximum ‘value at less thnn half the, crmen.l

A depth D,, whlch is duc\med further. ; Durgunoglu and Mltchell ( 19‘13) found that .
‘ L N, mtreua with mereull; 'D/B. raho while Vmc (1077) concluded that Ny is
= p a consunt mdependeut. of depth
¢
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B Bn, it ’ . Figure 3: Bearing capn‘cily factors for circulah
deep founidations.after Vesic (1977) -
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Rnnr“ch by Kerisel (1081) and-Vesic (1967) has revealed that the unit shaft ~

and base registances of L,|\>iie do not necessarily increase with-depth, but instead

" reach almost constant values beyond a certain depth called critical depth, D,.

These characteristics have been 'by bsequent researci (BCP Commit-

tee 1071, Tlvenls 1671, Hanna and Tan 1073 and Meyerhof 1976). In_loose )

sand, constnnt vnluu were numned at L/B ratios of about 10 and, in dense sand
of about 30. « - § g L

This l.umhng value of end bearing has been attributed to some form of arch-

ing eﬂect (Terzagh 1043) Flemmg et. al (1985) however, state - that n more

rational exphnmon ligs in-the variation. of fncnon :ngle KA with conﬁnmg pres-

" sure. Bollon\(lﬂﬂ) discussed the strength And

and sllowed thu the bearifig capacity of a deep strip_footing becomes nymptohc

il ;nncy chuutemhcs of sand

towards & lmutmg vnlue ‘when _the variation of ¢' wnh eonﬂmng prmsuu is

allowed I‘or Fleming et. al (1985) have used the same upproneh as Bolton bo esti- -

mate the bearing cnpaclty of deap circular footings.
Equation (3) is uséd wn{ vnluu of. N recommended by, | Bereuntzev et al
" (1961) as the design values, An appropnate value of ¢' is then chosen bued on
the type of non-cohesive mat ml its relative density, and the average stress level
at failure. Followm; Bolton (1984), ¢! i rmy be related to the relative densnty of
’ thesand, corrected for the menn stress level ,p’, and' a critical state nngle of lnc-
tion ,¢"., , which relates to conditions where the soil shears with zero dilation (l.e.

at constant v’o‘lume). The corrected. rel:tivu densip.y ,‘IR , is given by '
= D(0-hp)-~1 ton (),
3 where ID is the uncorrected relative density, nnd ) E

p is the mean effective stress in“units of kN/m’. !
\ G o




-15-

. A lower limit of zero may be taken for Iy at §ery high stress levels; while
values of I grenter than' 4whould be ‘treated thh caution. The apprapnnu
value of ¢' may then be calculated from )

)w ¢',.+is (degrees)’ - { ®

" The ayerage mean %ﬂve stress at failure m-y be tak}n )Approxlmnely as

the geometric mean ol the end-bearing pressure and the ambunt vertical éffective

stress, i.e.

’ W o ©
’I‘he end bedring pressure g; may now be cslculnt!d for given vnlues of
ﬂ',, i Ip, and'oy! by_ 1ter§tm§17etween equm_ons (4) to (8), and the chart for,N'-
N shown.-in ﬁgure _._’5 Fleming.et al (1985) hairg presented charts of end. ‘bening
- pressure against ambient verti’cnl eﬂect’ive_sms_s for different*values of ¢/,, and '
b . L
Pt Coh The process of | plle dnvmg mlo sand dlsplaca the parmla and changes the
denslty of sand for some distance radmlly around the shaft and verucally beneath -
the base. The\bearmg capmty of a driven pile in snnd depends very lnrgely on .
riean density of this disturbed zone (Vwc 1984) " Poulos (1080) suggau that
7, .al‘valne ol’ ¢ should be taken as-the ﬂnal value subseqnent to dnvmg as gwen
by Meyerhof and Kishida (1905)

\,

JE it ’ S __¢'+>40"
. ' ey

@)
B where ¢'v—ungle of internal friction prior to il’:stsllation of pila
Equation 7 implies that there i sno chnnge in dennl,y mdex for soils with an

internal fmnon angle of 40° or greater
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~ ‘Vesic (1977) has given- the following equation for g, [
(142K, 11D o i
= +N, « @
where ‘K, is the coeffiient of lateral earth pressure at rest, ~7
W . w
. g . 7'is the effective unit weight of soil,
a N

D is'the embedded pile length,
N, is the bearin; capacity factor f_or mean normal stress and is a fune-

tion of compressibility as well ‘®.internal friction angle of soil.

This method i;: a simple modiﬁhntion 'bl‘ the bearfng capacity equation .for_ 4

base Ioad to mcorpumte the fact that it is the mean normal ground stress rather,

than the vertlcnl grolmd stress that guverns base resistance. - x.

: 2 2. 2 FRICTIONAL OR SHAFT RESISTANCE

The unit skin [ncuon fora strmghb—slded ‘pile’is the resxstance to shdmg ofa
.ngni body relative to the surroundm; soil. It i is genernlly expressed asa funcuon o
> of the so‘lp% ure acting normal to the pile surface and the goeﬂ'clent of friction

between the Soil-and the pile material. The unit.shaft resistance of driven piles,

RV cohesionless oils at depth'z below the ground surlace can be calculated as

lollows (Meyerhof 1063 Nordlund 1983) :

A 1 : . q,—Ka'ma . (9)
where K, denctu the coefﬂelent of eanh pressure on the pile shart,

-o!is the" nvenge effective ‘overburden prusnre at any point nnd is

/ deﬁned as the prodllct of '1 and .z,

L 5 is the nngleﬁf friction between the sml and plle mnterul
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“4"is the effective unit weight.of soil.

B

9 can be i integrati nlong’!ha bedded pile ]u;gth for
; L

the total shaft resistance 1Q, , as follows: - i =

Q, _é , 7 Dtans A,. L . (10)
where A, is the total area of embedded pile shn{i,
‘K, is the ‘uven’xe coefficient ‘of earth pressure on pile shaft, and "
.D iQ the embedded depu'. of pile shaft.

Fnctbrs K, snd tan ‘5'need to be established in order to determine unit skin -,

resistance, and it is mumed that 5 and & are consunt nlung the length of the.

v?r\.\'plle" : X '_ . e N v.‘/‘

In_the expmsion for. skin - I‘ncnon for' piles in sand the coeﬂ'menz for earth

pressure ,K, , is the most ‘sensitive and also the most ellmve factor. The magni-

tude of K, , and therefore the pressure iptensity, is known to be inﬂuenced by at

least the following six factors (McClelland et al,1067): 0 " "
(1) Initial state of stréss (K, ) in the sand deposit,

(2) initial density of the sand,.

(3) dlsplncement Vohlme of the dnven ‘or jacked pile,

(4) pile shape, including taper, -

(5) installation pruéédureé other than driving, and

{ - (8) load direction (compression or tenslon)

2 However, for pracucnl purposes averaged values of K, can be taken for plles

driven into sand. Suggeslsd valies for K, for driven steel piles are 0.5 for loose

sand and 1.0 for dense sn;nd’ regardless of -pile type and mughnui of pile surface
(Meyerhof 1951, Broms 1066, Coyle and -Castello 1081).. Fleming j\ll (1985)

“ % i
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'nnte_ihst values of K, vary in a similar fashion to N", and for full displacement,
" driven piles, K, /ln,;y—br&ﬂn/;;zéd from )
ne -

> - K =N/50 . ’_ (1)

Ponzyondy (1961) determined the coeflicient of friction using direct. shenr

tests as 0.54¢ for smooth steel piles and 0.76¢ for rusfed steel piles. Tomlmson
(198)‘ quotes a value of. skin friction nngle &8s 20° for steel-piles based on data
from Broms (1900) and Nordlund (1985). Tomhnson also suggests that for pnlu
deeper than 20 pile diameters average vulues of unit skin friction shonld be used
bnsed on.the re]am;s}renslty ol sgad. Flemmg at al (1985) suggest that the value
o 6 may be uken a3 the critical state angle of [riction ,¢/,, ,‘since 'no dilation is

to be expecud between the sand-and the wall of tl;e pile.

Because of the problem of obtaining undisturbed samples;-the design param- - .’

eters for piles~in. granular soils are usually obtained from ‘the results of in-situ
penetration tests. k

223 DETERMINATION OF ALLOWABLE PILE LOADS
OM IN-SITU TESTS

. : e 5 g
" In granular soils the values of both theend and skin friction resistance are

_extremely sensitive to small changes-in-the-angle of friction, ¢. It is possible to

_ obtain reasonable. estimates for both these ters from in-situ
tests such as the standard penet}ation test (SPT) and the co_nQ penetrometer test )
(CPT). . b v o :

.- The bedring caprdty ug driven disﬁcyent piles in cohesionless soils can be
estims}ed from the Standard P\ i Tst as d by Meyerhof (197§) 5

-Q =mNA, + niVDA, e L)




** where ¢, is the average static cone point resistance,

120 for bored piles,

N is the SPT index ni the pile toe, 3 \
A, is the area of pile base,
n’'is m‘emyirical meﬁcient equal to 2 for driven piles and 1 }or bored
piles . 3 .

,ﬁ is the average SPT in\iex along the pile, &'
D is the pile embedment c’lepth nvnd ) Ry
A, ls the pile umt shaft area. .

The stnndard penetutlon test is snluect to a multitude of errors and much i
care mustbe exercised when usmg the. test results.- The cone penetration test is
considered to hnve greater accuracy than the stmda.rd penetration Iut
A static penetmmeter consms in prmclplo of a comcnl tip wlnch is pushed
into’ the soil. Usually, the loyce is sepam}ed into end raut'snce and shaft resis-

tance: :The most cone measure s ly the end resis- .

tance on ghe. conerlnd the shaft resistance Valong a short section of thg‘ shaft. near
the end, ‘called . local frictibn. The use of the static cone pénetmmeter is

prebensively by Sanglerst (1972).

The ultxmate burmg cnpmty ol‘ piles in cohwonlm soils hu\een given by
Meyerhol‘ (1958) as :
e T Qg4 000504, )
A s the area-of pile base, and

A is tlle ares of embeddedipﬂe shaft. <




The valie of the cone end resistance has been used direct‘ly, without oorrec- ,
tions; for the end resistance of a pile. It is also';us.umed that the unit shaft mis-__
"tance is equal to 0.5% of the cone end resistance. = 7 e

Nordlund (1983) recommends taking an' average value of g, over a depth

nnge of 3 pile diameters above the pile base down to 2 diameters below_ the pile

- base. The end- ‘bearing pressure ls then taken as the average value of Qe Fiem-

ing and Thorburn (1083) recommend . more detailed schemes for averaging the..
cone readings, in-order to give greater weight to thg minimum values, The range’
over which the average is taken'is extended up to 8 pile diameters above the level

of the pile base. Thus, in homogeneous sand, end bearing ﬁusme is. gst‘ixl;lted

as. ' 2
& 5 () =(¢¢|+¢;z+2fks)/“ , (14
whefe g, is the average ccu: resistance over-2 du.meter: below pile bnse,
Qeais the mini n cone rési ce over 2 diam below pile base, md

‘q,, is the nveiuge of minimum values lower than ¢, over:8 diameters
above plle'hlse s
-
The static cone can be considered as an mstrnmented model pile pnshed into
the ground. The mults;enable the engmeer to obmn a good eshmaca of the .
bearing cnpnclty of a foundation pile. However, there are scale effects involved,

and- piles are normn.lly driven and not pushed into. the ground ‘Therefore, tha

pile capmty needs to be usessed by means ol‘ the: bearing capacity - equahon

adoptmg estimated: values of various soil puumeters where necasnry md vanﬂed

by pila load tests in the ﬁeld Y
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2.3 VERTICAL FLEXIBLE PILES UNDER LATERAL LOADS

THere are two theoreti 'mgzhods for icting lateral load behaviour of
long piles : - . . -

(1) The elastic approach, which assumes the soil to be an ideal, elastic

continuum. :
(2) The subgrade reaction ‘approm:h, in which the continuous nature of
the soil medium is ignored and the pile reaction at a point is simply

related to the deflection at that point.

231 ELAs'mcME'mmg L

. Lateral pile, cnpumy can be cnleuhted from Mindlin's equations (Mindlin,
< 1933) by assuming the ‘soil to be an ideal, elastic, homogeneous, uolmple mass,
having constant modllllls of elasticity aifl a constant P,olsson 's ratio (Poulos and

Davis, 1980). Most of the elastic analyses are si_milnr.in principle, the diﬂerenfu

arising lnrge}y from details in the assumptions regarding the pile action.

Athe,la_teml earth pressure along the pile by a series of point loads. Douglas and

* Davis-(1964) have ed- from Mindlin's jons the pressure

™ the lateral deﬂecuon nnd the rotation of Iuteully losded vertical_piles. Poulos
_(1971) used a slmllu nppronch replmng the llwnlly loaded pile by a thin rec-

v tangulgr strip with the same width and lenzth as the pile. These strips were
ivided .inw a nuinber of segments and the lateral earth préunre on, eacl_rseg—
ment w-.; assumed \to be a constant. The Poulos solution is limited by its.

assumption that the soil modulus is constant with depth, whereas the modulus
[3 : : .




elasticity usually increases for sand (Sogge, 1981). An ai)proximnte analysig for

Iateuliy loadgd piles in soil, whose modulusi ith-depth was p:

-by Banerjee and Davis (1978).

Rnl;dolph (1081) derived expressions which allow the behaviour of flexible

piles under lateral loading to be calculated, in terms of fund I soil proper-

. ties., The expressions are based on the results of finite element*studies on the
v response of a laterally loaded cylinﬂrical pile embedded in an élastic soil with sti!;

-ness varying linearly with depth. Charts linve also. Been presente& showing the

deformed shape of the pile, and bending moment dlstnbutlon down the pxle, fur
an applied lateral load: or moment ‘at the pile head.

Horvath (1983] has' used a simplified continuum approach” based on

simplified assumptions for vemcal loads npphgd to the surface of the elastic con-

tmuum The Yolmgs modulus can be'varied either linearly-or with' the square
root of depth ‘to more closely simulate the actual)behaviour of the soil. *

|t is generally recognised (Morgan and Poulos 1968 Poulos 1973 'Focht and
Kocht 1973) that a linear analysis of the belmvxour of laterally Ioaded piles hns

Timited validity as " the nctual behaviour of laterally loaded piles is markedly

linear. For application to problems’involving real soils the elastic' approach

appears to be suitable for uniform deposits of cohesive soil where the elastic/ con-
" stants, E and v could be expected’ to deseribe the behaviour. For sands, where

they can usually be expected t@evary with depth and stress level, the elastic

approach does not give more accurate results than could be expected by the use

of simpler methods based-on subgrade reutif theory: (Mt;rgan and Poulos 1968). -




2.3.2 SUBGRADE REACTION METHODS '

' These methods are based on an idealized modek of the soil media pmposed »
by Winkler (1867). llv is asgumed that the llterﬂ/eutl\ pressure p on & pile - °

increases linearly with increasing lateral deflection y‘according to the eguation :
o : Pk
P =By . . (9

where E, is the’ sml modulus dr coefficient of ‘subgrade reaction having units

FL“" SR N 5w .

. " The pile is i-egarded s b!i;lg suppbréea laterally by a series of independent

lide ly- lastic spnnp, so that’ deformation. occurs only where loldlng\oeclln
B Hence, the. concepl of a éoelﬁclent of subxnde reaction doa not . take mto
accaunt the mnfhumy of the soil mass {Poulos 10817 e

The - governing .differential equation is denved on the usumptlon that lhe

pile is a linearly -elastic' beam' md that the soil renchon may be relpuented by a
Ime load (Hetenyx 1948). *

(18)

5 d*4
L ST -E’#i"

where y is the lateral deflection of the pile at point x ‘along pile length,
. i . s !

pv is soil resctim; per unit length of the pile, and’

ar

. Elis the plle flexural rlgndny *

The-effect of axial load on the pile is ignored, nnd snbsm«txon of Equmon
(15) 'into Eciun'lion(lo)‘ yields “- j{ . 1 o

s B Sasy=0 e

"y o . + 2 - '
\ - Solutioris w the  above equnion- may ba ohtnined either analyticslly. or
numerlcally Annlytlcul solutions in closed fe are only- available for simple.

B T N
b




‘equation can be obtained wi_v.holilﬁny iterative procedures.

*y -24-.

. boundary conditions (Heuﬁyl 1948) Numencnl solutions have been obtained

using the finite dlﬂ’erence method
Pnlmer and Thompson (1948) first suggested the-use.of ﬂ:e finite difference

method as a solution for free head Piles: The mechanics of this solunon was con-

) mderlbly simplified by Glaer (1954) and modlﬁed by Focht and McClelland

(1055). Howe (1955) set up “the solur fion' on a computer which slgmﬂcsntly

B reduced the solutiontime. Reese nnd Matlock 0056) :xtepded the_solution.’ to

- introduce mognenl and shear as boundary ccndmons md pmduced a set of nén-

dimensional curves for the problem. A- nomputer program was produced by Re-e,
and Ginzberg (1058) in which tha pile ﬂexuml ng\dlty could be changed nbruptly
at- points along the pile length The method was genénhzed by ‘Matlock and

Reue (mw)
Reess lnd Monoliu (1973) developed a computer program which uses succes-

sive 7 it (buesi on f to p-y cnrm for th: pu-hculnr soil.

The soil modulus was deterrmned at mcrements along the pile such that there

was both:compatibility and ethbn\lm for the soil, tfe pile, add the.superstruc- °

jected to both horizontal and. vertical .lau'ding with different boundary conditions.

'Detnls of the program are documented by Ruse (1075 1977)

Yakoynml (1985). has proposed the use ‘of 8 non;lmear dlﬂ‘erentml equnuonj
of the second ordf:r, which was-derived .as an approximate form.af a non-linear
-differential equgtion of ‘thy fourth order (equatio 17). T"I)E major advantage of
this method is that computational time required is significantly less than that'for

the fourth order equation and. finite' difference expressions of the _l’écpnd order

.\-e :

“ture. The };mxrlm has the gdvantage of analyzing laterally Toaded piles sub- L
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The earliest methods for analyzing laterally loaded piles were based on

‘methods where the soil is in a state of failure under ultimate horizontal pressure.

The best known of these methods afe those provided by Brinch Hansen (lool).v
and Broms (1964). Broms calculated the ultimate lateral resistance and ln;erd
deflections atworking loads. Lateral deflections have been calpl;htcd using the
subgrads reaction theory based on a simplified soil-resistance d'utyﬁtinn llonk
the pile. Nos v ® o

Muzas (1972) calculated literll ;ieﬂections using, the me:h‘d of successive

hy using a i of de reagtion which is either eon-

stant or mcre;uea exponannnlly with depth.}A similar approach ‘'has also been

used by Mustafayev et :I (1872). The results can be expressed in non-
. i -~

dimensional charts for both'cases.

Mori (1964), Reddy and Vllsmgk\(llﬂol@dy md Ramaswamy (1071,72

- and 73), Madhav et al (1071) and Valsangkam et al (!013) have ‘solved the

differential equations given -above for elasto-plastic soils when load-deformation
ccnsisu_“gf two straight lines. Reddy and Valsangkar (1970) presented the results
in a non-dimensional form for the cases when the coefficient of subgrade reaction

below the plus‘lc zone is either constant or increases linenli with dcpih.

2.4 SOIL RESPONSE IN THE SUBGRADE REACTION METHODS ;

The mcdnlus of sul grude reactlon*hu been used extenswely in solving tha %
lng\nlly londed pile problem in spite of it not taking account of soil continuity.
The simplicity of the model nvmln lity of clnrl. solutmnu, and ease of hand cal- .
culnuon favour its use to thls day (Sullivan 1979, Hovarth 1984). '

Hnw:ver, it.has long been recognized that the behlvmnr of lnteully loaded

piles ‘is freq\lently non-hneur because failure of near sutface soil develops under’
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relatively low load levels. Ignoring the nonlinearity of the soil response may lead
i to conservative linear predictions in variane with actual behaviour (lsm;el and
Klym 1978). Probably the best known approach to overcoming this shortcoming

has been the development of p-y curves.

2.4.1 THE p-y CURVES CONCEPT

A p-y curve is simply. a nonlinear pressure versus deflection curve that is cal-

culated a priori for a finite number of poinu ‘along a pile. “These curves substi-

tute for the linear springs of the Winkler model ll‘ld are commonly determmed v

using the strength deformntlen propertles of the soil qa obtained from stundurd

l-bontory tests. s i
- The' concept of p-‘y curves was ﬁn; proposed vby McClelland- end _Focht
(1958), who attempted to corr_el-te the horizontal nution-del_lection curves for
the soil with stress-strain results from triaxial test; A.n‘iHnnlme!:tedv pile was
used to “obtain the pile reuﬁon-deﬂection curves st various depths.- Subse-
quently, Matlock 1070, Reese et l-l 1074, and Sullivan et al 1980 have rollowzd
similar procedures in determining p-y eurva from ﬁeld tests on lu[ly mstru—
mented piles, which have been standardized as their lpphcluon is huly simple.
."The concept of p-y curves is defined in ﬁgure 4 (Ree:e and Cox 1069). Rig-
ure 4(a) shows & section lh_rongh_l deep foundation at some depth z; below the
‘ground ‘surface. Before any lateral load is applied to the pile‘, the ‘pressure distri-
b'ut'ion_ will be siinilln to that shown in figure i(b). " The resultant force 9btniqed

by integrating the pressure around the pile segment, in this case, will be zero.

The_ deflection of th; pile through a distance y; ‘at &eplh z; generates the pres-
sure distribution shown in figure 4(c). Integration of the ‘soil stresses yields an

unbalanced force p; ﬁer unit length of pile. _'i'!le same procedure may be*applied

(-

.,.
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/

\ . Figure 4: Graphical definition of p and y: (s) side view;
(b) A-A, earth pressure distribution prior to lateral
loading; (c) A-A, earth pressure distribution-after
;  lateral loading (Reese and Cox, 1969)

. ¢ -~ .
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“for a series of forces which “may be combined into a Py curve. In a similar

mll./lnen Py curves for any depth may be defined, resulting in & series of p-y

curves. N : "

The curves seem to imply that the soil resistance for a given lateral

deflecti :t.a point is independent of the deflections at all other points. That
assumption, of course, is not strictly true. However, experiments indicate that the

soil reaction at a point is dependent essentially on the pile deflection at that’

-point, and not on pile deflections above and below (Reae 1975). ‘

‘-' 6 METHODS FOR THE CONSTRUCTION OF p-y CURVES
 IN.COHESIONLESS SOILS

.Tha analysis of laterally loaded piles using p-y curves to represent the soil

makes possible relatively simple and straigﬁ‘t forward computations of pile-head

~" Rlexibility and of stresses along the pile.” Complete ahd comprehensive theoretical

'_ derivations of p-y cnrv;zs from. basic soil properties has not yet been developed

3. .
because of complex stress conditions developed in the soil during installation and
subsequent loading of-the pile. L4
_Four semi-empirical procedures for construction of p-y curves in cohesionless

soils have been developed by Reese et al (1974), Matlock et al (1680), Scott (1980)

. and Parker (1970). Each was developed to At data from & particular lateral load

test or a specific set of tests on similar soils. The four procedures, denoted
- !

method A to method D, respectively.are described briefly below.

i

Method A is the procedure by the American F Insti-

tute (msé) which is basically the same as the procedure by Eee“ et al (1074)

who describe it in detail Data and subsequent correlation are based on a fleld
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pi-le Ioad test reported by Cox__qt sl (1074). B ‘.

‘ p-y curves are constructed for desired depths. Each curve consists of three
ségments : two 'sut;ight lines and a parabola between as shown in figure 5. The
value of K (N/m’), the initial slope, is determined by multiplying k' (N/m3) .
times depth, where k is a modulus of lateral soil mchou The ultimate souesls-
tance p, is determined from the lmer value given by Equntmns 18 and m,
modmed by an empirical adjustment parameter, which differs for static and eychc

loading and varies with pile diameter and depth.
P =72 [ D.(K,-Ki) + zK, tangtsnf] .- (18)
SO e =Dz (K3 4+ 2K, K tang + tang- K " (19)
where p, is the ultimate soil resistmce per unit of dei)th .
2 m the depth below gronnd surface, D is pile dnmeter
7 is the unit wught of the soil,
- K, is the Rankine achve coeﬂ'menc, g o
.K, is the Rankine pnsslve codﬁclent
K, is the euth prugura coefficient, ; : N
3 ¢ is the angle of internal friction, and . -

S ; " .
P— 45° + 2 5 ¢ /
The value of of Pn (beginning ol second linear segment of cui

r%e) is yal

d from irical charts) of p, , while the values-oLy, and

¥, afe ratios of the pile diameter. The point -y ,p; is determined from an emp]

ical relationship involv'\ng Yin+ Up1 P, 80d. p, . The procedure is somewhat com-

plicated to ‘apply lly and can be progrs d for eﬁcient devek of




. shown in Equmons 20'and 21:

Py curves. i i, Semeas

253 METHOD B -

Method B, a modification of the API method, was introduced by Matlock
and Lam (1980). By realizing tl;pt some terms in the formulation of p, can be

taken as constants with little en-oi-; they were able to simplify Method A.

The ultimnte soil :resistance i‘svcnlculnud in the same way as in Method A, il

except ﬂnt the terms have been grouped to form conxtants which vary with ¢,

P =(Ci2 +'=zv)~/zf" - )

‘o g p= éDz S gty (21)

The p\nmelers Cy, C! d'/C; are evaluated from figure 6.

The p-y curves ozherwwe are the same as for Method A. Chasts with non-

dimensionalized values of p for oormpondm; values of y have been deve!oped to

/lk! it unnecessary to calculate thep\vxlus from the different segmeuts of the
- K figure 5 curve. The 'deﬂecuons are chosen to gwe zhe critical points on the .
. Method A curve. Note that it is not necessary_to-compute K. As with Method
A, Method B sets p, as the limit on-the resistance of the soil t6 lateral dgflection. .

s.amm!onc s

' Method C was formulned by chu (1980) who pax!omled centnmge tests on
model plls in sand. It dlﬂen from: the Previous criteria m\t least two important
aspects. . First the p-y- curve is idealized by two stmght line segments, which
shnphﬁu the calculmons involved. The initial ugment of the curve is similar to-

the other methods beclnse LY subgmde modulus k times the depthez deﬁnu the

P
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- small diameter pipe piles and d.by O'Neill ahd Murehi (1083)
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¥ b . ¢
slope. Th; other segment is empirically _usigneﬂ a slope of %i winieh highlighu'
the second difference from the other two methods. Because the upper segment . |
has a constant non-zero slope, the method assumes —!_hat as the deflection
increases , the soil ruishnce‘ increases linearly with no limit. The ultimate soil \
resistarice concept is therefore not applied.
The !orce per unit length p, that exists at the begmmng of the qlms|~plast|c

line segment is gwen by :

where ¢, is the effective latéral stress in the soil,

pi ‘is the force per tnit.length at the beginning of quasc-plastic rnnﬁe,
*D is the pile diameter, "
¢ s the angle of friction of the‘so‘il, and P
v is the Poisson’s ratio of the soil. Boan : &

1

Values of —0, ’b/ Py are grnpl{ed in figure 7. The corresponding displace-

. Y = E . . ‘, i (2.3)
fwhere E,=kz. g :

The complete p-y curve is'shown in figure 8. ) "\/ * .V - el
~2.5.4 METHOD D _

Method D was nngmully formulated by Parker (1970) !mm’hm study’ of
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The continuous hyperbolic tangent mnv:_tion iz\.ui describe the p-y curves.

Th; equation for the p-y curve is:

p = ndp, tanh [(lep.)y} To29)
.where p, is.the unmodified ultimate soil reslstxnce (Equations 18 and lﬂ). N
‘The empmcsl nd)n‘sz;nent factor A is :
{ T lA=o08for cyclic londing,

" A=1810082/D > 09 forstatic loading, - - . (.

~nisa lacbor used to describe plle shnp!, '.aken m be 1.0-for circular

. prismatic pilés, . _ 7. d . . 4 )
kz is the product of lateral subgrade modulus and depth as used in p"
Method A, ’ &

Esch of the above semi-empirical p was ped to ft data from

‘R\‘his method also provides./vlbr a Hn;ziting value of p. ’

a particular lateral Joad:test or a specific set of tests,on similar soils.” No studies

" bave beén conducted to assess’their universal’ validity. Reese et al (1074),

Matlock et al (1980) and.Parker’s (1970) methods use the concept of limiting ulti- -
. mate soil resistance, ‘where as Scott's (;!'180) method assumes th'n the soil resis-
itance increases linearly with no limit. Parker1070). and Scott’s (1980) methods

are the s‘imp‘lmt to use since they use a single function to describe a p-y curve.
‘2.0 INCLINED LOADS ON PILES B
z - Piles under inglined loads or under combined axial and lateral loads are usu-

ally analyzed using the priteiple of superposition. Tt is assumed ihat the axial-

" load transfér characteristics ‘are independent ( ipled) from the lateral-load ik
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transfer characteristics. Thus, the axial and lateral behaviour of a pile can be,
studied and analyzed seperately. However, the effect; of axial [oid on the lateral
behaviour of a pile can be considered without violating the assumption of
independence of soil behaviour. The modifcation of bquaeion (17) to include an

axial f?rce results in the equation

El:—:¥+f=,%+/s,y=o. . . (@)

. B —

where P, is the axial load on the pile.

Equation (25) i; the desired equation for a laterally loaded pile considering
the effect of an axial load.and can be Qolved numerlcnll} \uing‘the finite difference
- method (Reese IWS) ‘This equmon, however does not give the deflection ol the
pile in the dlrechon of the mulhnt load when the axial load is mcreumg in con-
stant’ proportion to the lateral load. Madhav-et al (1982) also state thnt in the
case of long flexibje piles, that are likely to canse the soil to yield, superposition

wil]’not hold good. Hence, the pile has to be analyzed using a' combined analysis
5 . p
P I .

Most of the present day investigations for piles subjected to inclined loads

approach.

. have been based md{tly on laboratory research'in which small digmeter rigid piles
" -have been examined. Yoshimi (1965) and Broms (1965) provide solutions to pull .
out tests. Awad and Petrasovits (1988) showed the similarity between a batter
plle sub,ectzd to vertical load and a vertical plle subjected to inclined lold
.Theu’ expenmenm results mdlented that the ultimate benrmg capacity was &'
maximum for a load melmnhoh of 22 5° and 16 to 35% lngher than the ultimate,

vertical bearing éapacity. :
yerhof and Ranjan- (1972), Meyerhof et al (1081,1983) lnve‘_mldied exten- )
siv?ly the behaviour of !l‘llal'l diameter rigid piles in thé' laboratory. They




reported that the ultimate bearing capacity of vertical rigid px!s ndder inclined
loads decreased with the inclination o! loads. Meyerhof et lll(lﬂS].) have pro-

posed an interaction equhon for the determmatxon of ultimat:
|

bearwg cnpmly

as follows :/ ., ), ;! :‘
/ o+
Lo ]2 (L ]’ L

where Qu np’raena the ultimate bearing capacity of the pile
~ under lnclln"’_d loads, . EE ¢ %
' Q. denota the ultimate n&ml load of the plle. ’ g
Q. { the ultimate lateral load of the pde,‘md : e
’ - n is the mehnuuon of applied loads to vertical in degreu L

Chari and Meyerhof (1983) liave subsequently confirmed these unlts wnh a
relatively larger pile of 75 mm diameter. The results indjeated that there was.

" good agr between' predicted and experi l results, and..that the ulti-
mate bearing capaciiy of "the pile under inclined loads decrea!ed'lntinuoui’ly
with increasing inclination of load. . * ! \ '
Hnmdgnm‘y et al (1982) have studied the behaviour of partially embedded
piles with'a considerable free lmzding (unsupported) length subjectes ’to vertical
and lutera.! Joads based on the subgrade reaction theory Senu solutions. to the
governing dlﬂerentul cqllntmns show that the vertical load can‘ jncrease the B
latersi deflection- to an extent of about 7 to lB% depending. on tmee of
S

fixity of the pile head. |

.. 'Madhav et al (1082) havemodeled an axially aiid laterally loaded pile with

an ovethang similar to. an offshore: pile using the elastic continuum appromh.

The results have been ‘compmd with that of & pile ntef‘lﬂupon lby‘ only lateral

% L I A
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il e

loads. The comparisons inflicate that the llt'er-lrdisplu;mants w'iuemse wi;li'
" axisl load due to the ;ncreue_d moments from the axial load-and the correspond-
ing yield of soil over a larger depth. Increné in ‘tha height of 6verhlni alsd
o increases the lateral dedections. Yoy . W
\ A review of litem‘uxe shows that there is a scarcity of ex]}eri;nenttl data on
' the behaviour of vertical flexible piles under inclined loads. Mo:t. of the existing .

expe;immtal and analytical worl: is on the behaviour of rigid piles. ?n* agree-,

2 ment. or relationship between the ultimate capacity of flexible piles and lmdtiufli~

‘natioh does not'seem to exist at present. This behaviour of flexible pjles is exam-
B . . Y B — 3,
ined in this thesis in some detail and the results thereof presented.in Chapter 4.

' 4 )
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= - . CHAPTER 3
. e P EXPERIMENTAL PROGRAM .
. 31GENERAL .
= . The belnkur of llex:ble piles Ins nneully been derived from a particular
e ) ~ . * loui test or lipulﬂc set of tests on sllmlnz soils. Wlnle model smdm of axially
s TS -* loaded plhs Wm;n, few ltudla have been mnduc!ed w assess the
: G Vl.lldlty of the i-em irical methods describing the lateral load behaviour of

L% N - piles. Lnbor-tury tests on model ﬂexlble plles ‘are sparse, upecmlly for test- piles
" /frmrumented with strain gauges and load cells. In'this mldy, circular piles of 25
mm, 42 'mm m@ﬂ) nim diameter embedded i in !&n\were tested under vertical ,
: and m:lmed loads, ia@asd. For all the pile sizes the corresponding lengths of
* X v embedment were ch9un to ensure that lhr_pllu behaved as flexible piles.

" The test program was divided'into the folhwin; three b'lﬂld categories :
—_— -{1)-Axial load-tests- mm-bolb—&he—vermnland—pnll—out resistance of
) %3 lhe plla, s

" (2) lateral load tests wmmeﬂecr'_bahunm of the piles —

fogether with the bending moment distribution in thé pile shaft; Experimen-

tal p-y curves were derived and compared-with theoretical p-y curvé, and

3) inclined load tests to determine the v:rintion‘ of ultimate bearing capacity
. ol a pile with varying inclination of load. ‘

/ / To accomodate the physical size of the piles lnd the mochted llrge forgces,

| the soil conmner md the loading lrnme as shown in Flgure 9 hul to be suitably
duj‘ned Two screw jacks, with capacities of 178 kN and 44.5 kN with travel, |
arms of 1.4 m and 0.35 m respectively were used in this study. The initial place-
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ment of the pile was done by jacking the pile vertically down using the larger *

screw jack. After jacking to the requix‘ed depthi, testing of the piles was done

.
using the smaller jack with a swivel joint as shown in Figure 10.
A total of ‘twenty tests were- conducted in the experimental study. The
o design of the experi and the i p d are briefly di: d
in the following sections. »
3.2 TEST FACILITIES C
L The test facilities consist of a. circul;r borrugnied steel tank container for.the
soil, instrumented model piles, the loading Iramé and luading system, and the
dntu'ucqmsltmn unit, Views of the expenmcntal set-up arg shown in Figures 9
angd 10. A detailéd description of the various components is given below.
R '
3.2.1 SOIL CONTAINER
y ,A gulvamzed corrugxted steel pipe 1.83 meters in dmmeter, 2 metcrs high

with~a wall thickness of 2.8 mm was -used as' thé soil container in whlch “the soil

samples can, be prepared under conttolled conditions.

- The minimum difensions of the container are governed by the zone of soil

" influence around a pile pushed into the soil. The dimensions should be large”

enough to avoid end effects of the iner with ble cl; ceé Figure 11,

— -~ shows a typical pile pushed into sand with the zone of denslﬁcauon that develops

around it. Table 2 is tsummary of the published data on this phenemenon The
mng'mmde of dimensions-a and b depend on the pnle diameter, method of pile

* installation, and the demslty of sand.

. The size of the soil container and the maximum sizé of the model piles was

50 chosen that there was adequate clearence to-perform cone penetrometer-tests
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Figure 9: General experimental set up
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* Figure 11: Influence zone of densification

during placement of a pile
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STABLE 2, -

Densification influence zone for driven pile in sand

INVESTIGATOR | DENSITY: | INFLUENCE ZONE
. : a’ b“
| Meyerhof klosﬁ) v loosewr: | . .U‘B-BB ©. BB
Kerisel dense | - B
(1961) . -
Génu;! ]
| Robinsky & Toose n;i?‘ [2.6B-3GB |.
(1983) mediuin - | 10B-12B | .3B-4%5B
Kishida — Toose 6B-8B
(1963,1967) -
General vGB
Broms (1008) General | 7B-12B | 9BGB |
Lamb & ‘\'Vhitm‘nn General | 16B
(“_99)> R |- -

.

a the width of

zone.

b denotes the depth! of densification Zone below the tip.

B is the diameter.of pile.




“on the relatively undisturbed soil outside the zone of influence, after the pile is
g : tested. !

The soil container has two side openings to facilitate easy removal of the soil
;Rer testing. The container rests oni 2 heavily reinforced concrete fidor and can

be maneuvered easily between the loading frame by using an overhead crane.

3.2.2 LOADING FRAME -

The loading frame was designed nnd. fabricated using two W250 x 115 H sec-
tions for columns and a horizontal member made out of two C 310 x 31 channel
St sections as ;howq in ﬁg-\lre 9. The overall size of the loading frame is 5.@ m high
x 3.95 m wide. This frame is capable-of withstanding vétical loads of 653 kN
with a safety lmtoy‘d{ 2 and horizontal. loads of 16 kN |ppiied 2.1 m from ihe-

baseé of the frame.

3.2.3 MODEL PILES

' The major consideration was that the piles behave as an infinitely long flexi-
'/,\ blé member rather than as a short rigid unit. The pile rigidity is described by
" the stiffness factor T which is expr'esséd as (Davison and Parkash 1963, Broms

1964, Tomlinson 1977) :

wlma El i is Che stiffness of the pile, and ‘A

15

n. is the coeflicient o{ﬂonzontnl snbgrade rencucn

h\l:ngth of the pile.has to-be greater than 4’1‘ for behaviour as a long elas-
tic pile

d less than 2T for behaviour as a short pile. In designing the model
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piles, the values of coeflicient of horizontal subgrade reaction obtained by Reese
et al (1974) were used. _ ’

All the model piles were fabricated from standard ueany‘as steel pipes. The
pipes were split longitudinally and reassembled using suitably designed internal
connecting rings to fasten the two halves. For purposes of pilp stiffness computa-

& tions, the: values of EI for the piles were determined expefifiientally. A load cell
évas mounted at the bottom of the pile sn‘d strain gang‘y'w{r:a placed at d\lﬂ‘ nt
points along the inside edge. Figures 12 sad 13-:1:0&’ the model piles and. their*
details. The physical properties of the piles are listed in Table 3.

*.

3.2.4 INSTRUMENTATION AND DATA ACQUISITION SYSTEM

In the test program, during each test, the applied load, top (ieﬂeetiou, and

bending gtrains along the length of the pile shaft were continuously monitored.

The. applied load was d using & rcially availabl load cell. ‘The »
load itself was applied either using & 1.4 m screw jack or a hydraulic jack,
depending on wh{umﬁﬁd was. axial or inclined, The veriicd end resistance
of ‘the pile was measured_using a full strain gang; .t‘ype Ipad cell fabricated in-
house: Figures 14 and 15 give the detail of the load cglls. Displacements of the
pile head were measured using linear variable differential transformers (LVDT) .
and dial gauges. ) ' .

Electrical resistance’ strain gauges were used to‘n;:uure bending sirvsins.
The gauges were Miéi-o-i/leasurem;nts Type E,_x-no-l'szT-lzo, Option W, 120
ohm, gauge length 3.2'mm, and gau'ge factor 2.05. To install the gauges, the ’
.glu;e locations were marked on the inside surface of each split half. of pipe and
thc‘n_rollghly cleaned. Two strain gauges with H_leir axes pu;llel to the axis o{ the

pipe, were mounted on each half of the pipe at each gauge level. Lead wires were
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attached and the gauges were covered with waterproof coating for protection.
The assembly is shown in figure 16. The lead wires were carried to the top end
of the pipe and connected to the data acquisation unit through a hole in the pipe
wall, The strain gauges at each level were connected in a full bridge circuit in
order to give maximum sensitivity to bendmg The gauge locations” and bntlge
arrangement areshown in ﬁgu(u 13 and 17.

The output from the load cells, cha LVDT's and the stmn gs\l’ge bridges
were recorded on magnetic tapes through an HP 86 micro-computer md on HP
3497A Data Acqnmhon/Control Unit. e requlréd compnter programs were

developed for rlmnlng the expeuments and. for subsequent plomng and analysis

of. data, Typml computer programs developed in. this reoearch are luted in -

Appendlx A

3.3 DE’fERMINATION OF THE PILE STIFFNESS

.

For the calibration of the strain gauges and to determine the pile stiffness,
the pile was arnugetl as'a simply supported benm with supports 3t the two ends.
Loads were Apphed by placing known weights o the beam. The signals from the

strain gauges. were messured with the HP system described-previously. Bending

moméﬁu were computed from the known loads -and points of application. Figure

18 is a typical calibration curve and the slope of the curve is ehe calibration con~
o
stnnt for the strun gauge bridge. ‘f
The callbrmon constants used ‘in_the data reduchon were the averages of

“the three vnluu from different load conﬁgumhons The c:hbruuon constant lor

‘ a pamenlnr location was mulhplled by the output from the gmlges at that loca’

tlon to. obtnm the bending moment in the pile. ®
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TABLE 3

) Specification of Model Piles ~
PARAMETER T-  PILES

Pile width, B (mm) 26 | 43 | 60
Length, L (mm) 1050 | 1350 | 1700

, / J Thickness, t (mm) ‘| 28% | 3.6 48 ;
Pile Stifness, EI (Nm?) 810 5980, | 36260 |
Hor. coeff, of subgrade o
reaction for dense sand,’ ‘20 20 20 °
iy (MN/ri) > ,
Mih. embedded length for | 800 [ 1200 | 1600

— | a long pile, L (mm) )

Embedded length, D (mm) { 1000 | 1300 | 1650

— Y =i ST =




Figure 14: Load cells
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3.4 PROPERTIES OF SAND

The sand used-was comme:chlly available dry coarse silica sand. The grain
size distribution illustrated in figure 19 indicfites a uniform cosrse sand. The gen-
eral propérties of the sand are listed in Table 4. The maximum and minimum
dry densities obtained in the labontory were 1570 kg/m and 1340 kg/m3, with
a uniformity coefficient of 1.4. The sand bed ufd in the tests had a density of

*

1510 kg/m® with a 'density‘ index of 0.77.

Direct shear tests and triaxial tests were performed on sand .snm.pla at a

density of 1510 kg/m’. An uvérngs.inc:rnnl nngle‘o‘{ friction' of; 41.2° was.
. i .

obtained as illustrated in figures 20 and 21.

3.4.1 PREPARATION OF SAND BED ;

In the prepunﬁon of the sand bed in the container, the most uniform. place-

ment was obtsined by the raining hni The i hu been ibed
by Bieganousky and’ Mnrcu:on (1976) and also by Vesnc (1065 1958) A slngle
hose hopper was used as shown in figure 22. The height of free fall un§ rate of
deposition was controlled t6 pro\duce the’desired density, ’

The sand was dropped through‘a flexible corrugated hose of dlnmeter 50 min

vith a 38 mm diam &r 510 mm long straight plastic pipe nt the-open end. The ..

free fall height was kept approximately constnnt at loo mm And the sand laid m .

layers of 25 mm thickness to oMun the dmred denslty ‘of 1510 kg/m’ Euh

-
hopper load of sand was wenghed' before po\lrmg. The. actual density .u placed

was computed By meuul.'ing the height of sand in the container by means of
messuring scnlw along the inside wall of the container for each hopper load. The
. uniformity of denslty over the entire depth o! soil was verified by cone penetrom-

eter tests and also by thecpoint resistance force during pile jacking.

!
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TABLE 4

Properties of sand used

PARAMETER QUANTITY
‘| Maximum dry density, py(mes) 1670 kg/m*
Minimum dry density, Pa(min) 1340 kg/m?
Ap.pu'ent dens{@;{;’ 1610 kg/m?
Density Index, I; NECS
Apparent angle of internal friction, ¢ ‘41..2'
Effective grain size, D;g < '| 1.46 mm "'
Uniformity coefficlent, ¢, i 14
Relative density, Dy, 2.64 *
Water content,w - & 0.02%
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Figure 22: Hopper and hose
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3.5 EXPERIMENTAL PR:OCEDIIRES e

The ])l]E were tedted nnder vemctl lateral mq\mclined loads. Pull out
tests were conducted on vernully loaded piles on eomplehon of the axial tests.
The following is the general procedure adopted for all the above tests.

___ First, the test sand bed was prepared using the raining technique described” s

earlier and the density was checked after each hopper load was poured. If the

density was not within the range 1510 + 10 kg/m3, the test was abandoned and
anew test bed was prepned

Secondly, the i and ding systems were checked using the

computef pmgmn'(for the .test. The. pile nid screw jack were mounted ‘and

prepared for jl;:kin‘ the pile as shown in figure 9. ‘The pile was lowered“to touch
the soil and the ing equi checked m using the dats scquisition
¢ .

unit.

The test p;la was Lhu_l.iuhd mto sand in 50 mm increments using) the
manually oper;;ed screw jack. At each 50 mm incnmel;(, t‘h’e pile penetration
was shpéed for about 5 seconds to let the.soil and eq‘nipment stabilize before
readings were taken. .Th 10 readings we:e taken for each channel, averaged

and recorded on s maguetic disc. P was then continued to the next
predetermined depth up to the final depth. _
After the final depth of penetration was reached the jack was releue_;i. For

* the uial,lpul"tuls, at the required depth, the load was nf)plied using the screw.

jack and the vertical displacements were ‘measured with dial gauges. Pull out

tests were then performed/on the pifa_.té find the ultimate pull out resistance.

For the horizonnl.n.n inclinéd load tests the 44.5 kN hydu;llic screw jack

on & swivel joint-was installed and set for desired inclinstion as shown in figure,

i A




-62-

10. Two EVDT's or dial gauges with a precision of 0.001 mm/div. were mounted
"Along the load axis were measured as

mdthe“_‘ ] deflection and defl
shown in figure 23, .
The load was then apphed zo sonl failure or the maximum elastic deﬂecnon
of the pile material. Data from. the load cells, LVDT’s nud strain gauge bridges
—were-sampled, averaged, and recorded-im a manner described earlier. The unload-
ing curve wasithen established and the data recorded. . '
The -density of the test sand bed‘ was peri}ﬁenlly verified using the Fugro;

type cone penetrometef. These t;ats were performed beyond the zone of

inftuence around-tire-pite: ==

At the end of the test, the sand was removed from the soil container by ‘

opening the doors on the side of the contamer .
/

The results of the tests are prmnnd and discussed in the following clupter

along with the various theoretical predictions where such- theories are lvainble.
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Figure 23: General experimental set up for inclined loads



CHAPTER 4

- EXPERIMENTAL RESULTS AND DISCUSSION

/ -
7 4.l GENERAL -

N N i
The results of the laboratory tests together with the analysis of the data are

presented in detail in this chapter under the following broad categories:
| .
(1) evaluation of the sand bed preparation and uniformity of test

as. di ined by density ents and cone ion tests.
(2f Axial loading of piles wgether with an evaluation of N,, pile critical

. depth and d ination- 'pull out

- (8) Laterll lon,dmg of piles, ultlmnu lnenl loads lnd developmem of Py 25
curves from the measuled bendmg ‘moment distribution, and

'\ cnmpmson with theonncsl methods, - «

4 P:lu under meh]xrM d loads an® !he rehtmn;hp between the dmerent

loadmg condmons # oy . %

42 CONE PENETMTION TESTS A .

.
In the prepauuon of the sand bed, the most um(orm plu.-amr.nt was
obtained by mmng the sand slowly. After a process of trial.snd error, a free fall

| . height of 100 mm, and sand lnid ‘in lsyers of 25 mm thickness pmdncéd densities

of tln order 1510 & 10 kg/ m3: lo: all tests md thus it was assumed that theisoil

" bed prepmd was conmtemly unlform

Cn ‘A Iurllm venncmon of the umlormny of the test bed was mide using the .

glectncu corie penetrometer. The variation of static cone prmm‘e with depth for



’ six different t'a/z‘s- is s’ho{vn in Figure 24. It may be observed !hn!'tpa cone pre;-
sure increases linearly up ‘to 60 cm and- resches a neap critical value.’ It is also ~*
¥ seen that the results of the tests are within + 5% confirming the uniformity of
the sand test b;d for the Variou‘s'ltau_
. ) The ultimate bu‘e resistance for a pile ‘in sand is given as : 7
.
3 @ =1'DN,. . (3)
where g, is the unit base resistance (‘gener.ally uprésed in kPa),
. '; 1 i3 the effective 'u-mit weight of soil,
N, is the bearing-capacity factor, and.  ° .
Dis ti:e verbié[ﬁdhtnncu between the ground sirface and the 'eile tip.

‘The acc\lrnte

edi i o;' the hué r from 3 is con’xpli-
. cated by\ﬂle fact that N is not a oonsunz and dependu on the mglo of mternll /
friction, the rmo of depth to diarnetet of the. pile, and on :hc relative denmy of

* . thesand. Exptrunenul results by Kerisel (1064), Vesic (1970), Tavenas (1971).
and Meyerhol (1976) indicate that the” bemng capacity mcmses linearly wjth -
depth for rel:hvely shallow depths. At a certain critical depth (D, ), whleh.
“depends on the size of plle and density. of sand _the rate of increase of bua resis-
tmce with deplh becomm nc‘mhnear finally reaching a constlnz of neu’lycon-

slsnl v:lue At =hallovver depths, the size of the base wxll mﬂuence the unit base

muum.-e, but at great depths the size appears to have lmle influence on the

vxlne ohtmn

At depths exceedmg 10-20 dlnmeten, the unit base ralsunce
nppelrs to be a !unclmn of only the relnhve density of the snnd L
The cone peneerometer mults on Figure 24 show that qhe cone prusure Jp

»tendu to become’ consllnt below & depth of lbou 17 times the cone diameter
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(17B). "l_‘his can be taken as the critical depth for the silica sand.used in the
experiments.

During the cone penetrometer tests the total load on the j)enetr?meter at the
top was also mea.s‘lmd and the difference between the total load and the cone
resistance was taken as the resistance ‘dhe to skin friction. The iohl friction as
well as the unit frictional stress measured along. the len’gth of' the penetrometer
(expressed as the average skin [riction), were computed as shown in Table 5 and

Figure 25. It may be seen that there is a reasonably good correlation between the

total skin friction d from sleeve and that obtained from the
measured (tcm force on the peneirometel’ mny‘slso be seen that the frictional

force also nppmachq a constant value at a depth of about 20 times the diameter.

. Cone Penetrometer tests show that the soil bed was uniform and repentnbl«-

_test conditions were obtained rur each test series.

43 AxlAl. LOAD  TESTS ON MODEL PILES

) -
In the first series of tuts 'discussed in thu section, the pile was umlly load:d
to ns ultinhate beanng capacuy and subsequently subjected to pull out tests.
After preparation of the sand bed, the pile was pushed inlo-the sand slowly
jacking it at 0.8 mm/s to ,lhe. predetermined depth. At this depth the load was
released and the pile nllode to set. p
The tctal resumnce of the plle to penetration was mensurcd by lhe load cell
- afthe gop of the pile, while the end rcslsmnce was measured by l.he load cell at
e up The difference between the two is the shaft resistance duc to skin fric-
tlon Typlcslfrlsults of the point resistance as-the pile pwnlmlcd the sand are
illustrated in Figures 26, 27 and 28 for the piles of diameter 25 mm, 42 mm, and

60 mm respectively. The averaged point resistances fop the three test piles and
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o mlu obtained from the cone penetrometer tests are shown in Figure 20.

From the cone penetrometer tests the criticn‘.l depth for g; was found to be

sbout 17 times the cone diameter. It may be seen from Figure 3 that ¢

' approaches a constant value at a depth to diameter ratio of about'17 to 20 for

the three piles. As discussed previously, the critical depth depends on the size oi

the pile and the relative density of the sand. For the two piles of diameter 25

mm and 42 mm which were pushed Lo D/B ratios of over 30, the critical depth

can be identified. For the pile of dismeter 80 mm which has reached a maximum
D/B ratio of about 25 the critical depth is not yet well t_l.eﬁned. )

:l‘he above ru‘ulls confirm the behavior of piles under axial loads and verify

the concept of critical depth which has been proposed by various researchers.

4.3.1 LOAD TESTS - LOAD/SETTLEMENT CURVES

After the piles were pushed {o the required depth, load tests were conducted -

and the load-settlenient curves were obtained as shown in Figure 30. The loading

di m;:lA“ iption of @ equi .and i ion were d
in Chapter 3. While the 25 mm and 42 mm piles were tested at a D/B ratio of
40 and 31 respectively, the 60 mm diameter pile was tested at three different D/B
ratios"as shown-in Figure 31. ’ B ¥ . ) -

- The ultimate or failure load condition-can be interpretéd in several different
ways from a load-settlement curve. The criterion for. .esublishing thn‘ ultimate
Io;d from load-settlement curves has been discussed by Whitaker (1963), Vesic
(1087), Tomlinson (1977), and Poulos and Davis (1080). The point on the load
settlement cn‘rvo where the curve becomes straight or substantially straight is

generally taken 23 The failure load and these are so identified in Figu:u 30

s

N




" Table's

The l'v’enxe'_run!tl of six cone -
penetrometer results given in Figure 24

- @ =Qs/(0.

DEPTH | Qr | Qp | @r-Qr=Q, | ¢ |-
@) ()| M N | kP | (kPe)
200+ 184 | 175 8 w | T
w0 ||| 21 |- 72
400 |85 faa2| m 342 | 04
500 | 460 | 430. 35 430 | 124
. 800 518 473 42 473 | ‘128
70 | s | 482 52 @ |13
800 | 543 [ o402 51 o | L2
. ﬂh +|-509 | 541 58 541 L4
‘95 = Qp/As .

BxAé) at a given depth above critical depth
¢ . Ty *




. -70-
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+ing capacity factors were ducussed in Chnpter 2. While venfymg the expenmen-

e Al

and 31. It is however to be'noted that some degree of subjectivity is involved in
identifying the  failure load and conmteut and reliable mterpremion ol tut

Tesuits reqmussome iliarity, experience, and j

A number of th the benr—

tal results, comparisons were made using the theories of Terzaghi (1943), Brinch
Hansen (1051), Berenntzev (1981), Durgonoglu and’ Mitchell (1073), Meyerhof
(1976) Veslc (1077) and Flemmg et al (1085) to compute the end bearing rsb-

tances The th ical and imental results are 3 'in Table 6 and also

compared in vl';iqlres 32,33 gnd 34 for all three piles. 4

Theoretical and wmeasired- values of N, “are coripared in. Figure 35. It is

- seen ‘that the. experimental values are closest to the theoretical valués of Vesic
(1977). It may also be seén that the values of Iq. caléulated by the iterative pro--:
c.edure proposed by l';‘leming et al (1985) lp})machas a constant value with

5 vi‘!lcr'elsing‘d.‘epth. This limiting behaviour was earlier attributed to some form of

arching effect. Fleming & al (1085) explnin that a more rational explnnnt‘iol’x lies

in the variation of friction angle; ¢/, with confining pressure._. This applvnch in

compuhng the éritical depth is. different from those suggaud by other Futhors

based on the pile D/B ratio.

Kerisel (1084) and Meyerhol (1978) repoﬂed that the value of N, in sand '

increases with depth and reaches its maximum value at less than half the crmcnl

depth while Bereznntzev (1961) indicated a decrease of Ny’ with depth Driguno-

glu and Mitchell (1973) found that N, increases with increasing D/B ratio, while
Vesic (1017i concluded that N, is'a 'eonsnni independent, of depth. The varia-

. tion of N, obtained Imm present tests (Figure 35) show an agreement with the

conclusions of Berezantzev (1081) that there is in fact'a :hght decrease in N,




. e ~ T PILEDIAMETER
Methods ‘95 (mm) | 42 (mm)

D@ |0 [e|D ||| D

.| 900) 4.45/0.48| 4.01

Terzaghi - : al s | 1+
+| “(1943) - |1000]0.03|0.24 117 1350|3.15 |0.67| 82| 1200| 5.930.57| 85" | |
e 2 e .| |isso| 815|152| o7 |-
» X . A A ‘s
Berezantzev|. . I T O 00| 6.48(0.46| 694 [
(1061) [1000]1.35] .24|1.50|1350|4.50(0.67| 5.28|i200| 8i84|0.57| 821’

- [1650|11.89|1.52|13.41 "

Mitchell - |/ vl R égg 3.58(0.46
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Meyerhof 2B I 17
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4 ; 1650] 7.39|1.52( 8.91

~ ) ¥ \
B.Hansen I A 900| 7.730.48| 8:19
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2l 1650( 142 [152[15.7
o i ; *| . | ooo| 25klass| 3oz | -
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" with depth. ’ . " =

43.2 SK"“‘ FB{CTION 5 i . . e ] "
" \‘ - Piles-usually receive 'Vﬁﬁﬁifﬁn’li&h’end bea:in shaft res tnnce

Tha relmve magnitude of the shaft and ‘base cnpncma will depend on the P T

C\ﬁg/nmetry ol the pile and the soil proﬁle The averaged values of the point and

shaft -resi dunng pl]B ¢ jon, .are shown in Tnble 7 ‘and Figure 36
" Shaft fnchon is in the nrder of 5-15% of the tonl nlnmatq reslsﬂnce lnd can be

i —conslﬂered as negllgxble for norma.l prachce of dmgnmg plléa in cuheslonless

The unit- [nctxonal mlslanee .+ in sand at x depth z ns gw“_
. Y

y

e . i .

i L T e Ko tanb

.~ where K,' denotes the coefficient'of earih pressure on the pile shaft,.

To'is the n,verage eﬂ'ectlve overburden presmlre, and

6 is the lngle of !nctxon between the sox[ and plle matel

9 can be rewritten integrating-along the embedded pile length D,
for the total shaft resistance Q,; asifollows: - ;. .
N woend, . CQ =0BK, uamu,_ : : (10)

where. A4, is the total nren ol the embedded pile ﬂmﬁ. »
Factors K, and tan 6 need-to be estlbhshed in order to-deterimine unit skm‘

resutnnce The most sensitive and elusive lacwl is K;, whlch aepends on_the - ’

S~ method of mshlhmon ‘of the plla xnd the initiak density. of. sand. ioyle and

Castello (1979) Eonclnded that th: vnlue of K is not umlorm and waﬁe}%hh

depth from the puswe to the nctlye pressure range




. Table7

of measured point resistancé™
force and shaft resistance
. S

Pile diameter

1027

1111

‘| 12604

2150
2310
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?mm the model 61: Aests reported here, a trend has been observed for skin

1nctlon similar, to thn for end -bearing préssure (Vwe, 1977).. The shaft mction '

tends towards some limiting value with i si depth Cone

3 tes{s (Flgure 25) confirm the phenomolon The’ mﬁmhlhty ofa em;cnl depth lor

skm friction may be a toplc of further research. - - i \
© Ll . .
4.3.3 PULL OUT RESI&TANCE E = . ! -
_ “Piles ite generally used to suppim ive loads' from

Some structura, like transmission tﬂen, moonn‘i sys ms for submerged plnt—

fonns, itall -chi /s, jetty. etc., are d on plle d

{ snd are subjected to llplllt forces. The behnvlour o plles subjected to such uphl‘t

- loads hnve not been hllly undenwod as yet Moreover, there are dlﬂ‘erlng vtews

__Broms (1063), Mohan_et_al (1083), Hunler and Davisson (1969), snd Sowa_

about p\lsh-m and pull-out shnﬂ friction.

(1970) have. shown’ that pull-out shaft friction is significantly less than p
I‘r?ﬂ'mn.__Pou‘las antd stix’ﬁﬂ&ﬁ) su;zu'.,ev-luuing‘ tbe uplift e:plcity al‘s] vert-
Ci ile by reducing to 2/3, the calculated shaft resi: for d d Ib.ding
,On the other hand lreland,(lﬂsﬂ Vulc (1070) and; Ismael lnd Klym (1979) sug- |

gest that there is no sxgmﬁcnnt dlﬂerence between the two. ; o

Fleming et al (1985) state that lhere is no systemmc difference in lhe vsfue

either in tension wor

of skin friction’ which may be mobilized by a- pnl

. compression, except for reln vely elender\ﬂu ’l‘hey attribute the discrépancy i in,

T
the pull out and push-m vnlua to rwdunl stresses which exist after pile mmll.-

non leading to an under-estimation of the end- bearing capacity of the pxle, tlms 5 i

overeshmstmg tha skin friction' in ion. + In most. I studies

upll!t loadmg is apphed after the pile had ﬁrst been tested to fnlure in compres-

/:




'.:87)- e g _»./ ._._j »
¢ i \—- smn whlch wu\e case in this expenmental study Pllll out tests were conv
- W ducled on tlxe pﬂea and load- deﬂecnon curves obmned as shown in Fxgure 31L o,
g ‘ ." - A number of. thzo ave Sggn put forth to mmp\ne the pull augesmance
%y i of plla in-sand Meyerhof (1973), Pouhs (1980), Levacher and Sieffert (l:::)?n
_Chattopadhyay and Pise (1986) Table 8 shows the computed)pull out reSistance;

’ measured shaft lnctlbn and measured pull out resxstunce It 45 seen that ther:l:\"\
» E: .’ sonsidetable vmnhon between the me){fred and computed values; The meas- ;
; G ‘ ’ .ured values are Slmllll‘ to those obtained by Chnudhun and Symohi(mss), who '
,\ : s luded that h ical predictions sre ‘in sigaif error when. compared

wnh e&p\enmentnl resulba 13 may be seen frum Table 8:that the skin fncuon in ~

i tension is nbout 75% of the shalt xenlstance in compresslon
: -
s ; 4.4 VERTICAL PlLE UNDER LATEIIAL LOADS

— 1 -‘ The —second senes of tests consisted gf a vermal pde subjected to-] honzontal
. loads n the top of. the pile. The pileg were mstrumented with electrital resis-
" tance strain gauges, d:tnL« of whiéh ‘were ciescribed in, Chapter 3. The gauges
were used to obtain the bending,marheni in the piles $|eng their length., The .
_Tesults of the lateral load tests and a:nvatmn of p-y cnrva lmm the r-nmng

bendmg momenl dmgmns are a‘mussed in- this section.

A.Aﬂ MEASURED LOAD VERSUS. DEFLECTION X Rl -

/’l‘]s honzonm deﬂectmn at the top of the.pile was messured by gradually

mcreumg the ‘lateral loads. Load deﬂectmn curves ‘were obtamed ~and the

'\, of the pxle 4 d on i nf the test. Typxcnl

load- deﬂechon curves for.the top of the  pile for pxlu uf 25 mm, 42 mm, snd 80
mm,dh.msters are shown in figure 38, In nll }hese tests the «pile beh ved u{’”\
long fexible pile and it was ensured that the bfpding stresses in the pile shaft
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Table§ s
b -

N } ) )
. ", Pull out resistance (kN)
& \ v . 7 .
< ( % .
L ) :
5 . Pile. | D/B-| Q, w . ,lTheory Experiment
o Foln : P
“o.| Dia. | . 1 ‘,’.-2 3 4.| Q,-Q | Meas. i

g5mm| 4 | 021004020 |[173 017 [0z | 012 | 000
s2mm | 32 | 071|008 | 056 |58 | 050 |10 | 028 1018
*loomm | 15 |‘045 |14 |04a | 340|032 |17 | 053 |0z
Gomm | 20|08l 0147 068 | 593 (057 | 183 | 062 0T o

“{oomm | 27| 153 | 014 ‘116 | 1008 | 107 | 251 0.53
L I
Q = oskqi;mm R ;
(1) Poulos [(2/3)@, +w1 : -
(2) Meyerhof [BAD?K, /2 + W] (for rough p:})\ . i
7 (3) Levacher [0:5K, »,Pr\q Koy N "

(4) Chybﬁpadhyay
W -weight of pile
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y ’ It may, be seen | from the loud defléction curva that the deﬂectxou at the top
of the pile is -3 nonlinear function of load. The unloac!mg behaviour of the pile
3 confirms this and there is a per‘mﬂuent cE!orma‘tion of the soil.
e “ o - . )
4"4 n‘m:Asunﬁb BENDING MOMENT! ms'mmu'mou

Durlng the lnenl load mu the slmn gauges. were used to. contmuously

monitor the bendmg strains at vanous yomts nlolh the lengf{ of the:. plle.sha{t’ ‘

* The outpu! voltage for encﬁ bridge at edch load level multlphed
‘constnnz ;ure l&) gnve the bending mo!

_load step,

Tk{ measured. bending moment for pllu of dlmmtem 25 mm, 42;nm, and 60°

P rQnm are lllustnud in Fxguu 39, 40 and 41 For clnnty,rcurm are only showq G b

for five load cases; loads wm’xpplmd and slmﬂsr curves: obmned f
load increments. One characteristic of the curves that was nbserved was thaz the 2

point of maxmmm moment moves downward as the [Gad mcreasu Also, near

; the point _of maximum moment the curvature ipcrensu with fncr
load. ;

ing lnteul

. Py curves were. developed usmg the bendmg moment’ dutnbuuon curves

and the pile head deﬂectlons These: curves .were conu)nred with _curves denve(

from different theoretlcal methods and digcussed infa subsequent secuon

443 DEVELOPMENT OF py cunvns

oy ‘When. a ‘lateral load is npphed to the tbp of a; ﬂexlble plle, the: lond s

translemd to the soil ‘surrounding the plle Be!ore any hun.l loa u applxed to

the pxle ‘the resultant !or:e obtained bymlegutmg the preosuu mund the pllu :
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will be zero (Figure 4). The deflection y, of a pile due to an upplie’d load gen-
-~ z S

is unbalanced force per

erates an unbalanced force p, per unit length of pilq-
unit length is unique at each point along the length .;r the pile and is a function
of the pile deflection at that polnt. Thus, for a series of deflections, the
corresponding series of forces may be combined to obtain a p-y curve oorrupond-
ing to a given depth. The maximum pxble pressure that can be denlaped in ’
the sand is equal to the passive renshnce of the sand. & curvgs are genenlly
used 8s a technique for mtmducmg effects of material non-lmumy and non-
homogeneny mto the elastic mbgrnde nm:hon model for the soil. - -'
Vmous methodu of deturmmmg the p-y curves have been propbsed in the .
. hter:ulre by Mlllock and Rlppelger (1958); Reese et al,(1969); Rceqe et al (1074) .-
Tt _. ;nd Reese'et nl (1975). The method for obtaining the Bgt correlation s td deter-

mine the experimental p-y curves with a simultaneous measurement of bending

° / moment distribution in the pile. . ¢ - "
’ For a given value of applied load and moment at the pile he‘td, the ‘meas-
ured distribution of ‘Doniig iiment A, dlong the: pils lgth éan bezmsed fo
’obhinv thg rrespondii i : ibution of pile displ: y; and the soil reaction
. : : ‘ i
The deflection can be‘ t;hﬁlined by sulcr.ssiv; inu;ntion as :A
L S ’ . N . ff— dz g . (27)
. ’l'he soil reaction (Io:d dlstributlon) can be obnmed by successive dlﬂ‘erentmmn
N s :

!

N J aM




Approp‘rhu boundary conditions must be used, and the-:quliiolu solved

numerically as discussed in the next section., - 5
A series of p-y curves corresponding to various depths in the soil may be 7_"
d by plotting ding values of p and y at each depth for increas- - i
X ing levels of lateral loading. . '
Qe ) ) » o 3 v
4.4.4 CURVE FITTING PROCEDURE . "7 v \\ .
* B \ .
B Y] r
i g g :, In the ln:lym of the teut d:\p to obmn deﬂecnon, ulope, moment, shear t @

ioh of moment. -
S

power T

i -enu 1

oti An ‘_ i dure would be tn ﬂt a lnnetmn over a
selected intervil and then operate on the’ function within the mhrul succes- J
sively changing the interva] until all data. points had been.gpermd upon. The
most convenient function to use (Welc!l 10‘12,_ Pin_lm!,_ from thg ?gndpﬂint of

simple’ diffe iation and i ion_is a poly ial ibing a ed 4
*. power series. o 7 k S
A polynomial describing a trunsded pnwe‘r series was ndbpud in this thesis

“in ﬁttlng a mncmn '.o the measured hendmg moment distribution. A least-

squares curve fitting techmqlle was used to fit'the polynomlll to the dltl. In
i ﬂmng a polynomial .to, the data, the quatlon of the degree of polynomhl to use

. ‘has to be determined.- The pulynomlnl would have to besin-the order of three or
-

graater, since  soil rencuon /is determined by dlﬂerenmﬂng twice: " Also | tha .

W G grenter the degue of the polynomlal the better would be the qurve fit, but with a
- ‘greater posslblhly of ernl.le behaviour between points, Polynomials of degree

3 four through ten were fitted to the ‘moment nlrve‘c' and the first derivative com- *

FO o A
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‘ pared to the applie.d_ shear (lateral loatl); The second derivative was examined for

its sensitivity with the chahge in the degree q_f'the polynomial. ‘It was concluded

| that the polynomi_nl of degree‘sglen- would provide the best curve-fit without

erratic behaviour. -
\ " The deﬂecnon of the plle along its length was determlned by mteg'rntmg‘!he

fitted. moment curve twice yusing Slmpsons 'rule‘ lt was found that the two

l’oundnry diti ihe' 4 d deflecti ut the top of the plle.

and an. assumecl zero deﬁectlon at tgbottom of the plle ylelded slmllar

deflection curves along the length ol lh\z\plle The shear rmsted by the pile was

determined by dxﬂerenuatmg the" d curve. The second derivative ylelded
vnlues of "soil, renchon A cempnter prd(a}n was written for the least-squares -

curve fitting. p the i fon using Slmpsons rule and

dnﬂ’erenuuhon using finite dll!‘erence methods {(Appendix A) A typical soluuon
«showmg the deﬂechon, slope, moment, shear and soil reaction as.a function.of *.

. depth is presented in Figure 42..

445 pT}" CURVES
. From the experimeillnl mo/me;n/ curv.es mga.{uréd during the Qteml‘ load
tests, values of the .soil resctiﬁn P and deflection 'y, were obtzined usiné ‘tlle_
. numerical procedure . descnbed ahuve Typical p-y curves. for pile dmmetens ol 25
mm; 42 mm and 60-mm are shown in Figures 43 44 and 46.
It may‘be seen from these curves that there is evndenée’él’- initial elastic' g
behnviour of the soil and the elnshc range is generally associated with smaller dls- .
placements. _Also; for snmllar soil dlsylucement the grenctlon mcreues with

incredsing depth of the soil. ,Thus, the initial 'slope of the p-y curve increases

with-depth. The‘curve\s tend to becomie hori ], indicating that the.ultimat
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e X . w‘ruiztnnce of the sand'is nchievevd or is approaching.
' |

_Curves are shown lor‘ depths.up to five- pile diameters only‘, since.for larger

depths the pile dmp]numenu und soil reactions u/e too small for accurate deter-

mmmon of the p-y- relationship. " Barton'et al (1983) state that dlstnbutmnx of /et
soil reaction p, derived from e:penman’sl datd x:eqmre careful _lnterpretsnoq and
: are best regul"ded as in;!icationu of the genemvl variation in the soil reaction rather
thnn exact values. Annther limiting factor is that the umlmte soil reaction is
only devfﬁped up toa depth of about five pile diameters becwsu the apphcahon

ol larger.loads wguld have slmsed ‘the steel beyond the lmu.r stress range,

To eheck the accuracy. of the expenmenully denved P y curves, the lntenl

lbad-pﬂe head deﬂectlons and moment curves were comp\lted using the:computer

program developed by Reese and ‘Monoliu (1973) and extended by Reese (1975b,
1977) The differential equman (equation® 25) described’in Clnpter 2 is solved
using successivé difference equations based on repeated rghrence to the’ p-y

curves. The and i 1 load-deflection curves are shown.in Fig- 4 s

ure 46. The corresponding bending moment distribution curves are shown in Fig-

ures 40, 50, and 51, for the piles of diameter 25 mm, 42 mm and 60 mr—rﬁupee- ‘

p tively. There is good ag ment between the and i 3| valuﬁ

and the p-y curves derived from the experimental data pre"zéonsistent with those . ‘

fed e piblibid Tisturs, ” ‘

" 4.4.6 ULTIMATE LATERAL SOIL RESISTANCE ' ' |

Reese. et .al (1874)'suggest two modes of failure when a pilﬁ moves laterally

through thu soil. Near the gro\;nd sutface the resistance is contmlled by a pas-

sive hlluro wedge For grener depths the resistance is assumed to be primarily

by flow of§nd around the pile. The expressions (Equations 18 and 19) are used
: B — S‘ - N
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SOIL PRESSURE (kN/m)

| ; . .«
b -
! = D=210 mm
\ i . ! ]
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° \ o ~
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%
D=84 mm
+
AN k_ © D=42'mn
Dfaepth below: ground surface
| T O 0 1 1 |
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DEFLECTION (mm)

Figure 44:° p-y cubyes for 42:mm diameter pile
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DEPTH (m>

4‘_;P

. EXPERIMENTAL CURVE
CALCULATED USING
+ p-y CURVES

H - LATERAL LDI.\D

<

Figure 47: Bending moment distribution ‘for. 25 mm dinm‘eter pilél
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for wmpl.nin; the ultimate soil resistance and the smaller of the two values

“adopted.

Broms (1984) has suggested a net lumung force per unit’ Iength of pxle ,p.

gnvenby
Py om o, po=23Ka'D @\

= Brpn;ns hﬁs p‘lepar‘ed charts in-non-dimensional form givin_g the lateral capa-

. "cily of. piles in terms of plastic ;noment and geometry of piles.

An mtermadu&e vmmon of limiting pressum wnth depth is to tuke Py pro- b -

pomcnnl to the square of the passive earth pressure coeffic cient Ky giving

P, = K P, D . ki (ao) :
‘Figures'. 50 '51, and 52 show the cllculnted vnluu of aver(ge hmmng force

per unit length wnh depth compared wnth the three methods discussed above. It

g mny be seen that Bmms (1984) method underestimates the limiting pressure *

except very cloee‘ to the ground surface.  The Ilmmng pressures closely follow_t&e R
/ . " variation given by.Reese ei al (1974) and that computedvby’ Equation 20. At

£
depths greater than five pile dlameters it may be noted that both.the methods, .

ovemhmale the ultimate soil premure Hence, lc is recommended thnt the the

o . ulnmate ‘soil pressure at a depth of five pile-diaméters be adopted as tlxe llmmng

vnlue for grener depths. -,

7

.7 MEASURED AND PREDICTED LATERAL PILE RESPONSE

The moment disuibutions and :ieﬂect'e\d shapes: undei applied iutersl Ioad.s ’

I’or the p)la of dlnmeter 25 mm, 42 mm and BOmm were computed and compnred
\
“with the m d values. In the n ion of the pile b havi the sonl/




. 108 - .

ULTIMATE 50 IL RESI STANCQ_(kN/n)

0.0 .2 .4 .6 71n 1.2

-0 A e e T T T
* experimental 'data
\ __)':“.:D et al (1974)
e KDY :
2\ -z Kply 20’
\. \\;,
s\ W\
1 \\\
s 0 N, ™2 '
. \»\.. \\ .
) ~\ \\‘
L \ N\ =
Y AN
. \ \'
, LAY '
10 . \ \\\‘ 548
\. N
\. )
-.\ ; \.\ .
i \ Nk
5 N NE
NN
\
15!
" Figure 50 Iltimate ' soil resistance vs. dep!h for

‘mm dnmhter pile

T\




DEPTH (cm)

0 1 2 3
o T - R ; -
W\
N~
N
‘-\\\ * -#- experimental data
N P
sk Reese et al (1974)
IS ~-—-- Kp 72D
A AN - Kp'7 2D
NEN ~ — — Reese' et al (1974)
1o
- 15
20
~J

25"

F|g|lre 51 Ulhmste soil resistance vs. depth for
| 42mm digmeter plln .

L&

s




DEPTH. (cm)

-10- |

5
ULTIMATE SOIL'RESISTANCE (kN/m) :
1 7 8
o \ | LA 3 | (R DL | | |
N -
N
sk AN . s
\ -#- axperimental dat -
\\\'\ Repea et Gl (137:)
AW
10} ;
15
A FR X
Y NoA Y
20 X N \
\ -%
& ‘.\ \ \‘ » K =%
"X }\\ ’
25 \ \\\ E :
N\ .
Vo -
i N \
30 b Noat 2 ®NS
\ 3N
+ \ N\, N
o . _'.\ \ \|
' \ . W R,
] O 2
S ' -
.+, Figure 52: Ultimate soil ranhnce vs. depth for

80'mm dumeur pile : .




R 2 -111-

, response '{l predicted b; the“\mni—empirie-l methods of Reese et al (1074),
Matlock et al (1080, Scott (1980) and Parker (1974). The pile response was com-
puted using the program developed by Reese (1977) as described earlier. )

Measured and'predicted bending moment distributions for piles of -d.inmeta-
25 mm, 42 mm and 60 mm are illustrated in. Figures 53, 54, and 55 for five typi-
cal load cases. It may be seen that at small loads all the methods. show good

agreement with the measured ulm’s‘md follow .the ge_ne—nl trend of the meas- *

ured moment curves.

+_Scott's (1080) method underestimates the momen!s‘ at higher loads’ im.i does

not agree with the measured values. Parker's _(lﬂ1djhfhod ovamtimniey the :

mo’ment values but follows the géneral pattern of the measured values. Reese et
al (lfﬁl) and Matlock et al's (1980) 'metllovdl' show good agreement with the
overall results but underestimates the moment values for the 60 mm pile, while

ovemtil’nning the moment values for tl’n 25 mm and 42 mm diameter piles.

For phntiui problems, the most imp aspect ill d by the com-

parison is the close agreement obtained for the magnitude and location of the
maximum momun.\‘l'he magnitude and location of the myximum moment will

* be of primary lmporunce for design problems.
Meuured and predicted deflected shapu are shownin Figures 56, 51 and 58
for the 25 mm, 42 mm and 60 mm diameter piles. The predicted deflected shapes

were obtained by double integration of the moment curves as described earlier.”

. Cutves obtained by the methods of Reese et al (1974) and M;zlock et al (1980)

show good g wilh the d values th ._‘ the deﬂected shape.

Plrker’s (1080) me!hod overaumlm the dzllecuom, hnl follows the ‘general

trend of the experimental curves. Scott's (1080) method nndmmxtu the |

deflections by more than 100%. It may also be noted that the.curves ob ined 3
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inclined load was id) tified for each curve in a similar manner to-that described .

- 18-

by the empirical methods have the points of zero deflection deeper than those
obtained experimentally.

From the standpoint of ding the behaviour of the piles nd ‘for *
practical problems tl_le behaviour of the to{) of the piles is of primary, importance.

Therefore, the most i

p aspect ill d by the i is the rela-

‘tively good between the d and predicted d ions in the-

upper portion of the pile.

4.6 VERTICAL PILE UNDEWCLINED LOAPS -

- The behav:our of vertical piles under inclined loads was studled in the ﬂnn.l
series of tests. Available data on the behaviour of flexible piles subjected to
inclined loads are scarce. The effect of venicahud on the ﬂéxural behavjour of

" piles is not usually considered. Ramasamy et al (1982), however state that ;Imt &

. the lateral deflection at the head ofa free standing pile can be large and.this may

result in tﬁoy{ﬁ? ad causing an additional moment which tends to magnify
the lateral d/eﬂaé ‘ion. The behaviour of a- pile mbjectéd to inclined loads was

investigated and compared thh that of a pile acted upon by only lnberal load: ¥ ~
The sand bed was prepared similar to the.other tests and the plle was ;uked

slov.vly into the sand n's da;cnbed earlier. The swivel joint was used to set _the

desired angle of “inclination” and loads were spplied by using the 44.5 kN . 4

>
d were d descrit

hydraulic jack (anure 10). The load hn the pile, the bendmg strains, mclmed.
and Dteral

as d earlier for the lateral load

tests, nnd recorded uslng the data acquisition system.

Typncnl load deﬂechonnurvea for the top of the pile for plles of 25 mm, 42 k
mm,.and -60 mm di}metm are shown ‘in Figures 59, 60 and 61. The ultimate

)
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earlier for lateral load test results. It may be seen that the load-deflection curves
are similar to the lateral load-deflection curves and that the deﬂe;lion at the top
of the pile is a nonlinear function of load.

The ultimate pile capacity under inclined loads was also computed as a per- $
centage of the ultimdte vertical load capacity for different values of a Tiic
results are shown in Fign}e 62.. It is seen that the inclination ;:f the load reduces
the ultimate Capacity of the /lle with a rapid ‘r;duczion for lotd inclinations
between 45 nnd 60 degrees. These qxpenmenul results are' similar to lh‘sc

- réported by Meyerlmf and Ran;un (1972' and Chan and Meyerhof (1083) for ngld

piles in sand:

“ . s .
4.5.1 MEASURED AND THEORETICAL p-y CURVES

Values of soil resistance—p, and deﬂecﬁop ¥, were,obtained from ti:e meas-
ured bending moment distribution curves for the inclined load, tests in a manner
similar to that discussed earlier for the lateral load tests.. Theoretical p-y curves
proposed by Reese et al (1974), Matlock et al (1980), S\cot‘t (1980) and Parker
(1970) were also compuied and plotted together with the experimental curves as
shown in Figures 63 through 77. ;th experimental data was bmﬁj fitted by draw-
ing a smoo\th curvel It may'be‘nuieﬂ ‘that there is no difference in the p-y.curves
for the methods of Reese et al (1974) and Matlock et al (1080), since the gecond
procedure is a :} lification of Reese et al's (1974) method.

+ . The experim;nxl curves follow the same' general trends as the curv‘w of
Reese et al (197:I\bllnjlluck et gl (1980) and Parker (1970). Ti:ere is an initial
elastic range and the curves become horizontal when the ultimate fesistance of

) the soil is achieved.’ Séoti‘s (1980) results differ from the experimex_x'tgl values. as

his method assumes an unlimited linexr increase in soil resistance with increasing.
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Figure'74: p-y curves for 60 mm diameter pile at depth 120 mm
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L]
deflection, whereas iy practice, the ultimate resistance is limited by the passive
failure of the soil. '
It may also be seen that the curves for piles under lateral loading indicated

larger soil resistance values than the curves for piles under inclined loading: The

d "

as load i

values of ultimate soil goes from 60 to 30
degrees. These trends-are similar to those observed by Parker (1970), where a

vertical pile had larger soil resistance values than those of an out-battered pile.

4.5.2 MEASURED.AND PREDICTED LATERAL DEFLEETION

During the inclined load tests, the lateral deflection was measured for each

load step together with the inclined load. The lateral component ol"th'e inclined

load. was calculatéd and the corr ding load-deflection curves plotted. The

was also using the semi irical methods 8f Reese et al

pile

k (1974), Matlock et al (1980), Scqtt (1980) and Parker (1970). The pile response

was computed as described earlier fo:.’ﬂle lateral load only.

licted load-defc

Comparisons between the d , and
behaviour of the top of the piles may be made by re.rerring to Figures 78, 79 and
80. l@.mny be m‘)ted that for Parker's (1970) method, the predicted deflections
are appmximnelya)—% greater than the measured values for all three piles, espe-

cially at lower loads.. The method of Reese et al and Mnilock et al (1980) agrees !

fairly well with the . d values und imating the d ion by about 5%.
Scott's (1980) method correctly predicts the deflection values at low loads, but at
higher loads underestimates the deflection values l;y more than a 100 %. It may
be concluded that this is because this method does not allow for a limiting value

of ultimate soil response to lateral deflection.




-140 -

aid saoureip w63 oj soAN> WoIRARP-PRO] [NV gL oI

= T — SI
© 930 0E -+~ 4
*930 Gy -x-
'930 09 -o-
‘930 06 -e- - -

(0861) 1103§ ———--~
(0861) 10738 JOUVW_ __ _
3 (VL61) [P 3973533y -

(OLBT) YINIYd———

" quay NOILD37430

(N*) avol




DEFLECTION (mm) :

20

LOAD (kN i
8 1 1.2 1.4
¥ T T T
E .
- "\‘
r ~.
= - ’ E
- ———PARKER (1970) .
[ __ -REESE et al (1974) &
- TMATLOCK et al- (1980)
[ ~-—--—SCOTT (1980)
[T -+- 90 DEG.
[ -o-"60 DEG.
' -x- 45 DEG, \
4° | -+ 30 DEG. \
C i i

Figure 79: Lateral load-deflection curves for 42 mm diameter - pile
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It may also be seen that the vertical load on the pile increases the lateral
deflection at the pile top. Compared to a pile subjected to the same lateral load
only, the vertical load increases the lateral deflections by approximately 4, 9, and
15 % for load inclinations of 60, 45 and 30 degrees respectively at the ultimate

lateral load.

-
4.5.3 MEASURED AND PREDICTED MAXIMUM MOMEV

Comparisons. between, the d and p d lateralk ul
moment distribution in the pile section, for the piles of diameter 25 mm, 4% ' mm

and 60 mm may be made by referring f()\lf‘igura 81, 82, and 83. The empirical

procedures of Reese et al (1974), Matlock lt al (1980), Scott (1080) and Parker '

(1970) were used {o compute the predicted pile response. 3

It may be seen that at low loads all the methods generally give comparable
résults and show good agreement with the measured values.

Scott's (1980) method underestimates the maximum moment at higher loads

nr;i does not follow the trend exhibited by the measured values. Parker's (1970)
-
measured values. Reese et al (1074) and Matlock et ‘al's (1980) methods show

method i the moment follows the general trend of the
.~ good agreement with the overall trends but underestimate the moment values for
the 60 mm pile while overestimating the moment values for the 25 mm and 42
mm diameter piles.’ ) ! ¢ 7
It may also be seen that the addition of a vertical load.' on the laterally
loaded pile increases the maximum moment in the pile section. Compnr;d toa
pile ‘'subjected Lo a given lateral load only, the maximium- bending n‘:ogent
increases by appoximately i!, 11 and 16% when the pile is sixbjecteq to additional

“vertical loads, with the resultant inclinations. of 60, 45, nnd_&b degrees respec-




MAXIMUN MOMENT (KN, m>

!

LOAD (kND

0 .05 ol .15 32 .25 . ..3 .35

—PARKER‘g?D) )

| _ " _REESE etdal (1974 &
~ T TMATLOCK et al (1980)

| -=-—-=SCOTT. (1980

-e- 90 DEG.

-o- 60 DEG.
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S 310 DEG.
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Figure Sl; Lateral load-maximum moment curves for 25 mm i
diameter pile A
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)
tively. Hence, the presence of axial load causes additional moment in the pile
section which leads to additional lateral deflections as seen in the last section.
Similar results have been obtained for long A2ibld piles by Ramasamy et al
(1982), whose analysis shows lhst‘the vertical load can increase -the Iater:;l
deflection by about 7 t5 18 % compared to a pile subjected to oInIy lateral load,

adepehding on' the degree of fixity of the pile head. ] '

and dicted behaviour of the

The comparjsons between the
* model piles from the four semi-empirical methods indicate that reasonable results
are obtained for sands. It is to be noted that the.procedures were originally

derived by Parker (1970) and Reese et al (1974) for dense sands. The comparis-

2
< of ons hetg/Ahow that the methods are readily applicable to sands with similar pro-
I, perties. It is to be noted that Scott's (1980) criteria of using an unlimited
increase in soil response with . deflection gives overly conservative results-‘an-d
should be used with caution. ‘
ES
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CHAPTER'§ =

SUMMARY AND CONCLUSIONS

1 %y ducted

P ents were on model verucnl fexible pllt.! to
better und d the soil-pile i ion under inclined loadi

parisons were made between experimental and lheor)ticul v:lu s

conelusmn: lre drawn on the results of this research work. . *

(1) Cone penetnuon tests show that fairly uniform conditiqns are obmned i

* - using the raining teehmque. The critical depth D,, for the sand vas found to be

4 'nbout.l7-20 B, consistent wi‘th the range of va'hlu"reportpd in the|literature, '
(2) The values of the bearing capacity factor N, was cothnt with depth

and consistently smaller than that ‘predicted by various exist'mg\ theories. The

.+ values of N, compared well wnh those obtained by Vesic (1977). *

3) Pllll out resistance of a vertical smooth pile is estimated as lbOlll 75% ’ol

lhe shaft resi in i Th ical predictions are i

error when d with experi 1 results in

tance of piles.

(4) Good ison is obtained:b i 1 p-y curves and those
predicted by Reese et al (974), Matlock et al (1080), and Parker (1910) S:oul
(1980) method differs from the experimental results as hu method mumu an

‘unlimited linear. increase in soxl i with,i i g i Rme i al

' (1074), Matlock et al (1080) and Pnrker (1970) methods are rendnly applicable to +

sands with s|m|ln properties, where as Scott's (1980) method gives overly copser-
vative results and should be used with caution.
(;5) P-y curves for piles under llhnl loading indicated larger soil resistance

- values than curves foy piles under inclined loading.

s 8 : ‘

in sand. Com- -

The following

dicting the pull ‘out resis- ’

“
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(6) The ultimate load capacity under inclined load decreases with load incli-
R . . O
nation, with a rapid reduction for load inclinations between 45 and 60 degrees:
(7) The vertical load i.licruu_s the lateral deflection and maximum moment
on the pile under inclined loads. Lateral deflections are increased by about 4-
15% and maximum moments by about 8-16% for load iqcl.'mutions from 30-60

degrees when compared to a pile snbje;tei‘l_ to the same lateral load6nly.




" (15) Broms Bengt B.(1066).
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| PROGRAM TO CQNDUCT CONE PENETRATION TESTS

OPTION BASE 1 )
DIM BDATA$[1§8] ,A$(90],PENT(10),MULTPLX(90) ,PENTAVG(26),D(26),
LOADS(25) , LOADAVG(26) ,CONAVG(26) ,SLVAVG(26) , VINAVG(25)

PRINTER IS 1

CREATE "CPTD17",5,256

| SLEEVE IS CONNECTED TO CHAMNEL 67

| CONE IS CONNECTED TO CHANNEL 68

1 LOAD CELL IS CONNECTED TO CHANNEL 69

| INPUT VOLTAGE IS READ ON CHANNEL 70

! START TEST TAKING 10 READINGS PER CHANNEL

DISP "INPUT NUBER OF READINGS TO BE TAKEN"

INPUT NUMLR

FOR J=1 TO NUNLR

DISP “INPUT DEPTH D"

INPUT D(J)

DISP “PRESS. [COXT] TO :A:JB READINGS FOR NEW DEPTE"

D: G DATA FRON
JOBUFFER BDATAS

CLEAR 509

OUTPUT 509 ;"VF2VAOVRSVT2SD1"
OQUTPUT. 509 ;"SO1VN1AF67AL7OAE1ACET"
DISP "DATA GOING IN, HANG ON I", 5
1 NOW TRANSFER DATA TO FILE USING FHS )
TRANSFER 509 TO BDATA$ FES

LOCAL 509 © CLEAR 509 @ BEEP 10,100

DISP “DATA TRANSFER CONPLETE"

¥DP=10

| DO NOT STORE DATA BEFORE UNPACKING"
I#o4evessUNPACKING DATAs#wavsss

DISP "UNPACKING DATA , PLEASE WAIT"
FOR 1s3 TO 129NDP STEP 3

A$=DTE$ (NUN (BDATAS[I-2,I-2]))

$ets B
A2sBINAND (BTD .(A$[9,10]),3)

wH=10°(-6+A2) . | RANGE WULTIPLIER
-IF BINAND ‘(BTD (A$[11,11]),1)=1 THEN SIGN=-1 ELSE SIGH=1'
*ORNG=BINAND (BTD (A$(12,12]),1)
NSDBINAND (BTD (A$[13,161),15) L
A$aDTBS (NUM (BDATAS[I-1,I-11)) \
BY=A$ . i




510

840

D .

SSD=BINAND (BTD (A$[9,12]),15)

TSD=BINAWD (BTD (A$[13,16)),15)

=DTB$ (NUM (BDATAS[1,1]))

€$=DTB$ (NUM (BDATA$(I,1]))

FSD=BINAND (BTD (A$(9,12]),15)

LSD=BINAND (BTD (A$[13,16]),16)

IF I=0 THEN DISP D$,B8,C$

KULTPLX(1/3)=(ORNG#10"5+HSD+10"44S5D#10"34TSD#10"2+

FSD¥10+LSD) #H#SIC!
T I

{#4#s94ueDENULTPLE e uveones

c1=10 ¥=NDP

FOR I=i TO ¥DP

LOADS(I)=MULTPLX(C1) @ Ci=Ci+i

LOADCON(I)=NULTPLX(C1) @ C1=Ci+1 -

LOADSLV(I)=MULTPLX(C1).@ C1=C1+1

VIN(I)=MULTPLE(C1) @ Cl=Ci41

NEXT I

| DISP THE DATA FOR CHECKING FURPOSES

DISP-"STATIC CONE PENETROMBTER"

FOR'I=1 TO NDP

PRINT USING 640 ; LOADSLV(I3LOADCON(T),LOADS(I), vxl(!)

IMAGE 10X,3D.6DD,3X,3D.6DD, 3X,3D. 6DD, 3X,3D.6DD

NEXT I

| FIND THE AVERAGE VALUE FOR STORAGE

LOADSLY(0)=0 c LOADCON(0)=0 @ LOADS(0)=0  vIN(0)=0

FOR I=1 TO DI

uunsr.v(x)=wmsz.v(1—x)4mmsr.vm

LOADCON(T)=LOADCON (I-1)+LOADCON(I)

LOADS(I)=LOADS(I~1)+LOADS(T)

VIN(I)aVIN(I-1)+VIN(I)

NEXT I

SLVAVG(3)=LOADSLV (NDP)/NDP

CONAVG(J)=LOADCON (NDP)/NDP

LOADAVG(J)=LOADS (NDP)/NDP

vxnvc(.v)svn(m)/lnp

T s-mx DATA IN DATA FILE

ASSION# 1 TO "CPTD17"

PRINT# 1 ; D(),SLVAVG(),CONAVG(),LOADAVG() ,VINAVG()
ASSIGN® 1 TO »

DISP "PROGRAM RUN FINISHED"

END
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REN PYCURVES PLOTTING SUBROUTINE
DISP "ENTER PLOTTER ADDRESS 1,506
INPUT PL

PLOTTER IS PL

OPTION BASE 1

DIN x(w) Y(30)

tocars 20,120,22.5,87.5

CLEAR P
FID 2,0 4
CsIZE 3

DISP. "ENTER SCALE IN FORM  XIN,ZNAX,YIN,YMAX"
INPUT XNIN,XMAX,YNIN,YHAX

SCALE XNIN,XNAX,YMIN,YMAX

AXES 15.2,0,0,1,2,3

FOR Y=0 TO YMAX 1 STEP .2

LDIR 0 6 LORG B

NOVE 0,Y .

LDIR O @ LORG 4
MOVE X,-(.04eYMAX)
* LABEL X

X2=YMAR/1

NOVE 6.5eX1,.340X2

LABEL “P. (nn) Lo
LABEL “RESSE ot u C1974) 2
MOVE 6.50X1,.200%2 —

— LABEL "NATLOCK et al (1980)" -
MOVE

LABEL “-o- 60 DEG."




JNEXT I
GOTO 770 i
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CLEAR
REN #+sREAD DATA FROK DISCase
DISP "INPUT FILE WANE OF POINTS TO BE PLOTTED"

© INPUT FIL$

ASSIGN# 1 TO FIL$

READ® 1 ; X0),YO

ASSIGNE 1 TO

DISP "HOW MANY POINTS T0 BE PLOTTED" .
INPUT POINT - .

DISP POINT,"POINTS ENTERED"

BEEP 50,300

MOVE X(1),¥(1)

LORG 5

DISP "INPUT TIPE OF PLOT TO BE PLOTTED, LINR OR OTHERVISE,
LINE/1,0THER/2"

INPUT Al

IF ANS=1 THEN GOTQ 680
DISP “INPUT TYPE OF PLOT #,0,+, etc "

INPUT CAR$ . -
FOR I=1 TO POINT = =3

HOVE X(I),¥(I) :
LABEL CAR$

i

DISP "ENTER LINE TYPE 1 TO 8"
INPUT LIN

FOR I=1 TO PDXIT

LINE TYPE LIN

DRAV X(I),¥(1)

DISP "REPLOT SANE NUMBERS WITH DIFFERENT PLOT Y/N"

INPUT ANS . # g
IF AN$="Y" THEN GOTO 610

DISP “DO YOU WANT TO PLOT .ANOTEER CURVE ON THIS GRAPH Y/N"

INPUT ANSS

xr ANS$s"Y* THEN GOTO 470 A“\

BISP DO, YOU WANT TO LABEL GMPI INPUT Y/l“ - ’ ““

. INPUT ANS$ v \

IF ANS$="N"'THEN GOTO 1030

DISP "ORIZONTAL OR VERTICAL LABELS. 8/V* - . -
INPUT LiBS$

IF LABS™"E" THEN GOTO 890

LDIR 90 . P

.« : L




-

© IF -RUN:

181 -

. !

-
GOTO 900

LOIR O

DISP “ENTER SIZE OF LETTERING, 1 SMALL, 10 LARGE™
INPUT ST

CSIZE SI

DISP "ENTER LORG VALUE, 1-9, 1-3 RIGHT JUSTIFIED,
4-6 CENTERED, 7-9 LEFT JUSTIFIED"

INPUT LOR =

_LORG LOR

DISP “ENTER COORDINATES FOR LABEL TO BE CENTERED ON"
INPOT X,Y

DISP "ENTER LABEL"

“INPUT LABS

LABEL LABS:
coro 810
BEEP A L e
DISP “IF YOU VANT TO RUN PROGRAM AGATN ‘TYPE Y
INPUT RUN$ .
'Y* THEN GOTO/10_
“PROGRAN FINISEED" . -
50,300 @ BEEP 25,300
N
- ~ . »

i




PROGRAN TO CALCULATE® PILE DEFLECTION, SEEAR, SLOPE AND SOIL
PRESSURE FRON GIVEN MONENT DIAGRAN USING SINPSON'S RULE

X - GAUGE LOCATION

Y — BENDING MOMENT

aanana -

DIMENSION X(26),Y(26),F(25,15),FN15,26),4(15,16),B(15),C(18)
DIMENSION XLC(201),YLC(201) ,XINT(201),YINT(201),AREA(201)
. * DIMENSION P(201),SPRE(201),SHEAR(201) ,PRE(201)

.C DEFINE m FUNCTIONS

. rz(x)-l
. F3€X)=XeX
. FA(X)sXwe3
d FB(X)=Xe:
(F8CX)=)
F7(X)=)

F8(X)=
qu)lc(ll' (
es6

© DUMMYP(R)a(C(2)+24C(
roxess) . [;
* DUMNYL(X)=(: 20

c

c mnnnmnrc'nnmnnrmﬂmm
READ(3,%)M,X .

. WUM=100 ¢

ao

READ I-Y VALUES OF DATA POINTS
READ (3,0) - (X(D),Y(I),I=1,0) .
READ (3,%) .
B WRITE(2,600) d E
II=2(1) . .
h XL=X(X) ‘.
o ‘7" VRITE{2,600) (X(I),¥(I),I=1,¥)
“ 600 FORMAT (/15X, " TNPUT DATA *,//18X, *X',7%,’Y’)
500 FORMAT (10X,F8.3,5X,F8.3)
C. ' GENERATE-THE F MATRIX
o * D0.4 Ist,N
o . F(I,1)=F1(X(1))
F(T,2)*F2(X(1))
| 'r({.s)-N(x(!))

«

3




F(I,4)=F4(X(1))
F(I,6)sFB(X(I))
F(I,8)sF8(X(D)) .

4 P(IL,T)=FT(X(I)) - -

5 n(:.i)-r(x.n s

NATRIZ A OF
+ <CALL NATHPY(FT,F,A,X,0,1) ~n .
DETERNINE THE COLUNK OF CONSTANTS FOR SINULTANEQUS
EQUATION SYSTEN ¢
\ CALL MATHPY(FT,Y,B,M.N, x) <
» DO § Ist ¥ )
o A1, NeD)=B(T)
DETRRMINE C VALUES 'BY SOLVING SINULTAREOUS BquATIORS
i ¢ USING' CHOLESKY METHOD
A . NPLaN+1

b - . CALL CHLSKY(A,N,HP1 )
- P g )
. €.  WRITE OUT THE C VALUES
' © WRITE2,7) . : L
- T FORMAT(’1’,4X,’C(1) THROUGH C(K)’/)

(WRITE(2,8) (I,C(I),Is{,X) -
RMAT(® #,3X,°C(’,11,%)=’ E14.7)
©  CALCULATION.OF THE CURVE ORDINATES
XINC= (XL-XT)/NUN
JLeNUN+1 : .
DO 700 Ke1;JL
* XLC(K)=XL#(K-1) XINC . .
m(x)-nmmn.c(x))u. .F . s
700 CONTINVE g ot
VRITE(2,800) y
800 FORNAT(/5X, 'TABULATED VALUES OF THE FITTED CURVE’,/15X,
©'POINT #°,6X, 'X VARIABLE',3X, 'Y VARIABLE'/)
-+ DO 1000 K=1,JL
WVRITE(2,900) K,XLC(K),YLC(K)
900 FORMAT(15X,13,2X,F10.3,2X,F10.3)
1000 CORTINVE

Cu“i“"lmﬂlﬂ’l MONENT CURVE TO BI‘HII ll.DPI“"““”ou .
N80

WWT’IDI SYSTEM N




{
i
|

Co#+4+INTEGRATE FUNCTION AGAIN TO OBTAIN DEFLECTIONsesooss

T <184 .

XaN-1
Ke1 . .
‘XNAX=XL .
DE=XNAX/201.0 .
IMIN=XNAX-DE . =
DO 85 Js1;201 Z
Ha(XMAX-XNIN)/X
M=0.0
XN=XNIN+E
DO 14 I=2,¥ .
IF (MOD(I,2)) 12,12,13 +
SUN=SUN+4. sDUNNYF(XN) °
60 TO 14
13 SUN=SUN+2. -nmnm(u)
14 XE=XE+E
% AREA(K)=E/3. -(wm(xnu)osuumvnm(mx))
VRITE(1,%) uxl.nm(x)
XNIN=XNIN-DE .
KaK#1
85 CONTINUE

v

an-o 0
A=2
Do 05 3=1,67

© DO 16 I=2,M,2 ¥

* 15 SUNEV=SUMEV+AREA(I)

- DO 16 Is:
16 sumn-smwmnm (1)
YINT(J)=1000.0%((H/3.)s (ARBA(1)+4. #SUNEV+2. .suunnunm(l)))/x!
WRITE(1,*) XDUN,YINT(J)
XDUM=XDUN+(3. #DR) . 5 ‘
n-3 2

NTINUE
XINC=(XL/201,)*3. .
are(e, 430,

430 FORMAT ("OOOOIOPXH T“D ‘ul“w D"“u nm ﬂ' ’BLYI" eel)
TG0
440 FORNAT,
e o

DEP. SEEAR  SPR_ . SLOPR .

) P o




_— — S185- '

4 03 760, K=1,68 : o
5 XLC(K)=XI+(K-1)#XINC —
S YLC(K)=DUMNYF (XLC(K)) :
760 CONTINUE i .
P(1)=((4.9YLC(2)-YLC(: $YLC(1))/(2.#XINC)) [ %
P(2)=((4. -m(s)-n.c(d YLC(2))/(2.#XINC)) B 5
PRE(1)=((4.9YLC(3)~YLC(4)~5.#YLC(2)+2.#YLC(1))/(XINC#+2))
PRE(2)=((4.8YLC(4)-YLC(5)-5.%YLC(3)+2.#YLC(2))/ (KINC+*2))
DO 750 I=3,68
P(I)=(-YLC(I+2)+8.#YLC(I+1)-8.#YLC(I-1)+YLC(I-2))/(12.%XINC)
PRECI)=((16.#YLC(I+1)-YLC(I+2)-30.#YLC(I)+16.sYLC(I-1)-YLC(I-2))/(
£12.#XINC+2))
750 CONTINUE . . .
DO 751 I=1,68 8 &
' XLC(I)=XI+(I-1)*XINC I 5
'SHEAR(T)=DUMMYP(XLC(I)) N :
SPRE(T)=DUNNYL(XLC(I)) .
VRITE(1,550) XLC(I),YINT(I),P(I),PRE(I),SEEAR(I),SPRE(I)
550 FORMAT(1X,F7.3,2X,F12.8,2X,F7.1,6X,F8. 1, 11X, 5X,F7.1,6X,F8.1)
, 761 CONTINUE
sToP
E

#SUNROUTINE FOR MATRIX ‘HULTIPLACTIONs#ssstsssssns
SUBROUTINE MATHPY(A,B, L)
. C . DETERNINES MATRIX C AS
* DINENSION A(15,26),8(28
D0 2 =1, . A
D0 2 Jei,L L I
£ . |, etr, =0 . .
. DO 2. Ke1,M k
'2 6(1,3)=C(I,1)+A(I,K)*B(K,I) P
RETURN

g “~ _ C_ -CHOLESKY SUBROUTINE FOR SOLVING EQUATIONS ' [
. SUBROUTINE CHLSKY (A,N,M,X) :
DINENSION A(15,16),X(15)
€ CALCULATE.FIRST ROV OF UPPER UIT TRIANGULAR MATRIX ,
D0 3 J=2,K ¢ -
. * 3 AC1,3)wA(1,3)/A(1,1) : 4
\ . ‘¢ CALCULATE OTHER ELENENTS OF U AND L NATRICES
T . D0 8 Is2,X -

J}ro
By e | D0 6 I1e3,X
1y - suMso.




INy=3-1

D04 K=1,JK1 5
SUN=SUN+A(II,K)*A(K,3)
A(II,3)=A(II,3)-SUN
IPI=I+1

DO 7 33=1P1,X

SUN=0.

IN=I-1

DO 6 K=1,INi
SUN=SUN+A(T,K)*A(K, 33) .
A(T,33)=(A(1,33)-SUN)/A(I,I)
CONTINVE

wo

SOLVE FOR X(I) BY BACK SUBSTITUTION
X(N)=A(N,¥+1)

DO 10 WN=1,L ®
SUM:

DO © JeIP1,X
9 SUMsSUN+A(I,J)*X(J)
10 X(I)=ACT,N)-SUX
“RETURN

RET. AT
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