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ABSTRACT 

This study is concerned with the behavior of a 

model pile, embedded in coh~sive soil and subjected to 

both vertical and lateral loads. Strains, due to both 

vertical and lateral loading, and lateral deflections 

are measured. The effect of repeative lateral loading 

on lateral deflections, moments anp load distribution 

along the pile is studied. 



OZET 

Bu cal,lsmada kohezyonlu zemin icersinde yatay ve 

dUsey yU~lere maruz bir model kazlgln davranlSl incelen

mistir. DUsey ve yatay yUklerdendolaYl olusan birim de

formasyonlar olcUlmUstUr. Tekrarll yatay yUklerin, yatay 

deformasyonlar moment daglllml ve kaYlk boyuncaki dUsey 

gerilmedaglllmlincelenmistir. 



LIST OF FIGURES 

Fig 2-1 Pile bearing capacity components· 

Fig 2-1A The zones of shear beneath a shallow 

Page 

4 

foundation according to Terzaghi 5 

Fig 2-1B The z6nes of shear around the base 

of pile according to M~yerhof 6 

Fig 2-2 Deflected forms of long and short 

piles acted upon by a horizontal force 

(Broms 1965) 13 

Fig 3-1 Lo,a.J.cell "Full bridge a.rrangement" 20 

Fig 3-2 Strain gauge posltions for the 

measuring of normal stress 

Fig 3-3 Standard strain gauge 

Fig 3-4 Quarter bridge arrangement with 

compensating gauge· 

21 

22 

24 

Fig 4-1 Details of test apparatus 26 

Fig 4-2 Details of test pile 28 

Fig 4-3 Strain gauge locations on both sides 

of test pile 29 

Fig 4-3A The t~st pile and wiring 30 

Fig 4-4 Jacking the pile 31 



page 

Fig 4-5A Soil ~ixing apparatus 33 

Fig 4-58 Soil compaction 34 

Fig 4-6 Loading arrangement 38 

Fig 5-1 Load-settlment relationship graph 46 

Fig 5-2 Load distribution along the pile 48 

Fig 5~2A Variation of-unit skin resistance at 

80 kg Loading 

Fig 5-28 

Fig 5-3 

Load carried by tip and wall at 

various loading level 

Lateral load-deflection graph and 

the effect of cyclic loading 

49 

50 

54 

Fig 5-4 Effect of increasing load on ~omentl 

lateral load = 4 kg~ vertical 10ad=Okg56 

Fig5-4A 

Fig 5-5 

Fig 5-6 

Fig C-l 

Fig C-2 

Effect of repeated lateral load on 

moment,vertical load = 0 kg 

LQte.\~al load = 8 kg 

Effect of cyclic lateral, load on 

moment 1 1ateral load = 8 kg 

vertical load • 40 kg 

Redistribution of load after lateral

load applications 

Model pile solution by finite) 

difference meth6d 

Shear and moment diagram evaluated by 

finite difference method 

57 

59 

61 

79. 

82 



LIST OF TABLES 

Table 3-1 Tech"nical data of strain gauge 

120LYll 

Table 4 -1 Loading history of tes pile no" 1 

Table 5-1 Load carried at each Section of pile 

Table 5-2 Effect of repeated lateral loading 

on load distribution 

Table B-2 Load-settlment test result 

Ta b 1 e B-3 Measured Strain along the shaft 

Table B"':4 Strain readings due to 4 kg and-

8 kg lateral loading 

(vertical loading = 0 kg) 

Table B-4 Strain readings due to 4 kg and 

8 kg lateral load ing 

~vertical loading = 30 kg) 

Table B-4 Strain readings due to "4 kg and 

8 kg lateral loading 

(vertical load = 40 kg) 

Ta"b 1 e 5-4 Lateral load deflections Results . , 

• 

Page 

22 

39 

51 

62 

71 

72 

73 

74 

75 

76 



CHA'PlER I, 

'. INTRODUCTION 

During the past th-irty ,years impo,rtant investigations 

us i n gin s ~um e n t e dp i ,1 e s had 1 e a d to be 1;:t e run de r s tan 9 i n g of ,'the 

mechani,smin' which fr,iction pile ~ran·sfer load to the suppor,ting 

s'oi 1, a' processrefered to as ,load II ta ke-out ll
" as well as to 

the resistance to lateral loads of 'pile ,supported'foundations.' 

Thisthe~is describ~s'the behaviour'of ~ 2-7 cm single 

mod'e1 p{lesubjected to several c,ombinations ,of vertical and' 
, " 

. 
lateral loads. The pile was "jacked c1nsed e~ded to ~ penetration 

,of 35 cm in a 'h.omogeneous 'soft clay. The pile was inStrumented 

with 'strain gauges to measure the load distribution ',during 

vertical :loading and bending m~ments.along the el11bedded shaft 

of the pile 'und,er lateral loading'~. 

, ' 

'The loading s!stem was intended to $imulate a tondition' 

that an is~lated singJe pile loaded v~rtical1y with, its designed 

working loadis subjected to repetive lateral loa,.ding~ An 

additi,onal ver~ical load, equivalent to a possible oV,.er load, 
, ' , 

was then ~pplied and"the la'tera1 load,;" was cY,cled again"lateral 

def1~ctions and moments'distributions a1~ng the shaft are evaluated 

'The eff~cts b~the magnitude of the lateral, loadS and,the number 

of latera~ deflections and momentdistributJon are investigated. 
, , 

,Load distribution alo~'the shaft und~r:selected compressive loads 

levels are evaluated as well. Finally1the effect of lateral loadin! 

'on the distribution of ' load along the pile is discussed. 



2. l~ fU.:r.RODUCT1GN 

'CHAPTER 2· 

S!NGLE PILES', 

2 

~il~s arestructu~a~ members (iimber~ concrete or steel) 
. - . . 

u~ed to tr~nsmit su~face~ads from thesuper's~ructureto lower levels in 

,the soil stratum without risk of 'shear failure or excesssive settlment; 
• '. , ',' J • " 

Pil~s are genera)ly used~as a second solution, 'when the'foundatio~ soil 

i~ n6t suitabl~ fo~the use of .shallow foundatios: 

Piles are classified in manyways, according to their 
, ' 

function (end, bear.i'ng,friction piles), according to their use (tension, 

batter,l\nchor) o'r according to' their method of installation (replacement 

'drivetl piles, and, jacked piles). ' 
. , , - . ~ . 

This chapter will be concerned 'with the static analysis' 

methods for pilecapaCity,the,computatiol1 of vertical and latE!ral load ca

'pa~!t\f.:S and the procedures used in load tests. Pi 1 e i nstrumenta,tions ,; a'nd ' 

,the theory behind pile modeling ,isbr,iefly discussed. 

2-2 ULT'IMATE t.OADCAPACITY 'OF SHfGLE PILES 

~, The analysis of beari~g ~apa6ity of single piles from. 

mea~uredsoi1 properties'is based on the so - c,:alled IIstatic approach I.., in 

which the following factors are responsible for the load-carying capacity 

of.,a pile :-



} 
1~ As the base of a pile is presseddciwnward by a load @n the 

head,t~e soil ,ill1l1ediatly belo~ and to the sides oft,he base. 

'mu~tbe pushed a side. The soil offers:a res~stance to the 

'shearing action whi~h such a ~ov~ment e~t~~ls." 

2- Downward Movement of the pile relative to ,the, soil surrouding 

causes the mobilisation of . tangential forces on the shaft sur

face that oppose moti on. These val ties 'are due both toadhes; on 

. and to the friction of the soil on the shaft,surface'(Fig t.,l). 

3- The p,ile,s takes the place of a',certa i,n' volume ·of soil, the 

weight of~which was previously carried by th'e soi." below the base 
, . 

of;,the'ipi:lelt is,.assummed that the weight of'pi1e is equal to 

the weight of soil replaced. 

iakin~the abo~e factor~ into account, the ultimate load 

capacity of the pile ( Q )ult' is evaluated as the sum .of two compenents, 
• I . 

,the ultimate pile capacit~.~arried ~y ,the point .in end bearing, (Qp)ult," 
.. . 

and the ultimate pi le'capacity carried by s,kin resi stance {Q~)ult; .', 

(2-1 ) 

or 
(Q)ult :,\q )u1t A ter) . 

b· , s ult A , . s (2-2) 

.In th~ ~bove equation~' (qt)ult and (fs)ult represent " 

the unitu1 ti,mate resistance of the point and the shaft rp.spective1y ,', 
') 

their values may·beca1cu1ated ~rom measured soil properties, found expe-

rimentally or . " I.obtained from g'iven empirical formulae~s or charts. ' 
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Fi.g. 2-1.' Pile bearingcapac,ity components 



Fig.2-:-1A.The- zones of shear beneath a shallow foundation 
according to Te~zaghi. 

A,zone of ela·s.t.ic equil ibri'um, 
B,zones of radi~l sheat; 
C ,zones of pa:SS\\Je..:·,.sV\-e..~r .. 



· .' 
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Fig.2~lB.The zones of shear around the base of a pile, 

. .(dcco·rdi ng to Meyerhof) 



, , 

. ., 

1: 
Ter~ag'hl,.Meyerhof and others' pr.opesed variousttieoritica1 

solutions 'for the two dimentional problem. of' bearing capacity 

and"fai1ure mechanism of'sing1e piles. Meyer,hof expr'essed ,the' 
, , . 

ultimate unit base resistance as': ' 
(2-3) 

w.here .. 

Ks = ,the coefficient of ea~th pressure on ,the sha~twithin 

the fa i1 ure :.zone; varyi ng from 1. for loose' soi 1 to 
"2 

about 1 'for dense. soil 
, ' 

c = cohe~ipn of the soi 1 

( .}) .' =' ,t h e den s i ty 0 f the soi 1 

0 = the length.the pile 
. il 

B = the breadth 'of the pile 

NC 'I Nq,N j - bearin,g capacity factors that are dependent on -
the embedment rat io' D/B: 

In a soi1'Qi~ing'both adh'esioh an'd fr,iction on the shaft 
. , ', .• :: ;','. I . 

;of the pile, M~~hof (l~53) expressed the~ltimate unit r~sistance 

of shaft as 

(2-4 ) 

where: 
~ = the adhesion-per unit ,area 

r. the angle'offrictionof the soil on the shaft. 



8 
. -

OL lIM.ATE BEAR!NG' CAPACITY OF StNGLE P1LES 'tN CLAY' 
. . 

For .pi"lesin clay"the u~drained c'apacity is generally 

taken to be the critic~] value "total st~e'ss a'nalys,;s",unless 

the c 1 a y ish i g hl y 0, v e r - con 5 0 1 ida ted 't hen, the "e f fee t i v e . 

'stress-drained", analysis propos.edby Burland (19/3) is'more 

'. ap·p,ropriate. 

If the' clay is saturated, the undrained ang.le of friction 

is z·ero, then N = 1 , N. = 0 
q cr· 

and k • -1. resu,l ting,. 5 . 

( 2 -.5 ) 

also;s = 0 for clays,. then 

(2-6) 

Subtituting equations .. (2-5.) .and (2-6) in equat.io.!1.(2-2) 

gives : 

where 

-
: 

(Q) Li lt . = C N' Ab t C A· (2""7) .u c a 5 

Gu = . Ave'rage undrained she.ar, strength of the so'il at the 

base of pile evaluated from tests on undisturbed . . 

... 
. samples of soil "Tr.i ax'lal· test" 

Nc : Bearing .capacitycoeffici~nt, it is taken tci b~ ~qual 

to (9) for'p,ract;cal pur·pose "undrained conditions, 

. ~. = 0" 
u 



9 

Ca = Average adhesion between the pil e and soil 

A' 
s - Surface a rea, of embedded length of pile 

Ab l - Area of the base . - .. 

The' average adhesion between pile and soil, Ca , is 

related to the undrained soil strength,'C u ' by an 'adhesiori factor 

a "such that 

C -'a C
u a' 

(2-8) 

'The a' factor is determined by many researhers as the 
, " 

,Tomlinson's method, MeyerhQfis method- ~n~ Vijayvergiya and 

'Focht',s method' for,driven 'pil~s and Tomlinson's, s~empto'n ;and 

Moh~n and 'Chamdra Methods for bored~iles. ' 

Subtituting,equation (2-7) 

4'. 

\ ' 

Driven piles 

When a pile is driven into clay, sh~ar' surfaces as~ociated 

with the base 'are progressively, formed, deeper.a.nddeeper in new 

soil as penetration proceeds., Around fhe shaft the soil is, 

compr~ss~d and moved,laterally and vertically to accommod~te 

the pile, the ground surface heaves,and the clay in the immediate. 

vi'cinitj of the pile shaft is ~ompl~iely r~moulded. According to 
," . 

Ca~egrary~e {1932), the zone of remoulding has' a diameter twice 



the' diameter of the pile. anp the soil 'issuffi,ciently affected 

within a zon~ ~our ti~es the pile diameter to~ause,an .increase 

in compressibility. If the clay is s~nsitive,there is an. immediate 

loss. in strength du~ to remoulding,and in both sensitive and 
, '. . 

non~sensiti~e unfissu~ed clay there is an, i'ncfease 1hporewater 

pressure inthe compressed zone. In the period fo,llowing driving" 

pore pres~ure dissipatio~' a~d the drai~age, may b~ suf~icient to 

restore·the strength.this· phenomenon is called "take up" and in ' 

some ~oi1s the beari.ng .capacityof a pile 're1ying chiefly on 

shaft· f.ricti~,n) may ,increase to many t~me's its va1u'e immediat1y' 

fo110win~d~ivfng. 

I~ most ca~es the ihcrease of bearing capacity with 

tim~ is ,rapid'at f~rs't, so that by the end of a month the u1tim~te 

bearing- capacity is not much1ess'than which would .be reac,hed in 

a year or more. Peck (1~58) concluded that in soft and m~d~um . 
. , 

c 1 a y 5, h a v i n gun ~ 0 n f i, ned com p r: e s s ,; ve 5 t re n g t h 5, up to abo u t 96 

KN'/m 2 the contrib,ution made by shaft friction to the ultimate 

bearing capacity,after a peri.od for "takeup". was equa'lto the 

product of the embedded area ana the original shearing strength 

'of the soil. The sheari,-ng strength was taken ,to be half the 

u nco n fin e d coin pre s s i v e, st r e ng tho fun dis t u r bed sam p 1 e s ., T h us, for 

soft clays f = C fo-r design PufPo,ses. In the, case of piles driven -u 
i n t 0 5 t iff c 1 a y s, P e c k f 0 u n d t ha t the s h aft res i s t a, n ce was sma 1 1 e r 

than the product of·the embedded area·a~d the sh~aring s'trengt~ 
, . 

. . . 

of thesoi! and th~t 'as' the s,hear' streng~h increased. t,he difference 

,became greater. Others have also not~d this effect. Thus. for 

stiff c 1 aysf .~ C. u· '. 



,In the stiff' fissured ,clays. itis .. possible that the 

displacement of the clay may break into blocks or fragments and 

the effect.on pore pressure is not known. . . 

, ' . 

... 

II 



, ,2,;, 3 LATERAL LOADED 'S!NGLE VERl!CAL ptL'ES 

, , 

Piles are freque~tly subjecte~ to lateral loads ~s well 

,as vert.icalload's.,Lateral loads may-be due' to wind forces on ' 

'~igh building~, traffic impact forces and' wind ~orce~ on bridges, 

and lateral earth pressure. Wave and ship coll isionson s'hore 

and off shore struct~res. 

Under the action, bf horizontal load, the pile' behaviour 

is largeJy governed by the pil~ length~ hea~ conditi~ni (fre~ 
~ .. , . . 

o r fix ed) , and t ~ est iff n e s 's 0 f P 11 e and s 0 i, 1. I ,n t h ~ _ cas e, '0 f 

a short pile ,failure will occur 'in the surrounding soil while' 

in the case df a 10n~ pile failure of pile materi~l mi~htgovern 

due to the"fact that the s~resses induced ar~ higher than the ' 

allowable yeilding stress of pile material. The deflected 

shapes'of short and lon~ piles ~nder the,action of horizon~al 

force a,ctingat ~'he-gro'undl,evelis shown in fig '2-2. 

Solution~ for the' ulti~ate load cap~~ity for short',and 

long piles a~~ell as evaluati~~ the defl'ection at th~ top of 

I the pile is given by.Br6ms(2). 

Bowels'has introduced,a finite elements solut,ioti for 

laterally ,loaded, p.iles under'var.ious conditions. 

, ' 

It may be worth mentioning' that 'the design ofpil es' for 

lateral loading will be gover~ed by a limitiri~ allowable def

lections that may result an allowabl~ latera,lload much less 

'than the ultimate lateral load capacityo~the pi)e since the 



... 

" 

I 
I 

AI 

I ',' 

ff-,lI,: f' 

t.2 61 62, 

, . 

,I 

'" Fig', Deflected forms, of,long'an'd short piles ,acted upon bya 

horizontal forc'e. '(~roins 1965) 

Al: short pile wit~ no head restraint: 

A2: ,short pi'le wi~h pile cap,allowing, noro'tation;" 

81: long'pile,with no head re'straint; 

,b2:, long pile with pile cap ,allowing, no rotation 
, . 



U 1 ti mat e 1 '0 a d may be rea c h e d . at' v e r y 1 a r 9 e u n s a f e de f 1 e c t i 0 h s' . 

2 - 4 p1LE LOAD TESTS 

\ 

, pi le load tests are carried out (in s\i ngl eor group of 

, piles for one or mote of th~ followihg reasons: -

1'- To determine the load-settlmentrelationship of pil'e 

2- To ~valuate the ultimate 16ad carying capacity of pile 

and to check ·the calculated value in the initial de~ign 

:calcul,ated fr'om static or dynami'c 'appr,oach. 

3- 1.0 check that.the selected working load, eva,luated from 

,the ultimate load capacity divided by a factor of saftey, 

is a satisfactory on~: 

'. Common types of pile load tests are ~ompression tests, 

uplift tests and lateral tests. Many ~rocedures'of load tests 

are found in practic'e .. In case o'fcoinpression tests, the common 

procedures are :-

1- Maintained loading tests· 

2-Constant'rate of penetration (C.R.Pj test~ 

3-Method of equilibrium .. 

Det~ils of t~e procedures are given byASTM,local codes' 

an~ procedures re~orimended by pioneers. Here we will only take 

a' c los e r '1 0 0 k tot h e C. R . P met hod . 

2:" 5 CONSTANTRATL OF PENETRATtON (C. R. P.. ) 

This' test was developed by whi'taker '(1957)~or model 



i.5, 

pi1e~ and was latter used for Fu1l,-s~a1e pile test~. Incarying 

outth~ C.R.P. test,th~ pile is made,to p~n~t~~te the soil at 

aconstarit speed from it's posi'tion asi~sta11'ed, and the force . 
, . . '. .' 

applied at the top of the pl1e to maintain the rate of penetratio 

,is continous1y m,easured: The s,oi1 suppo,rting the pi.1e 'isstres,sed 

under con?,i,tions' aproa~hing' a con,stant .. rate of stra'in until it 

fails in shear and when this occurs the u l.t.i ni a 't e be a r i n 9 :ca p a ~ i t Y 

oft he p i 1 ~ has bee n rea c h e d'. The set t l' men tis mea 5 u red by' mea n s 

of d i a 1 9 a u ~ e '. Th e t est 'i sus u ~ 11'y a r ran 9 edt 0 ,t a k e abo u t th e 

. ~ame time asa laboratory undrained test on a, sample o.f the. soil 

to ensure that the undrained load capacity and the load-u~drainec 

sett1mentrelationship are obtained. 

The purpose of the C.R.P test, is to determine ,the ultimatE 

loa d cap a city, oJ the p ile . . The loa d ~ pen e t rat ion cur v e 0 b t a ~n e d 

.in th~ test doesn't represent an equilibrium relationship b~t~ 

we~n load and sett}meht, so that the settlment t6 be expected 

under workingconditio,ns is not found. Pile'movement should he 

regarded as, necessary for m~bilisingthe forc~s of ~esistance 

2-6 . fvlODEl PILES, 

, ' 

Full ,s cal e ,p i 1 e loa d '~e s t s are ex pen s:;i ve a n ,d tim e con s u-
. .' . 

min 9 tests . ~ e s p i c'i a 11 y w hen ~, t he behaviour of a group of p i 1 e s· 

i sin v est i 9 at e d. A s ~ sol uti 0 n to. th is, pro b 1 em, mod el t est s 
" 

,under controlled,lab conditions on scaled model piles, instru-
, ' 

O1e{\ted orul)instrumented, simulating certain conditions that may 

excistin practice ,is frequantly used ) fo find solutions' 
. , 

suitable for ~ract;cal design purposes. 

. .... 



2 - 7 piLEl:-.JSTRUMENTATION 

Instrumented piles, singles or groups, arefrequant1y, 

used in pra~tice, for'fullscaleas well a.s ,mo;del' piles~ in 

carrying out load tests and in investigations of piles beha.vi6ur 

un de r va r; 0 u slo ad; n g con d i ti'o n s . 

E 1 e t t ric a 1 'st r a i n.~ra u g e s f i.x e·d 'a t 'c e r. -
ta,inloca~ionLa long the embedded length of the 'pile ,is one' 

, . 

method of pile instrumehtati6ns. ~he~easured strains ~re used 

to evaluate,.theload distr.ibutions a l'ong the pile shaft u~der 

compression or tension 'loading. The di'fference in the loads at 

any two~ross sections re~ie~ents,the loa~ c~rried by fric~ion 
'. , ", . 

or adhi:si'on on the surface of th'e shaft between the two sections • 

. The load'c~rr;ed by th~ tip may be m~as~red dtrect~y 
, , 

fro m a, loa d cell, put 'a t the e, n d 0 f the' pile ,or, may bee x t rap 0 .:. 

lated from th~ resulted curves, fro~ which the percentage of 

load'carried by'tip or and sha'ft are computed. M~ment distri'bution 
. '. . 

along the shaft under lateral loading may be evaluated as'well~ 

by con v e n tin g t~ ere s u 1 ted s t r a i ns to loa d s 'w h i chi s' con v e r ted 

t~ moments at the ~train gauges l~vel. 

De tail s 0 f s tr a 1 n g aug e s ~' met hod 0 f P fa c ; n 9 'a n d mea sur e -

men'ts ·as well as the theory b,e'hind, uSing,strain gau"ges in 
. .',' 

experimental stress' analysis is given in the'proceadirlg chapter .. 

2 - 8 THE TEST MODEL PILE 

In this study, a model instrumented vertical single pile 
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subjected to a combination of vertical compression and lateral 

loa d sis i 'n 'v est i 9 at ~ d. The p iT e is j a c ked ina hom 0 9 en o,U S 
. , 

cohisive soil' and ,tested. using ,the c.ons,tant-rate-of' penetrat~on 

procedur:e .. 

The 'pile d:ime,ntions" instrumentation and the loading 

procedure as 'well as 'the soil conditions,',are presente'd in the 

follbwing chapters. 

The comp~tedpiJe urtjmate, load capaci,ty, the'dE;!signed 

working Toad as well as th~ ,lateral loads acting on the model 

pile using the previous mentioned formul~es are pr~sented ,in 

Append i x A. 
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CHAPTER 3 

: THEORY_OF STRArN GAUGE 

3-1 'INRODUCT!0N 

In th'is chapter; the theory' and applicat'ion 
. '. . 

of strain gauges used in .. I;lxperi:mental stress.'analysis a,r,e 
/A. 

.discssed. Abrief discription of typ'e,: technical' data of 'the 

.strain gauges and measuring instruments used in ~arr"ying out 

the test are presented. 

3-~ FUNDUMENTALS OF STRAIN GAmGE TECHNIQUES 

. Electrical resistance stra,ingauges are used 

inexpe~emental stress anal~sis which ~akes it possible to asses 

the' stres'sing of astructural part within 'wide limits.' The theo~y 

bellined the strain ·gauge techniqu-e is that the·'straingauge 
. , ", 

transforms ,strain appl ied' to it intO'apropo-tional change of r·e·

'sis·tance. ·The relation between the applied strain (~= A{lt;,' 
and the relative change of resistance of a strain gauge is desc

tib~d by th~ equation'. 

AR = KE 
R' 

where k is gauge factor. calibrated bi ih~ mariuf~cturer for each 

bakage. 
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-Figure 3-1 shows·a load cell ~onfigration in wh'i~h Tour 
I 

active strain gages are ~sed in the measuri.ng circuit (Full 

arr~rgament) . 

,br i d'gl 
: 

,! 

C?nsid~ringthe prismatic bar inFig 3-2 under axial load, 

the, res,i stance' Rl 

the element w~ile 

and R 2 dec rea se . 0 win 9 , to . a x i a 1 s h 0 r ten i n 9 9f 
" ' , 

resistance in R3, and R4 increases .( e", = F.e ). 
. " . 

when the strainga~ges are connected up in~h~ wheats trine Bridge 

'circuit, then a'S the e'lement is compre.ssed, th~ outp~tmeasure'd 

bet wee n 1 and 3, wi 11 very pro P 9 t i 0 n,a 11 y tot h e To a d a p p ,. i e d • 

3-~ CONSTRUCTION OF A STRAIN GAUGE 

I 

. Fig~re 3-3 s~ows the principalconstructio~ of·astandard 

strain gauge. Em,bedded betwe,en two plast.ic strips is the measurin'g, 

grid"the active pa.rt of the, gauge, and is made from athin,· 
" 'J 

metal' foil which is ele'ctricallyconducting. Larger a'reas, at the 

end.' of thei:gr'id faCilitate th'e connec~ion of cables. The.separate 

'L~yers of the gauge are ,bonded tog,ether. The plast,ic carrier or 

, matrix helps to handle the gauge andprotec.ts the active gr,id 

~gainst mechanical damage.' 

. " 
The ~train gauge must be mounted on the surface of the 

specimen of which the stress "shall be de,~er,mine~by mean's of 

spicial adhe~ive~ 

typ~ of strain ~auge. 

reco'mmended by the manuf'acturer 'for each 

In this'work,a·,totil) of·HHBM'strain gaugeis type 6/120 LY" are 

use d. The c h a rae t ere s tic d a tad em ins ion s 0 f the s t r a i n 9 aug e i s 

given in the table 3-1 
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F·;g.· 3'-1 Load cell "Full bridge arrangement" ~ 



F 

Fig. 3-2 Strain gau.ge Positions for the measuring of normal stress 
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. , 

r 
measuring Grid 

~r===±p~E=~carr,ier ' r Le:dS d' b 

L L----L~-rr:---

L I --..:.- c " ____ ' ..,~ " 

a = acti~e 'length 

'Fig.3-3 Staodard strain ga~ge 

," 
Maximum Service, temp 

Nominal Dimentions, oermitted Gauge change 'static . bridge, 
Type Resi.stance , ' energizer Factor measurment Grid Card er (0 h,m) voltage' Icol a b c d (Vrms) K 

6/120L Yll 120 6 2.8 12.8 6.3 '9 2.0 5 ' -70- t200 

Table 3-1 Techinical data of strain gau~e b/120LYll 

, 



The,strain gauges \'/ere'fastened to,the insid'e face of.the 

model pile by means of HBM Rapid adhesive X~60. 4- wire HBM 

cab 1 e i sus ed for 1 e ads i nth e three wi r e c i r c u it e mp.' 0 y,ed . 

Aquartor bridge with compensating ,gauge arran,gement is used ~as 

,shown in Fig 3-4 

the, dummy gauge and loads weremahltatJ'nedit the same temp 
• jl H 

as the test pile to minimizete)1lp effect during testing ~rift, 

strainmeasurmen.t is made by a ·SR4 - strain Indicator type N' 

reading strain in,the order of',(c X10- 6 inch/i,nch).' The' pr~ce-

dure for strairi gauge ce~entation, )ead soldering and. further 

i n, for mat ion , i s g; v en; n. H. B M pub 1 i cat ions . (5). 

" 



Stra i.n di a 1 

Strain dial'" 

active gauge 

compensating' o 

gauge factor. 

Fig.3-4 Quarter bridge arrangement with 

Compensaling gauge. 
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CHAPTER 4, 

,TESTTNG METHOD ~' 

. 4-1 INTRODUCTION 

.!# 

In this ch~pter, details of ,the test equi'pment, 
, ' 

soil characterestic arid t'esting procedure are descr,ibed .. The 

' .. loading system is designed to simulate a conditionthat,asi'ngle 
.' ',' , • <', • 

pile, loaded vertica'l'ly with itsdes,ign,'wor'king "oadof 30kg, 

,is subjected to' repetivelateral loadi'ng~ 'An'additioal' vertical 
" ' 

load of :ib kg, re'presenting an equivelant des'ign over load' due 
. '. -' . 

td var~atiohof life load, i~ the~ introduced:and the'later~l 

load'is cycle'd, again. The coangeih the load d,istribution, due, 
, ' 

'to the rep,etive lateral .loading, a long the shaft, is inve'stiQa'-

ted.Finally, lateral load is then cycl~d under zero,vertical 

load to 'compate moments' and defletions at the pile with zero 

v:e r tic ar loa d . 

4-2 ,TEST EQUIPMENT 

Apparatus,:' -

The app,aratus shown in Fig,4-1 was use'd' in 
. ' 

the 'test. Ve'rtical loads were applied by means of. asteppless 

~o~pression machirie at a sJow rate of deformation, namely 0.40 

mm/min. The vertical loads were measured bY,a, load gauge'm,ouh-
, ) 

t'ed on top of the pile 'cap. Repeated lateral loads we're applied 

by mea n s 0 f' a s t r i n g pass i n g' 0 v era p un e y. Pile top m 0 v em e n t 

IS3NVHdOlmIIS31!SmA\NO !)!Z\lQO~ '. ..... . 



- , 

Q 
gauge 

'f 

I 
i 
! , 

I ' 

Loads 
~. tern 

60 cm 

. . 
1/ '~--"':-'----,i'fIl>jI----ot 
Scm ,30 cm' 'Scm 

, 
'Fi!)_ 4-1 'Details of test .apparatus 

J, 
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. and lateral deflections were measured with dial indicators 

reading to 0.01 mm. Bearnings were placed b'etween the cap and 

the loading Frame to reduce friction during horizontal movement 

of pile head. The Steel container had a wall thickness of 8 mm, 

an internal diameter 'of 300 mm and a height of 600 mm. The small 

size of the container was due to the restricted size of ,the 

steppl ess compression machin e. Th,e inside surface of th'e container 

was greased to'reduce wall friction between soil and container 

durins pile drivin~. 

4-3 TEST PILE 

Two id~ntical square closed ended pipe model 

pil'es were fabricated from aluminium alloy. Each pile consis~ 

of two equal leged LJ channels fastened,by abrittle iron glue 

forming a square section, Fig 4-2. The external diameter was 

27 mm, wall thickness 0.50 mm and the embedded shaft length 

was 350 mm. A total of 10 electrical resistive strain gauges 

,were bonded on the internal surface one pile at 5 locations, 

one pair at each level as shown in Fig 4-3, forming a quarter 

bridge arrangement. The dummy componsating strain gauge was 

bonded on a separate sheet of aluminium and kept at the same 

temp and conditions as the test pile. The second pile was 

uninstrumented. 

The test piles were fitted with arigid steel 

cap placed on top of the pile head. 

4~4 DRI~rNG MECHANISM 

The pile ~as jacked using astepless compression, 
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Fig. 4-3 Strain gauge locations on both 

sides of test pile 
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Fig. 4-3A The test pile and wiring 
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Fig. 4-4 Jacking the pile 
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machine. The rate of penetration was 2mm/min~ The rate of, 

penetration was chosen such that it causes a minimal disturbance 

to the surrounding soil and confirms with the rate of pen~tration 

used in practice in jacking full scale piles insitue. The time 

taken for driving, the test pile, 350 mm, was approximatl~ 3 

hours. The soil surface arround the pile was covered with athin 

layer of water to lubricate any gap formed between the pile and 

the soil during driving. 

The pile was loaded 24 hours after driving to 

assure the dissipation of excess pore-water pressure that might 

have developed during driving. 

4-5 Soil Characteristics :-

The soil used in the test wa'stak,en from a site 

near KILYOS USKUMRU KUY, which consists of a clay passing through, 

the no 200 s_~ive.-The liquid limit is 69 % an d"t h ep 1 as tic 

1 imit is 29 %. 'The optimum water c,ontent is 25 %. The soil was 

compacted in thin layers at near standard proctor energy at 

water content several percents higher than the optimum water 

content in Qrder to achieve high degree of saturation and near 

Uniformity in strength. The average water content to a depth of 

40 em was 33 %. The soil was subjected to 2 kg/c~2 water pressure 

after compaction;for 24 hours to assure high degree of saturation 

Unconsolidated-undrained triaxial compression 

tests were carried ou~ on sa~ples recove~edfrom the test cham

per to evaluate the undrained 'shear strength of the soil • The 



...... 
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.. 

Fig. 4-5ASoil mixing Apparatus 

"~ 
-~ . 
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:r_,:", •. 

Fig. 4-58 :Soil compaction 

it=:-



confinment pressures were 0, O.S, 1~0 and 2.0 kg/cm1 . The-

measured value was: 

Soil prepation steps are shown in Fig 4-SA and 4-S8 
4-6 TESTING PROGRAM 

Introduction 

In this section, the detail of testing 

procedure is described. The loading system is designed to si-_ 

mUlate a condition that a ~ingle pile loaded vertically with 

its designed working compress~ve load, 30 kg, is subjected to 

repetive lateral load. An additional vertical load of 10 kg 

representing an equivelant desigv overload, due the variation 

of life load, is introduced and th-e lateral load is cyc1:e:clagain. 

Finally, the lateral load is cycled under zero vertical com

pressiVeload -to compare moments and deflections. 

Testing Procedure 

A constant rate of penetration was followed 

in loading the pile vertically, 24 hours after driving, by means 

of a steppless compression test machine. The machine his a 

capacity of SOOO kg. The penetration speed was 0.0400 mm/min. 

A total of two load tests were carried out 

in this work. The first test was to evaluate the ultimate load 

capacity of the pile. The penetration was stopped at 20, 30, 40, 

60 and 80 kg (80 kg is the estimated ultimate load capacity) 



compressive loading 5 minutes to read strains at the selected 

levels along the embedded length, from which load distribution 

along t~e pile shaft may be evaluat~d. The movement of the pi,le 

head during ,loading' was measured by means of dial gage fixed 

at the top of the container from which load settlment relation

ship may be obt~ined. The, test load was stopped when failure of 

pile occured where excessive settlment were ~easured with little 

change in the measured load. Finally, the pile was dugg out 

and a new soil specimen was prepared for the second test 

following the same procedure and conditions used in preparing 

the first specimen. 

,In the second test, the pile was loaded to 30 kg compress'iv, 

load for 15 min, then the pile was subjected to lateral loads 

normal to its ~xc~s, by means of astring passing over a pulley 

and fix e d ~ 0 the p i 1 e cap ass how n in Fig. 4--1 The 1 ate r a 1 

loa d s we rea p p 1 i e din, 1 kg inc r em e n t sup to 4 kg and' the cor res -

ponding load deflections at the top of the pile were recorded 

after 3 minutes of each load increment. Moments along the embedded 

depth of the pile were measured at 4 kg lateral loading by 

means of the strain gauges. The loads were then cyc1edbetween 

zero and 4 kg for to cycles recording strains at the 5th and' 

lOth cycles. 

The lateral loads were then increased to 8 kg in 1 kg 

increments and the corresponding lateral deflections were 

recorded. Strains, i.e moments, at 8 kg loading wer~ measured. 

,The loads were cycled 10 times between 4 and 8 kg in one step, 

deflections were recorded for each cycle and strains were 

measVred at the 5th and lOth cycles. Finally, the horizontal 

_ J ____ ~ _ _ • ~.- ... -. ...... _ ... ,.. II "",,-vol •• n rI.o "" ':l n "n 



compressive loading, from which load distributions after 

applying repetive lateral loads were obtained. The 30 kg 

vertical load kept on top of the pile for 12 hours. 

In the next day, the vertical load is then 'increased i 

to 40 kg and the above procedure for lateral loading is repeated 

except for the 4 kg cycliC~ loads ~hich was o~itted in this 

stage. The vertical loads were removed and the lateral loads 

we rea p p 1 i e d . i nth e sam e man n e r 1 2 h 0 u r s aft e r the rem 0 va ,10 f 

the 40 kg compressive load. The detailed of soil preparation, 

loading history and the corresponding ~easurments are given in 

tabl es 4-1 and 4-2 



-. - Fi g. 4-6 Loadi ng Arrangement 
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a 0.. . COMl~.· I LATERAL J NO 
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Dt;:TAils I ~ 'c; LOAD LO!\o'l OF . J MEASUR~IENT ROIARKS 

• . .ft . ~.,--------4----'--------I 

>
c;( 
Cl 

.The mixed soil is 

kept covered in con
tainer for 24 hrs-

:'1 Mixing"the soil at 
~ 

optfmum water content 

2 Icompacti ng the soil at 
proctor and subjecting 
it to 2 kg/cm2 pressure 

3 IJacking the pile 

4 ITesting the pile to . 1 
Fa i 1 ure (compr,ess i on) , 

5 lundrained shearstrengt~ 
of soil (undrained ..: 
unconsolideted triaxial 
Test 

0-20-40- I , 

60-80-~Tt 

END OF TE~T NO 1 

Table 4-1 Loading history of Test pile no 1 

n-Settlement-load 

The pile is testted 
after 24 hours of 
driving 

pile is extracted 
relationship land soil is removed 

2-Strains,load distrib~ 
tion 

Cu value 



G 
" oct 
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. 
COMP.. I 

" 
I LATERAL 

>- 00-

er. ~LLJ' 

Cl \)f;T{\llS 
at-I LOAD ...JV'I LOAD 

I ' - --
1 as in day 1 

2 as in day 2 

3 as in day 3 
4-A compressive and lateral 2 30 1-2-3-4 

loading 

4-8 compressive and lateral 3 30 0-4 

loading 

" 

4-C compressive and lateral 4 30 5-6-7-8 
" 

4-0 compressive and lateral 5 30 4-8 

4-E compressive load 6 30 0 

5-A compressive and lateral 7 40 1-2-3-4 

load 

FiQ 4-2 Table 4-2 Loadin~ history of test pile no 2 

iW 

OF MEASURMENT REMARKS 
CYCLd 

: 

, . 

... 
~~ 

1 1-Latera1 deflections 
2-Strains,moments,at 

4 kg 

10 l-Lateral deflections 
2 -Stra i ns ,moments ,a t 

5th and ioth cycles 

1 as tn 4-A : 

10 as in 4-8 

1 Strain (load distribu- l-Change in load dist 

tion) I ribution 
2-Load ;s kept for 

12 hrs 

1 as in 4-A 



., ... 
.,."Iit" . .. ' . ~-

>- ," CI 0.. j' COM P-. 11 LA T ERA L' . i~-O 
c;( c::( W I o .DETR\lS ~:;; LOAD LOAD OF, MEASUR~lENT, REMARKS 

1_ _ t .- - CYCLEc . .., .. _________ ~--J,------.-. 
. 
5-8 compressive and lateral 8 40 5-6-7-8 1 as in 4~A 

load 

5-C compressive and lateral 9 40 4-8 1 as in 4-8 

Load 

5-D compressive Load 10 40 0 10 as ;n 4-E 

6-A Lateral Loads 11 0 1-2~3-4 1 as ; n 4-A 

6-8 Lateral Loads 12 0 5-6-7-8 1 as ;n 4-A 

6-C Lateral Loads . 13 0 ·4-8 10 as in 4-8 

7 . undrained-unconsolidata undrained shear strengt 

Triaxial test of soil C u 

I 

I 

Table 4-2 Cont- loading history of te,st pile ,no 2 
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CHAPTER 5 

EVALUATION OF TEST RESULTS 

In this chapter, test results obtained from test loads 

are presented. Results obtained from the compression test loads 

are discussed first, from which load-settlment relationship and 

load distributions a long the embedded shaft length of various 

selected loaqs levels are evaluated. 

Lateral load results are then presented from which load

deflection~ at top of pile, moments distributions and the effect 

of lateral repetive loadings on these are discussed. 

Finally, the chang~ in stress distributions,due to repeti 

lateral loading, along the shaft of pile at 30 kg and 40 kg 

compressive toads are presented. 

5-1 DATA PROCESSING 

1- LOAD-SETTLMENT MEASUREREMENT . 

The settlment of the pile is evaluated as the 

difference between the cell movement, measured by 

adial indicator placed on top 6f the cell, and the 

load gauge indicator mounted on top of the pile cap 

and fixed to the compression machine frame. The 

readings of the load gauge is converted to loads 

in kilograms,using the load gauge calibration table.l 



Load-settlment results are given jn appendix B, table 2. 

The load-settlment relationship graph is presented.' in 

Fig 5-1. 

2 LDAD ·DISTRTBUnON ALON.G THE prLE SHAFT :-

The distribution of the applied load was computed for 

sel~cted applied load levels from the measured. strains in the 

pile using Hook's law 

t:r E __ _ 
£' 

or p = AE E: (5 -1 ) 

where 

A = cross sectio~a1 area of pile = 0.1.0 cm 2 

6 2 E = modulus of elasticity of Alumium :' O.7xlO kg/cm 

e = mea~u~ed strain in 10-6 inch/inch 

subtituting in equation ( 5 -1 ) 

P = (1 .0) (0.7) (10 6) (10- 6) 

P = 0.7 (kg) 

measured strains are tabulated in Appendix B, table 3. The load 

.distribution along the shaft is shown in Fig 5-2. 



3- MOMENT DTSTRIBUTTON ALONG PILE SHAFT 

The measured moments ~long the shaft of the pile are 

computed f!om the measured bending strains caused by lateral 

loads. The most conve"nient method to define flextural stiffness 

as a function of stress level is by the moment - curvature, or 

M- ~ relationship. The flextural stiffness is equal to the 

moment divided by the curyature (6) 

EI M (5-3) 

Taking 

EI : 0.70xl06 kg cm 2 . 

¢ = measured bending strainxlO- 6 

subtituting in equation (5-3) 

M - 0.70 £ (5-4) 

Measured bending strains due to lateral loads of 4·, kg and 8 kg 

under zero, compressive loading is tabulateq in Appendix B, 

table 4, Fig 5-3 and Fig 5-4 show the distrubution of moments 

along the shaft at different loading conditions·. 

D&tted lines represent mesured value~,. while the solid 

line represents the theoritical moment distribution calculated 

by numeric~l finite difference method (7) employing the principll 

of subgrade modulus, the method is presented in Appendix C with i 
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5-'2.. ANALysts OF DATA: 

1- LOAD- SETTLEMENT RELATION 

From load-settlment graph, it is clear that the ultimate 

,load capacity has a valu'e of 82 kg~ The corresponding settlment 

is 0.80 mm which is about 3 % of pile diameter indicating that 

the pile is, behaving as a friction .. pile. Poulos and Davis have 

shown that for piles in clay, shaft resistance becomes fully 

'mobilized when thesettlment reaches 1 per cent of the shaft 

diameter. This value has, been confirmed experimently by'whitakor 

and Cooke (1966) for friction piles in london clay. The 1 per 

cent settlment in Fig 5-1 corresponds to a load of 68 kg, before . 
this value, the gradient of the curue is almost constant, while 

after this value, the gradient decreases sharply. It could be 

concluded that the shaft' resistance becomes fully mobilised at 

1.0 per tent diameter settlment. Bec~use of the low pile diameteri 
i 

to length raito, the point resistance, estimated to con t rib u t el 

15 % of the ultimate l~ad capacity of pile, starts to influence 

the settlment-behaviour of the pile which explains the reduction 

in slope since the point resistance becomes fully mobilised at 

higher values of settlment 

The results obtained in this test a grees with the previou 

results obtained by whitaker and Cooke for piles in london clay. 

2- LOAD D1STRIBUTIONS ALONG THE SHAFT 

The distribution of compressive loads along the pile 



1 
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50 
.'. 
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SettJrnent (mm) 

Fig. 5.-1 Load-Settlment relationship Graph. 
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shaft;computed from the compression strains recorded at certain 

load levels,are plotted in Fig 5-2. Extrapolati"on of these curves 

to the pile tip indicates that part of the applied load being 

ca rri ed a t the ti p of the pil e 1 ev~el. The porti ons of the loads 

being carried as skin friction and tip resistance at the base 

level is plIDtted versus the applied load in Fig 5-5. The differe 

in the loads at any two-cross sections represents the load 

carried by friction or adhesion on the surface of the shaft 
If 

between the two secti'ons "shearing load Transfer". or load-take 

It is evaluated as the s~~pe of the load curves between the 

chosen settions and given in table 5-1. The variation of the 

unit skin resistance with depth at 80 kg compressive loading~ 

evaluated as the load transfered at each section diveded by the 

surface area of that section,is given in Fig 5-2A. 

THE FOLLDWH"r, POINTS: ,A,RE OBSERVEn--:- -

A- The shape of the loa~ depth curves remains fairly constant 

as the load increases" . 

8- The tQP section carried less weight, even thou~h it is longer 

than the other sections,this is because the top soil softens 

as a result of applie~ water pre~sure. 

c - The tip loa d, a ff e r 1 itt 1 e con t rib uti 0 n tot h e tot all 0 a d 

capacity 10 % of the pile capacity at Failu~e. , 
D- The skin friction at the top of the pile .is larget than the 

skin:frictton at the bottom of the pile at lower load levels, 

but as the applied: load reaches the failure load, the stress 

distribution become homogeneous along the pile shaft~ 
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Fig. 5- 2 lOAD distribution along the pile. 
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Fig. 5- 2. e Loads carried by tip and wall at various. loading levels 



I, 
Ie l:ev.' 'cm 20 30 40 60 80 Top1oad 

-.. "' 

! , 0-8 3.9 5.5 5.7 6. 1 7 .2 l/) . .... 
0-, ro. 

8-14 2.8 7 6.3 9.9 13.5 --' 
0 
OJ 
0-

14-20 3.5 4.9 7 .7 12.5 13.5 ., , 
~ 

20-26 3'.5 3.5 6.3 10.5 16.8 .... 
n 
ri" .... 

26 -'32 1 .4 1 .4 6.3 8.4 13.3 0 
i :::I I 

32-35 6.9 1 .5 2.6 4. 1 5 . 1 

4.0 5. 1 \, 8.5 10 11.6 '. Tio1oad 

Table 5-1 Load carried at each section of Pile 
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E - The un its kin res i s tan c e, f s' inc rea s e s 1 ii n ear 1 y wit h 

depth between elevations a to 8 cm, while the variation of 

the unit shearing resistance, 1s ' is a constant one from 

elev 8 cm downward. At elevation 32-35 cm, the value may 

seem to be less than (0.208), but this c'ou1d be exp1ail\tJ as 

anI' error in estimating the tip load by extrapolation. 

F~ The adhesion Factor, a,' between the pile material and soil 

may be evaluated from measured unit skin resistance, f s ' 

and the.measured undrained-unconso1itated shear strength of 

soil, C, u . 

G- The bearing capacity factor may be evaluated as follows 

Extrapolated tip load bearing resistance at 80 kg 

Tip Lo~d: : 11.6 kg~· 

U 1 tim a ,t e loa d cap a cit y II mea sur e d II = 82 . 5 kg 

Since the shaft resistance is fully mobilized at 67 kg, the 

2.5 kg difference above will be beared by the tip 



(Qtip)u1t ="l1.6t2.5 = 13.9 kg 

(Qt)ult = Cu NcAb 

Subtituting for Cu and Abby (0.2) and (7-29) respectively, 

gives 

or: 

measured Q 
1 t = 82.5 k, g u 

measured' Q!; = 67.5 ~fJ 
-------,--
Qt = 14.7 kg 

resulting a value of Nc = 9.3 

The average of the above two values a greeswith Nc = 9 used 

in practial design. 

3- LATERAL DEFLECTIONS 

The lateral deflections at .30 and 40 kg vertical loads 

are plotted against the lateral 'load in Fig 5-5. The increase in 

late~al deflections due to a cyclic loading of 8 kg are shown 

as dotted lines. 

THE FOLLOWING POINTS ARE OBSERVED : -

A- ,Effect of vertical load :-

Horizontal deflections decreases as the vertical load 

increase. There is a decrease in lateral deflections of about 

43 and 57 percent under 30 kg and 40 kg v~rtical loads respectivel 

compared with deflections at zero vertical load. 
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B- Effect of cycl i c l,oadi ng 

The measured lateral deflections ~ncreased as a r~sult of 
. ~ 

cycling the lateral load. The increase in deflections by cycling 

twice between 4 kg and 8 kg were 1 percent under zero vertical 

load and 6 percent under 30 kg and 40 kg vertical loads. 

The increase in deflections after 10 cycles were 5 %, 

10 ~ and 24 % under zero 30 kg and 40 kg compressive loads 

4- BENDING MOMENTS 

The moment along the shaft is determined for each load 

application from the measured bending strains. The distributions 

of moments under zero vertical loading are shown in Fig.5-4 

THE FOLLOWING POINTS MAY,BE CONCLUDED:-

A- There is an increase in the'measured maxm moment of about 76% 

when the lateral loads has increased from 4 kg to 8 kg~ 

B- The depth of the maximum moment has increased wh~n increasing 

lateral load magnitude. 

C- Cyclic lateral loading did not affect the maximum moment 

significantly, but caused a large increase in the moment lower 

portion of the pile. 

5- EFFECT OF CYCLIC LATERAL LOAD ON THE LOAD D!STRIBUTION 

The effect of cyclic lateral loading is demonestrated in 

Fig. 5-6 D Theis a slight change in the load distribution due to 
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lateral loading. The load carried by the upper section of the 

pile has decreased, while the load carried by the lower 

sections and tip has increased. The new load distribution are 
-

presented in table 5-2. The new load distribution might have 

been influnced by residual stress due to lateral loading: The 

reason for this change is that·the soil adjacent to the pile 

at ground surface yeilds as a result of lateral loading. In 

addition, the surface of the pile apposite to the loading direction 

separates from the soil and, to some depth, leaves a gap, when 

the load is removed, the contact between the pi 1 e"s surface and 

the surrounding soil IS not fully recovered due to plastic 

deformation 6f the surrounding soil, causing a reducation in the 

friction resistance of the soil at that section. i.e. a reducation I 

in the IIload take-out ll
• The lower sections has to carry this 

difference in load. 
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before cyclic after cyclic elevation 
1 midi ng, loading , 

1 
30 40 30 40 Cr"l 

5.5 5.7 3.4 3.4 0-8 

7 6.3 6.9 5.4 8-14 

4.9 7.7 6.5 8 14-20 t • g 

3.5 6.3 6~4 7.1 20,-26 I 
1.4 6.3 4.1 6.8 26-32 i 
1.5 2.6 2.8 32-35 

4.8 5.1 Tip 

I 
1 

Table 5-2 Effect of repeated lateral loadin9 on load 

distribution 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

> 

In this experrmental study,the behaviour of an instrumented 

friction model pile jacked in clay and subjected to accombination 

o~vertical loads as well as lateral loads is investigated. The 

loading system wa~ designed to simulate a condition such that 

a single pile loaded vertically with its designed working load 

is subjected to rep~tive lateral loading. An additirinal vertical 

load repr~senting an equivalent design over load is introduced, 

lateral loads were cycled again. 

, 
Load-settlment rel~tionship, load transfer along the pile 

shaft, top deflections and~moment distributions along the shaft 

Were measured duririg the test. 

THE FOLLOWING POINTS ARE CONCLUDED :-

1- The shaft resistance becomes fully mobilised at about 1 % 

of~pile diameter, 

2- The shaft resistance offers the major load capacity of the 

pile ultimate load capacity. 

3- The shape of the load-depth curve remain fairly similar 

as the load inreases. 

4- The sk·in friction at each section of)the pile,which is 

measured from slopes of the load curves, becomes closer in 

values as the load reaches to failure load 



5- The unit shearing stress distributions. along the shaft 

is almost constant, except the top 8 cm. 

6- An adhesion factor between pile material,Al.uminum,and 

soil of (1) was calculated. This confirms with common 

practice to take f .- Ca = C for C < 96 KN s - u u 

7- Avalue of Nc = 9 used in the design is confirmed to be 

appropriate. 

8- Vertical loads of30 kg an~ 40 kg causad a decrease in 

lateral d~flections ~f 43 Sand 57 % respectively compared. 

with deflections at zero ve~u~L loading 

9- The measured lateral deflections increased as a result 

of cyclic lateral loading. 

10- An increase in max moment of about 75 % is measured 

11-

12-

when lateral loads increased from 4 kg to 8 kg. The depth 

of the Maximum moment has increased slightly. 

Repeated loading did not affect the moment significantly, 

but caused an in crease in the negative moment in the 

lower portion of the pile 

A slight change in the load distribution along the sha ft 

was measured as a result of lateral repeated loading. 
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1- Ultimate load capacity: 

The ultimate load capac~ty is evaluated fromequ~tion 

(2-8) :-

C 0.20 kg/cm 2 
= u 

Nc - 9 -
a = 1 

As = 324 cm2 

-~--.--- -- "----

cm 2 
Ab - 7.29 -

(Q)u1t = (O.2)(9)(7.29)t(l )(0.2)(324) 

(Q)u1t = 13. 1 t64.8 = 77.9 kg. 

2- Pile load desi~n load 

Choose a factor of saftey of 2 

Q = Qu1t 

F.S 

Q = 75-88 
2 

38 kg 

-.- ._-- ~ ----~ 

say 40 kg 

The above is the maxm-working 1dad the pile should be 

subjected to. 
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choose 

30 kg 

10 kg 

40 kg 

working load 

over load 

Total working load 

Na The value of factor of saftey of 2 is chosen as an extreme 

value. 

3- Lateral loading 

1 -

2-

Building codes allow 10 % of the vertical lo~d capacity of 

pile for a s a f e'd e s i g n' 

i.e lateral load 

From above 

The pile will be 

76 
10 

= 7.6 

subjected to 30 kg 

say 8 kg 

as normal working load, 

the load is 'increased to 40 kg to allow for variation of ' 

vertical 1 i fe load lIover1oadll 

The Maxm lateral load the pile is subjected to is 8 kg. 

3- Strains are measured at 20,-30,40,60, and 80 kg. Load levels. 
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H 
,t-:' 

Gaug~ 'Gauge Pile 

no 1 no 2 mov. 
(0.01 .. mm) . (0.002 mm) (mm) 

10 33 0.066 

20 66 0.132 
30 99 0.198 
40 132 0.264 
50 . 165 0.330 

60 204 0.408 

70 - -
80 249 0.498 
90 257 0.514 

100 268 0.536 
110 275 0.550 
120 285 0.570 
130 291. 0.582 
140 298 0.596 
150 285 0.570 
160 285 0.570 
170 287 0.574 

"'-" " 
._v~ 

I 

[Table B-2 ~OAD~ettlment Test result 

I 

Cell' real real Remarks 
I 

1 

mov. sett1 . Load 
, 

(mm) I Cmm) (kg) 
0.10 : 0.034 9.6 

0.20: 0.068 19.3 Gage 1 cell movement 

0.30 0.102 28.9 Gage 2 pile movement 

0. 4O i 0.136 38.3 real settlment:-
, 

0.50 1 0.170 47.7 column 4 - column 3" I 

0.60: 0.192 58.7 
I 

0.70: - - real load : Load Gage 
0.80 0.302 71.5 
0.90 0.386 73.8 calibration from gage 2 

. 1.00 0.464 77 .0 
1 .10 0.550 79.0 
1.20 0.630 81.9 
1.30 0.718 83.6 

1.40" 0.804 85.6 
1.50 0.93 81.9 
1.60, 1.03 81.9 
1.70, 1 .126 82.4 

, . 
~ 



; 

Strain 
Load Gauge No 10-6 Load Remarks -

- Top - - -

20 1 -23 16. 1 
2 -19 13.3 
3 -14 9.8. 
4 - 9 6.3 
5 - 7 4.9 

30 1 -35 24.5 --

2 -25 17.5 
3 -18 12.6 
4 -13 9.1 
5 - 9 6.3 

40 1 -49 34.3 

2 -32 22.4 (28) extrapolated 
3 -29 20.3 

4 -20 14 

5 -11 7.7 
60 1 -77 53.9 
-~--. .- - 2---· ~--50--- ----35--- -(-44}-extrapola ted- ------

."-------- 3 - --- -45 - 31. 5- ~- ".- - .... ----~ 

4 -30 21 

5 :"'18 12.6 
80 1 -104 72.8 

" .' 

2 -66 46.2 . (59) extrapolated 
3 -q~ 45.5 

4 -41 28.7 
'. 

5 -22 15.4 

. . '" Table 8-3 Measured strain along the shaft 



lateral' cycle Gauge Strain r~oment , Remarks 
Load No 

kg no Top 10-6 kgcm -------
.... ,~,-.,,--.-.. - ~-

_ .... _-------
r-'-~ 

4 1 st 1 55 38.5 

2 47 
~ 

32.9 

3 23 16. 1 

4 3 2.1 

5 -7 -4.9 

8 1 st 1 98 68.6 

I 2 97 67.9 

3 52 36.4 I 
4 4 2.8 

- -----_.- --~~ - - --- ----- .. _ . 

5 -11 -7.7 

8 5th 1 103 72 .1 

2 99 69.3 

3 55 38.5 

4 t7 4.9 

5 -21 14.7 

8 lOth 1 102 . 71 .4 

... 

2 107 74.9 

3 67 46.9 

4 12 ) 8.4 

5 -2.9 -20.3 
~~H , 

,.. ".;~ 

Table 8-4 Strain r.eadinas due t~4 ~9 and 8 k~ ~atera1 loadina 
vertical load = 0 k~ , 



La:tera1 Cycle Ga~~e ·Stra in Moment Remarks Load 

kg no Top 10-6 kg 

4 1st 1 40 28 
2 37 25-9 Gauge no 
3 16 11-2 

4 2 1-4 l5) extra po 1 a ted 
5 - -

8 1st 1 ··~··61 ,04.2-7 

2 ' 55 38.5 
.' 

3 33 '22.4 

4 13 '9.1 

5 -- - ~ 

_ .... ------ ---------- -_._- -------- ---------_. __ ._ .. -- -----~-------.- ----

.. ~- -- -.-- ------_ .... _. - ----_ .. - _. _. -" -_. __ .. _-- - ----~ 

--\~\)\e ~;4 Strain reading due to. 4 kg~and 8 kg lateral loading 

vertical loading = 30 kg 

I· 
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~ 

Lateral· Cycle Gauge Stra.in Moment Remarks 
I ni'lrl No 

kg no Top 10-6 kg 

8 1st 1 76 53.2 

2 69 47.6 
-

3 39 27.3 

4 12 8.4 

5 2 1.4 

8 
5th . 1 77 53.9· 

2 78 54.9 

3 48 33.6 

4 11 •. 7.7 

5 2 1.4 

8 loth 1 82 57.4 

2 80 56.0 
. 

3 52 36.4 

4 15 10.9 
""-

5 3 2.1 

, 
. Fig. 5-4 . Strain readings due to 4 kg, and 8 kg lateral loading 

vertical loadign = 40 kg 



.,;. -

,Vertical Load 

30 40 . 0 

Cycle Load Def1ection5 Remar :ks 

1 1 3.5 0.5 8_ 

2 8.5 2 1 7 
3 14 5.5 26.5 
4 20 10 36.5 

5 26 
-- ----- f-- 16 48 

6 32.5 21 59 
7 39 28 70.5 
8 47 36 83 . I 

2 8 50 38 84 
3 8 52 83.5 84 
4 8 52 39 85 
5 8 52 41 85 

6 8 53 41 .5 86 
7 8 53 41 86 
8 8 53 41. 5 87 
9 8 54 42 87 
10 8 54 44 87.5 

Fig. 5~5 ,Lateral Load Deflections Results 



APPENDIX C (7) 

SOLUTIONS OF lATERAltY lOADED PilES USING NUMERICAl~lNtTE 

D1FFERENCE TECHNIQUES 



''Z8 
Thg problem of vertical piles subjected to lateral 

loading can be solved by finite differences in similar manner 

to the case ~f a beam sitting on a whinkler foundations :Palmer 

and Thompson,:) 948,'; Gl eser (153). Jhe Theory of thi s method is 

9 i v en i n ref ere n c e s (1, 7 ) 

If the pile displace throughout its length and to the 

~ight Fig C~2, then 

lateral pressure on R.H.S of pile, Pp = P~ t P 

where P = increase it:! pressure &.u.e to displacement of the 

pile, Y. 

Since 

Kh = modulus of horizontal subgrade reaction taken as 

equal to modulus of vertical subgrade reaction 

for hdrizontal beam on the same soil and having 

a width equal to the pile width 

Boundary conditions 

Base of the pile: - The bottom of the pile can be 

displaced and can suffer rotation but it is assumed that no 

moment develop at the base level. 

Top of the pile: The boundary conditiori at the top of the pile 

depends upon the form of fixity into the structure.it is 
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supporting. If-the pile is fixed then no rotation will 

develop, but moment will develop. For free he~ded piles no 

moment will develop. 

It is generally simplest to ignore the boundary eondJtions 

at the tiP of the pile. 

Solution of the test 

Data . . 
K 1.6 kg/em 2 

= 
B = 2.7 em 

d = 0.35 m 

a = 1 m 

EAL = 0.7xl0 6 kg/em 2 

H - S kg 

c - 4 em 

pil e 

EI = 0.446~xl06 kgem 2 

The buried length 

section each 5 em length. 

now, refering to 'Fig C-l 

Q = qxArea .. (q)(~)(B) 

Ql - 10. S Yl Q2 -
Q4 

- 21.6 Y4 Q5 -
Q7 = 21.6 Y7 QS 

"medium elayll 

of the pil e is divided into 7 equal 

= (k h )"(y-) (~ ) 
2 

(8) 

- 21.6 Y2 Q3 = 21.6 Y3 -
= 21.6 Y5 Q6 21.6 Y6 = 
= 10.S YS 
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From 

or 

where: 

Beam 

-M. 
1 

2 
<5 y. 

1 8x-r 

SO' 
theory 

M E ---
I R 

= El 02 . Y1 

ox 2 

subtituting in the above equation for M2 toM 6 results in 6 

equations with 8 unknowns :-

-0.012Yl-0.018Y2-0.012Y3tO.994Y4-2ystY6 : -0.011' 

-0.015Yl-0.024Y2-0.018Y3-0.012Y4tO.994Y5':'2Y6t. Y7 = -0.013 

From B.C : 

At the Bottom M8 =0 === 

378Ylt684Y2tS40Y3t432Y4t324yst216Y6t108Y7 

Equilibrium of factors R = 0 === 

= (4) 10-3 

= (6.27) 10-3 

- ( 8 .S ) 1 0 - 3 
-

= 312 

': ~ lO.8Y1t21.6Y2t21.6Y3t21.6Y4t21.6YSt21.6Y6t21.~Y7tlO.8y8 = 8 



A rranging in Matrix from and solving 

81 

the 8x8 Matrix with 

a programmable calculator using Gauss elimination, displacements~ 

. shear and moments at points. 1 to ~ are found. Fig C-2 
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Fi~ C-2 Shear and Moment diagram evaluated by Finite difference method 
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