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ABSTRACT

Pile fcundations are normally constructed with a rigid cap cast
cu the surface, tying a group of pile heads together. A series of
experiments with model pile foundations in sand, have been carzied out
in which the distribution of load within the piles was measured.

Tests with 25 plles spaced from 2 to 8 pile diameters apart show
that the ordexr of driving controls load distribution until the piles
fail. The last dwiven piles carxy the most lead.

This behaviour iz explained in torms of the initial stress
conditions beneath individuel piles.

Scme enamples are given which chow how the results may be applied
to practical design.
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1.1 INTRODUCTION
Tho function of piles in cand is to praovant oxcessgive pettlomont of

a structure. One gpprooch to the undersctending of this prohlom is to
study the behavieur of single pilas. Such an npproach ic based on the
tacit agsurption that the envivenment of the pile is of relatively
iittlo oignificance. Fig.l.) shous a typical pile Zoundation, PFig.l.2
a aingle pile in o semi-infinito mass of cand; 4t ip the Liret dwiven
pile of tha group. CGlearly in Fig.l.2, tho offect of the wemaining
vilco ap well ap the top cop is. absent.

A complete understanding of the problem r»equires o kunowledge of
bow the whole_fouﬁﬂaciqn distributoes lood to the sand. A load £rom the
‘structure will be carried pertly by the base and shaft of each pile
and partly by the cap (Fig.1.3).

The only suitable maens of obtaining this informatlon 4s by using
expevimonts with models. Such experiments hava neven beea done before.

1.2 PREVIOUS WORK
The effect of driving piles

It has long been realized that driving piles into sand crusés.
an increase in the density of the sand; the torm compaction pile,. used
for piles in icose cand, means an increase dn density. Piling contractors
"note this effact by the groater forco waquirved to dwxive later pilcs§

iﬁdced,they will hesitate to drive the centye pile of a group last, for
" fear of causing structural damage to the pile. :

Plantoms andltolctczo)
of the density, found that sand bacams denser around a 55 cme dic. pile,
. oven when the statiec conc resistance bafore driving (about 160 kgfcm;)o
» indicated a dense sand., In gome cases however, pazticularly near the

» uslng static conz reszistonce ap e maasure

.-surﬁace, dzdving. tho plle into dense layars caused, a slight loogéming .
.of the cand. A1l loose sand bocame densor due to pilé driving. The
penctrometar tests were caxried out approximately 2'911& diaweters
away Erem the drivan pile.
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There are mony other £ield nnd rcdol inwst:i.gntiono(?’8’13’14’ 17)

which chew the compaction of sand which cccurs as a result of driving
piles.

Meyerhofcn) has extended his work on the ultimate bearing capacity
of @ single pile in semi-infinite sond, to inciude subsequent piles
using revized ongles of shearing wosistence ¢o nccount for the increase
in density. Thig enalysis depends £or itn wvelidity, cn tho tocit assumption
that piles driven into sand which has beon compacted by pile driving,
will carry-a grooter iosd when part of a group, becouvsa of the inerease
4n donsity. Cheptaxr 8 shows that this is not the cases

When piles are drivon into ralativaly danse sond, a genorel heave of
the surfoce will octcurs 1€ tho gand containg pilas, chéy 't;'ﬁ.l nova
ugpwaxrd with the sand. B:mdnltz) shewe thet én initial upm':rd novement of
a piio 50 emd@in. occurs vhen driving anothor pile at o distance of
2 - 5 matres. The piles were drivon to o depth of 14 motrop (28 pile
diomotars) through 12 matres of loom anf pect ond 2 metwas into sand.
Altliough thae pile moved upwerd when another pile wac driven, thercafter
& time dopondent settlemont of che pile occurred, undoubtoedly caused by
the soil in the upper 12 motres.

Load distzibution within a proup with the cap firce of the surface

An extensive serics of tests has beon caxriad out by Papper in
which the lond distributicn within groups with ags many as 36 piles
vas measured. In an interim raport:(,‘g) 2 & £igure is givan which shows
the contre pilos carrying more Jood than the corner piles,. presumably, .
at f£ailure conditionp elthough this is not definltely stoteds The oxder
in vhich the plléo wera drivan &5 not given. ' ' ,
Un the basis of wodel oxpariments, Borodug;a(s) concludaes that inicial
.load distribution within a group dopends mainly on the order of driving,
- +the later driven piles cerrying wore lead than the fizst driven. When
fallure is approached, there iz a redistribution of locd and pile
position bocomas significant,
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Tho research was carried out with vooden and brass pilles 0.325 in.dig.
and 10 in. lengs The piles wexe driven individually to form a group
of &4, 9 or 16 piles in either a randem or practicel driving pattern.
Fhile the pattarns used ave not the extreme cases™, &t i interesting
to note that later driven pilas cancy mwere load than £irst driven
piles, when driving progresses £rem one side of a foundation to the other.
Such a pattern however; makes the foundetien unsynmetrical with rospact
to oxder of driving and therefore should tilt. Unfortunately, the
results wevre not analysed in torms of cottlement. Such an enalyois is
algso mequired if ewxrors dus to ccaontyic loading arve to be cousidcrea?

+ Seetion 5.1 discusses the patterns nacecoary to completely separata
order of driving from position.

¢ In Appendix O, the possible arrors dve to cccentric Yording are
ezamined.



CHAPTER 2

EROPERTIRG OF THE BAND

2,1 7Indox Propartics
2.2 Shonr Strength

13
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2.1 TIDEX PRODPERTILES

Approzimotely 1%- tono of scand ncedad for the programne was thoroughly
nixed befora any group oiperiments wora carried cut.
Grading .

Hem River sand, nominglly 527300 British Stendaxd 8iava, was useds
Fig.2.1 ghows the netual groding.
Speeilfic pravity

A spocific pravity of 2.68 was obtained using B.5.1377.
Moistura contant: .

ALl cxporiments were carried cul with tho gand in en ade d;:y
state, the mointure centent boeing betweci 0.3 and Q.4 por ceat.
‘Yastinum porosity ‘

Mazimun poresity using the ttilting test?
value of 49.3 pazr cent.
Chenpe in index propavties with use

It is important in a testing programma o check the index propartics
during the gequence of tasting. The daterminations givan ahove represent
evorage valuos fxem o pemple taken before the progezmme was bogun and
neer the ond. There was no signlficent difiference in any of the
measurements. There is no doubt howaven, that the gand changeds thie
w1l bo discuised later.
. mamw pozenity .

Minimm porosity tests were ottespted using the Proctor mould
_precedure suggested by Kolbuszewnks.(g). Thay could aot be reproduced
"and therefoxe this techniquo was abandonode An eotimete . sufficiently
aceurate for this project, cen ba obtained by using the follewing
}zt:atieticnl velationship betsreon the 't:ilcing teot? and a minimum
.ia.bronity test given by Aiyagalc(n :

O

gove an ovorage

Mindmam poropity = tilting test -~ 9.5 per cent
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The miniomun porosity io therefore oppuenimately 39.8 por cente

Sphericity ahd xoundnessp

Sphericity doterminations using the Rittonhouse mct:hod(m‘)

& value of 0.0l The roundnoss of the send ip 0,36 ucing tha wisual
mathod o€ Keunbetnt2),
2+2 SHRAR STREFGTH ,

A series of trlaxial cemprescion tests wore carviad cut on a
pample of pand bofere the eative }.-é- tens hed becn obtained. The grading
was oliphtly diffexant and the masinum porosity 47 par cont compared
with 49.3 pez eonte While tho gheoar strength chsracteristico aze given
gufficiontly nceurately for this profoct. the 2 sands were not identicai.

" Pour inch dismntpr spacimens wero tested at a congtint cell pressure
of 80 pof. The sand was air dxy and volur changes wexe measured undex
dratnad cond:!.t'iom'. A rain technique was used to deposit the sand.

The tosting apparatio, boing escontially the soms ds that used by
Yaon:!.nias), E"dinm) ond E’mmrw) nioed ot he described.

Fig«2«2 ghows the reletion between the moxinmm gihgle of shoawing
. zesiatanee end porosity. It will be seen that the angles of shearing
resistance are quite high: Consistent with this i the very dilotant
Bohaviour, ap shown in the relaticn betwean the waote of volume changa
at faliure ( dé—lde ) end porosity (Fig.2.3). It con be scon that the
samples dﬂnta ut fatltve f£or all poresities.
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3.1 _INTRODUCTION
H&dcl tests earried cut fn the leboratory have the advantage over
£2eld teots in that tha experimentor haos freodom to ceritrol factoxs
vaich in £full scale tosts cuunot be controllods For pile erporimonts
I sodd, the most Impontant single vardnble is the pand porosity. In
this chaptexr, an apparatus will be described which dopobits a ton of
pand hemogencdusly end roproducibly over o wide rangt of porogitles.

. 8.2 FACZORS COUTRCLULNG NS GAND DEROSITION OF DRY SAND
' (olbﬁnéc:ml:iuoiu) chewed experinentally that a wide »ango of

porvsity in dzy sond conld be produced usifig a zain tdchuiqua. He
found that tho factows vwhich controlltd the porosity ware the duiencity
of ¢ha rafri and Che Helpht of drope At a piven haight, an inercane in
tho dntensity incressad the poresity; while, for a given intansity, an
Ineronoo in the height deérotced the porosity. The sohgitivity of
poroaity to o change in aithor ofte ¢f those fectors depended upon the
getual velve of the othar Factone |

For chy given sand; Intensity ond holght of £oll conerol the .reau!.tiﬁg
poropity cufficlontly accuuchkely for most awperimontal pusposcs. There
1o evidence fiovovery thot pesticla c?.nntiéityae) el cphcricicy(m)
are also slgnificent. This malos quontitative corualetion four diffaront
conds fnpossiblo and sets Linits within which ony ona mond con ba
doposited,

The sppavatus dovelopdd .ao port of this projoct deposits cond of
a zenge of porosity walily by varydsdg tho soud intonsitys
328 METTOD OF DRPOLITION

éand io dnpoxﬁit:qd as o thin loyer vhilch s¢ formed as ¢ wain of

pend peasan back chd foith over tho eontalrior, tha hoight of dwep
elvays hofng Liopt ccahtant (Plate 1). Tho zain o &g',j foet wido ond
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poves through a distance of aboyt 4 feot. In £1lling a 3 £&. dla.
contalnor, irrogulakities an the sand flov, cecumiing ot cach ond
viien thd diraction of motions reversas, £all cutside the etmtniver in
a6 dn. overlep The ndtunl thickness of the zain on roaching the
sand gurface at mﬁr"&cﬁwm: 18 nppronimntely 1/2 ins £or loose scand,
whort the dvtancity of depositlon is high (Blote 2) avd 2 4n. for denss
gdandy vhove the fntencity of deposition it lev (Plate 3)

3.4 APPARATUS .

' Yig. 3.1 ohoue détatled dravings ¢f the apparatus. A 7 euifte
eupecity hopper 45 driven herdnontelly on 2 xails by a wobor driven
chain oopomblogd, ot a zate of 0.8 ftfaccs Sand con bo fod frem the
hotten of the hopper threugh o fap betwedn o 3 fu. din. woller and a
steel euttitip edge positicied vartideally above the cantre of the rolier.
Az accuxately mpchited rolidr and cutfiing odgd oxe ecsonticl to avold
any varintisn in tho gap pottidng over the full width. Gap settings

©f Up 0-0.19 ius ars obtained by adjusting tha vertical pogition of
£he edge,A cotor and geor box pesitioned ot one end of the hopper
driva the zollcr at speeds of 2-%-, 5, 10, 20, 40, B0 ox 30D 2ipati
Grontor dntehoities of deposition ore obtinined ucing highet specds of
wvotiution; no saund Elows L€ the roller 1B stationnry.

. Witk the rollex tuming, o initial howiscntal voloeicy is impavted
to the annd, tho wognitude of which depends on the veller speed. A
plate, positivtied phout 174 in. £fom the zeller; deflects ths rain Into
& vortical plana. The pdszﬁib&‘z oid aigle of thHe sond deflector must
be changed for differmit porcpities. ,
leus;- thore are availeble, 2 meads of contzelling the intonsity:

1) zoller spead pad 2) fop satting.
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The rails cn which the hopper rums ave connected herizontally to
form a rigid unit. This talt is carried on muts running on & vertieal
threaded zcds ¢ L% ine diam. x 8 £t. lomg, threaded throughout their
entive lengthls The bases of the.rods are coanectetl o & box sections
cast in conczafie (Plate 1). the tops being attached by & pileces of
angle iron. The eitire vnit may be roised or lowered at speeds
infinitely vaviable £rewm O to 2 in/min. by rotating the mues through
a pprocket aud choin assexbliage, driven by a motor and gaar box.

Thus, the height of drop con be maiateined coastant durimg
deposition by walscing the hopper at the given depositing rate.

Batd 15 placed iato the hopper from a storage bing im a l% cu.ftio
Bucket raisad by o eleetsic hoist (Plete 1}.4 suitably sized screen
cen the hopper colleekn extzraneous materiel from the send. Great care
was taken to kecp the £loor cleon where sond fell, but it was impossible
¢o keep the ﬂnﬂd entlrely free of extxonecus matexial. The atmosphera
became contaminated with dust, particularly when demse sand was baing
deposited. This requirved tho oporators to wear dusé £ilters and the
8 £, length of thraaded rod to be protected. No attempt was made to
protect the mobtors; during the 5 months of teoting, oaly one motor was
put out of octicn.

3.5 CALIERATION OF APPARATUS
 The calibratich of the apparatus was obtained using & cylindrical

Jmeasuring eylinders ¢o deferming the poronity. For 3 gap satidings,
ngmely 0 097 in., 0.127 fn., and 0.149 in., the perosity was meesured
ot 2 hedghtts and with at leest 5 roller speeds. During cech test, the
rate of deposition was also measured. Fig.3.2 shows the wesultss As
roller npeed ix the wost significant €actor, 1€ 1s plotted directly
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epodnst poropitys A totel sauze of B.7% is porsille with chic perticuler
pende Uith onz pap setting (0.149 4n.) cud cnn height (19 in.), cpecific
porositico over a'range of 8.4 pex cent end ba achleved, ucing difforent
roller speeds.‘ﬁmalier gop gettings lewer the value of porosity for
any given zoller speed gnd hoights thus meling 4t poscible to deposit.

ovar cho entize peronity rﬁnvé. For cempavlgon purposes, matlmm cnd
mindrum poresitics ave gleo chotm 4n tho Sigurs. ,

The rinimm Lolght of £all peopdible ¢ 19 in. oo tha container io
mode up off 2 Lalvcs, 18 In, hipgh. 7t coit ba ceen frem tha figure that
the height of £01 ds o neletively insigailicant factor; littlo accurncy
wag wcquincd thaoxefora, te rmeintnin o cenctont height duriﬁs depogition.

In Pigs 343, the zcleotien beteen the sate of doposition end the
resulting poronity ic shcrn, this “elaticn it independent of gap sotuing
and zollen cpccd. For any porcc;tj, the rvate ot which the sand 4
deposited end therefora the ratc ot which the hieppor st be zaised to
onsure a congtant height, is gilven by this cuiva.

3,6 VAREADILYTY OF FOROSLTY
A variation of pozesity within the ceatoinsy can be eaused by
neny foctors; gome of them Inhorent in this pezticular mothod while
others are present in any deposition technique involving en appreciable
weight of send. With the scamning wethod vhich this apparatug enploys,
aiT currents wore encounterad. A discusslon of thelr occurvence and the

. eorrective méanﬁfeé“éakén;~is'given in Appendix P. Lt is worthwhile
noting, however, that 2 thin ﬁrann plates positioned within the container
as shoyn in Fig. 3.4, vere required to prevant undue distiicbance of the
zain. The poronity in the areas shoim around these'plaﬁeé is known to be
vavicble (densex by approximatcly 0.7%%). The following discussion refers
to the remzining erea. e

4— minimum porosity = maxintm povesity ~ 9.5 per cent {see section 2.1)



21

There aro two independent twaye of cotebliching the unifornitys
1) Dircct moasurcmont of porosity and 2) Single pile tests. The overall
variet:ion vithin the contaivor vas found - by means of direct measurement,
which we ghell notr ddocuss, and this variation chacked with the results
of single pile feots. ‘
Direct maasurement of porosity
' To cobtain a diroct msacure cf porosity within the container,
- celibrated cylinders may be placed in different parts of the container
and the individual povooitics checlied ageinst the average valye. This
mzthed 43 howaver, eubject‘ to saveral criticioms:
1) It is necessary to use miasuring cylinde:s cufficiently large
that wall effects becore inpignificant and, with a height to diameter
ratio not oxcceding about 1. The smallest cylinders used were 3 in. dias
Porosity measu¥emonts therefore reprasent an average value for this
voltmes C
2) Aside from orvors im the actual perosity, the mezguremont of the
volume of 2 cylinder cannot be obtained very accurately..
The overall variation within the container v?qh found using &4
measuring cylinders placed in the positicns shoum in Fige 3.4. The
" following conditions wore tapteds '
1) Cylinders placed on top of the centainer, with the hopper () £ull
and (b) neerly empty: '
2) Cylinders placed at 3 depths within the cemtoliers One ox two of
these tests were repeated with a different wéighc of sand in the hopper.
At all porosities end for ench of the conditions studied, individual
porosity values all lay within + 0.3 per cent of the average {e.ge 44.6 13
pexr cent). In most cases, the range was closer. For two tests, 9 cylinderes

sreve uged, with the variation being no greater then with 4.
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Single pile tests
The ultimate beaving copacity of a single pilc™ is a pemsitive

measure of the porosity. For porosities of 41.5, 39.7 and 39.0 per cent,
3 pilep, 1/& in. die. were tected ot positions within the container
choum in Pig. 3.5. Boch pile o far enough £uem another pile and the
edge of tho container to cnsure no interferoncs. In eoch case, the depth
wan 7% in., Theae results ave ghown in Fig. 3.6. The £irgt driven pile
tests in the growp erporimants have alge beeun included. Over the ronge
of. porosity otudied, thewxe is an appromimate lineor .velation. The error
in this zroelation on the basis of a direct porosity measuzemznt is
indicated by the dotted linos. A xango of & 3 per cent porosity moans,
that at any porosity, the ultimate bearing capneity may vary by <4 0.8 1b.
It can ba seen fhat tho measurements of ultimate bearing capacity lie
woll within this range, with the cxcopiion of cnc test at 3% per cént. It
should be noted that the velues of ultimatice bearing capacity are in
thengelvas subjcct:'t:o erzor due to the accuxcey of the load cell in the
wedel pile {sao Scction 4.7).

3.7 REFRODUOLBILITY OF SAND DEPOSLITION
Dlirect monpiivemont

A rand depopititiz apparatus must be able to roproduce the naws
porpeilty for a sories of o>:porimm:sﬁ All group crperiments were carried
cut at en initinl porosity of 42 pex cout. For wost of tho experimonts,
diract moasuroments of the parosity wore wmade after the container had
been £illed. Throughout thoe serdes, no wmeasurenont lay outside the iimits
already estaobiished of *k 03 per cent poxosity.

~4- fee Scceionﬁ'.l for o éefin:*.tion.

+ The testing progrenme lasted & mouths during which 13 greup tests
were carsied outl.
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Single pile tonts

An independenit check on the porosity mey be obtained f£rom the
results of the single pile tests on the first driven pile. These results
were included in Fip. 3.6, from wvhich it 1is gaen that they lie within the
range established by direct measuremant. In Fige 3.7, the single pile
tosts have been considered en & langex scole. It can be seen that
within the 1imits set by direct umaauremﬁnc, the ultimate bearing
capacity increésad as the testing programms proceeded. Although no
difference in the grading of the sond e¢ould be detected, a slight change
undoubtedly occurred; smel dust Zs croated during coch deposition. Some
change in tho cand duzing testiﬁg must be aceepteds Only a correlatien
invelving ouch a sennitive indicatox as ultiwate bearing ecapacity
however, is capable of dotoctiiig nuch a small variation. Fige 3.6
shows that this orror is not significont in the oinglo plle tests. In
Appeadix O, ovidence 1s presstited to show thot the group resulto were
not significantly influchiced.
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4.3 ENTROBUCTION
To eneble measvremonts o be mnde of the lcad distwibution withdn

¢he foundation showt it Pigel.3d, it wes unzcocsary e decipn wodel
piles fulfilling the follewing reguiremsnto:

1) They et be abie to mzasure bare cud cheft load sepavately,
with a cap cack en the surnface.

£} The conpressibiiity of the ivad eells in the piles must be smell
compored with the setliioaoni.

The piles mst hove a welatively cunll diavcter; anything larger

thon 1/4 ine. roquires en unwmenepeable slse of coutainez.
&y WThore must he a nomber of such piles.

Thic chapter dencribes model piles fulfilling these wequinomente.

Twenive£ive were built to the sane dendgn. Bzch pile weighs opprouimately

-

0.06 1b. ond oppears on The cutiedds oo o smeoth brnss ved (Plate &(al).

-

ot

Bk

They wore desipnad to be used at one denth oply (75 44, = 29 pile digmeter).
= o« [

~

£ 2 VETHOD OF MEASUSING LOAD

hoad i meapured an a ealibxated strain. Bach plle eontoing two

hin-walled eylindricrd tubss vhich stralh in compressioh when under

load. The comprognive strain of cach fube iz meosumed by &4 £oil resiptance
gaunes, wived dn a Whcatstene bridpe. When the cuwpresscion for any

given Load 4o knoem, the unit boeonmas o lecd celi.

6.3 LOAY CITLE

Each pile has onc coll which weasures bese lond and one wilch

weasures tobtal loady the differcnen of those two givoes the load
dictributed in sheaw slong the shallt. Both «cllc consist of a bress

tube, 0.003 in. thick £or the base and 0.004 in. for the total. The base
ccll is designed to coxzy sbout 23 1bs., while the total lead cell carries

30 ibs.
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fThe construetion of both cellc 48 the cemes Lozd is applied to ona

ond thicdugh o ball geabing (Fife 4.1(A) ). the other end being £imed
contrally withiin Che pilos Four /4 iny linenr gtusin gaugus"", two activad
wiich mansuee 1itnar stralns and &0 pesalve uhich foasure cizcumferentinl
straing, are locnted on the tubse in cuch a nanner that the offects of

a latorel lead seting cum. the frée end are winimized. By orvanging ench
paix oymmetrically -~ both in teris of distouce fzem the £ined ond and
from the centre of the tube - the Fheatstene bridge citcuit ¢ancels
chaviges 4n registence duc Ho bonding. In plocing the active gougos

&losar to the freo dild shaze bénding stralus are omaller, the total chonge
- dn registonee due to 4 leteral loaf 4 gmoller Chan 3£ the gauge positiens
ware rovarsed (Plate 4L{b) ).

&34 MODIE, PEILE \
' The escential functloigof the pile oro o apply a ralatively fricticn-
£rec load to each cell, wihiie ollciring the calls opoco td compzess
froelys The cells are fixed centrally at ench and of z solid brass
. abutmont (Fige G (B) )} %o this abutment eve also gttached two outer
brags tubes wWhich nay easily bo removede As well ag féming the extdrior
of the pile, they puide tlie load epplicaticn Lo cach cell, It ..should
be noted that there 4s a cpeed between the lead cells and the interior of
thege tubag. _

Moasuring Load Lt torms of stiain requires o finite movemént and
- therefore parts fust slide zelative to each other. A load on tha point
of the pile is traiciitted ¢o tho base cell thrcugh o liasdened oteel
rod and guiding bush, the sliding curfaces being shoum in the figure.
At &g importent o oller ag l4ittle friction as possible as loed cell

+ 38 of tho 50 cello have 75 ohm gaugoss the temnining 12, 55 ohm.
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'aensieivf.t:y 17111 be raduced. %t i move important hiouever, that the value
of friction sheuld mot chonge with timd, thus chenging the coll colibrations
To satisfy both thase vequirements, use wep made of thoe materiel D.Q.lq'.
Two bushes end therefore tuo 5lldiag suxfoces wore used dn t:mns%nitt:ing
lood to the cell, in order to further reduce the offact vwhich a lateral
load on-the point has on the locd coll. A compracsicn apring which
applide & small zero load te the cecll, moy convoniciitly be £itted batween
these bpushes: As well as incrensing zoro stebility, usa of a compression
spring allows boce lends after driving as low as 0.2 1be to be m2asureds

With a load applicd to the bace, the stzain of the ccll couses a
change it ldngth of the pile; length gb shoutens to g'b. Under a load of
20 1b. the ¢ell ccmpressicn {aal) iz ebeut 0.0008 if. To allow this
movemant fo cceur £rgely and yet provide protecticn to the s?.‘.!.dit;g parts,
e thin zubbet fwwbrane ciwclosing a sponge rubbew washor ceparates ab.

Tha top haif of the pile, which includes the Cotial load cell, i5
esscntially the soamé as the boStom. There ore howeverw, & wir:es# ‘frem the
tase cell aB well as & wires® £rom the totsl cell vhich st poss around
the ball neabing of tho total cell and out the top of the pile. Thus, load
must be tzonewmitted to the cell by a tube with the swwizes on the inside. -
Any lead applied Lo the top of the tube. vegistexs dizeetly on the total
load cell. Greot. carc was talien with cach pile to mele this sunfece
srioth -and eveny ae load must be applied to the pile through this bute
seaéiﬂgn The plle heeds used for the single pile end group tests will
be described later.

4+ DeQul is o material mn;x‘ufaétumd- by Glacier Metal Co. which has a
low coefficiont of £zictlon and moy be worked in a lathe.

+ Fine nylony acetete eoated wire was used, ag it bonds togather to
form 2 wire rope when dipped in acstone} & wives therefore becama 1
wire rope.
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As with the base ceil, o movertent must decur with each applied 1load;
distance ¢d shortens to cld. Undex a lond of 25 1b. the ccll compression
{cc?) ig-abeut 0.0008 in.

4.5 HEATING OF 1.0AD CELLS

In making the load tells of 2 thinewalled tube, an instrumont
sensitive to temperature 15 also crented. Chenges in maasured strain
rasult from two effects.

When the strain measuring institment {Teldvin) passes o corzent
through tho resistance gaugos, tho lozd cell is heated and the resulting
' c't:z;as.n waapured on the Baldirin. Two metheds tiere used to avoid this
exror: S

. 1) Bach cell was measured efter the Doldwin had Leen heating it for
a given time; gbout 1-1-’- mimutes twrags pufficient. )

2) All cells ware pzeheat:ed to a stable vaading by supplying cach
with the same curxent supplied by the Balduin.
The ﬁirst: method was used for the single pile tests; the second for the
group testss Both methods axe satisfsetory; the ....c.ont} a little more
‘acgurate and much cagier.

The second heating cffect ic due to a change in room témperature.
The sand itsclf baing a good hieat ingulator delayed the cffect of any
change in rotm tempeiature on the piles. The time required for a single
pile tost was only gbout 10 minutes, during vhich no chenge in temperature
occurzed. For the group experiments, the heating characteristics of the
piles for each spacing were measured. Only about 8 of the 50 gauges
changed significantly during the 2 hours required for a test. The piles
containing these gauges were piaced zandemly in the group and the coxrections

becomz insignificant when the results are avernged in terms of position'*:

+ In Soetion 6.3, the mathod of analysing the wesults is discussed,
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4.0 STRALN MBASURING COQUIPMENT
As previously noted,strain reedinge on the 25 piles were taken using

a Baldwin strain moter. As it was decided to use ¢ otonderd inctrument
for this purpose, a Balduin was required as four 55 ohn gruges in a
Wheatstone bridge.will donage a Pecliel by ovarloading tha escillators.

The four leads £rem cach cell were conncctod to a heating and
switching unit from vhich any one of the 50 cells cculd be connocted
either to a Baldwin cireuit or a heating circuit. In Plate 10, vhich-
represents a group Cest, the hecting end Switching unit appears in the
bottom right hand corner. Each pile lead -~ cbout 15 4n. long - was golddred
directly to a connection box, which could be placed ncar the piles. This
sama assemblage wag used for gzoup testis, single pile tests ond pile
calibration.

4.7 LOAD CRIL cﬁLTBRATTOH L e
a1l piles were initia?ly calibrated under constant tehperature

conditions. Using dead weights, the top cell was loaded to 25 1b. and the
bage to 20 1b. Each cell has a tnique calibration; the total cells, being
thicker, arc slightly leos senpitive than the base. Fige %.2 shovs &
typical pille calibzration. .
To use ony load measuring dovice in a coriles of tests, 4t is necessary

to provide the folloving evidence:

1) that the calibration does not change during the series of testss
or if it does, the calibration gheuld bo moun for ail testsg

2) that it is valid to use the calibraticu for the cenditions which -
exist in the test.
Throughout the ezperimentgl progrenme, the pilcs were rocalibrated in the
EoBEanT Eéa@ereture room, nl} 25 at least once and some 2 or 3 times.
All colibrzations repfoducedto<within 10 per cent st cny loady mora than
2/3 of them Lo within & por cent or bettex. Included in Fig 4.2 ig the
pile recolibration.
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The pllec were used 4n gond with sirain measvred under 2 conditiono:

1) Celis wero unhented, ntycin woadingo token after © piven $ime (single
pile tastn).

2) Piles were preheated for about 12 hours, by which tims the cells
hied beecoma ptable. To taoke wendings, cach cell was cwitched from the
heeting eircuit to the Baldwin cireuit {proup tests).

%o check the callbrations under the cenditions of tho single pile
test, 5 of the pilds were driven into cand end loaded, uvsing deed weights;
strain rcadings were taken after o given time. Tho calidration of the
total load cell may be checkod directly against the leads added; it is
imposaible to check the base cell with the pile in pand. The ealibrations
repreduced those obtained under constant temperature conditions.

Each single pile test itself, is a cleck on the total cell. This
evidence is mocaningless howevewr, without o £ull comprehension of the
arzangemznt for the single pile tast. It is therefore prasented in
Appendidx Be

Lt is imponsible to check the plle colibrations under exactly the same
conditions as cxist when they form part of a foundatien with the cap on
the surfaco. However, two tests ware carrled cut which closely approximate
these conditiona. In the £irpt, 25 piles were driven into sand and the
plies heated f£or 12 hours. The temperature of the sand near the piles
can-rise 5 or 6 deg.C. abova room temporature when the opacing is close.
Six of thie total load cells ware individually celibrated using dead loads.
Strain rendings wdre taken in the seme way as for the group tests. The
piles which waxe maasured, soproduced thelr previous calibrations.

For the seocond test, 8 cap wap cest -onto the 25 piles, but suspended
frem the surface. The conditions werc ozpctly the same no vhen the cap was
flormad om the surface, oxcopt that the plastar was not presont. With the
cap free of thae suxrface, any ioaﬂ‘ epplied to the foundntion should cqual
the sunmation of loads meanured by the total lozd cells. The zesulte are
shovn in Fig. 6.3. Tt 45 seon that the cell:s rend eensiotently low, the
error however, cun be negloeted.
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5.1 DEFIHITLONS - .
T£€ knom lcads are applied to a pile and the resulting settlemonts

plotted opainst applied iopdy the dingrom is knon as & ‘load-settlicnmmt
diogrem?, such a test 2 'pile test? and the pile o 1'51115?@ pile?, It
actis isndependently of any other pile ox structure which mey be near.
Yhreushout this thosic, pile behavicur will be fraguently described 4n
terms of lood-geitlement disgromss It is useful therefore, to conslder.:
a typicel diagrom for e single pile (Fig.5.1). The settlcment increases
slowly at first, thelt passes with increasing plastic deformeiion imto
a fairly livear requ:ic-n (AB) I'mcrn an & ffailvre onvelope’. Point A,
at: which the pile ceages to be unique, ropresents failure of the p:!.-'!.e'{'
for that depths: The Zoad &t failure ic called the fultimete bearihg
cnpacityﬂg.: Figs 5.2 shows the entire fallure cnvelepe which tho pile
would follow if it weore tested £rom the buxiace.
empdinte sotilement: )
If locds are applied iIn ffczéments and each lead mointeined, o creep
pettlemant will bo msaptreds Fige 5.3 shows the leadesettlémont diagrem
for the €irst deiven plle; aach load was maintained abcut 2 miautos.

In oxder to compare the losd-settlcment bohavicur of piles wheh incremental
1¢ads are maintained for differoht periods of time, it 17 flecessary to
subtract the creep settlement.The mesulting cusve C, Tepresents fimmadiate -
‘pettlement, while cuxve (22, totol cottlement. A oliglitly. diffierent
follure cavelope is gemerated in each case. ALl loodeset:tlemont disgrams
will be conoifered in tosxwme of irmediaftic sottlemant.

Pile cpaclup '

This %o the centre £o céntre digtonce between tiie piles cxpressed as
a ratic of the pilc dlaimetor, whon all the piles in the proup have been
diedvons

+ Thio tern implien failure of the soil and not of the pil¢ metezial.

& Whiteker and'cooka(at") discuss this criterion for piles tested at
a conatant zate of penctration.
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Order of driving
The order of driving refers only to the succcscion of pile driving.
Too terms will frequently bo used: £irst cad last driven piles. that
ig intended 45 cleor from the content.
Priving vattern
The cequence in which the Scundatien poeiticns are occupled by piles

ig the driving pattern.

The need for the last threc teirms to bo clearly de€ined i more .
easily ceen by an exemple. Consider the besie grid used in the esperiments:
square with 5 piles aleng each sidc. Pig. 5.4 cheus the two driving
imtt:ernu cmployed in the experimente to drive the 25 positions of thie
grid. Case 1 11luptzates a fcentre to coxnex?! :i::iving pattern. The centre
pile dg driven £irst; thereaftor piles are driven in a symmetrical
sequence towards the corners of the grid. Case 2 4llustrates a frowvper -
to centre! 'pattern In which the cornar piles ave éxiven first, the centre
pile being the lest. I spocing is considered after all piles in the group
have been dziven, the two cesen have the sare gpaecings they differ only
in the pattern uscd. Z€ the arrangement is considerced, for cxomple after
tha fourth pile hes been driven in both cases, the spacing is not the same.
Not only is the spacing different as pile driving continucs but the '
environment in the two cages is compleotely diffarent. Compare the envicomient
into which the 22nd pile 43 driven in the two cases. Clearly, there ave
meny additfonal foctors involved in the variable driving pattern.These two
.pat'terns were chosen because they roprascnt the extrems conditions which
ore necded to completely scparate tha effects of pile positicn £rom order
of driving. Fig. 5.5 shows the two patterns vhen 16 piles are driven
around the paeriphory of a foundatiou.
initia) porosity

The only time wlien the condition of the gand is definitely known, is
before any plles have been driven. The porosity at this stege will be
called the inivial porosity.



i,

Pilo driving . . .

Full ocnle'pilca in sand ove genexally driven wnder o sozfos of
impact londs. In tbii__s coeries of enperiments, coch r:odel‘pilc uac pushed by
hand a2t a relatively constant rate of penctraticn . They will however, be
referrad to as Ydriven! piles end the act of plocing the piles as pile
tdrivingt. *

5.2 PROCEDURE AND APPARATUS ) .

Al the piles to be driven were suspended in a guiding unit as shomn
in Plate 5. A test which Includad enly 16 piles is.chovn f£or the sake of
gimplicity. The guide unit comsists of two 1/2 in. steel plates, 1 in.
apaxt with 25 holes, 1/4 dif. dio., drdlled at 1/2 in., 1 in., 2 in. and
& 3n. centros. This one unit could then be used to guide piles for gpacings
of 2d, &d, 6d ond &1. Each pile is o cliding f£it to cnsure that i¢ is
driven vortically. The guide unit lecatos on o rigid motal f£xems which
gtonds clear of the containor (Platc 5 and 6). The frome itsalf locates
on the £locor with refezence to the centeiner (Plate 10). As the bhottom
half of the containar i £ixed in position, the piles axe always driven
into the centre of the containex. The Lframe is vertically adjustable for
levelling the guide unit o 0.6 3n., cloerance above the surfece of the
sand {Plate 5).

To guide each pile when clear ¢f tho guiding unit end to apply load
¢o the top load cell during testing, &« pile hcad, 3 in. long, muet be
£itted over the lead, onto tho top of the pile. Now the fivst pile to be
driven 4is wived to the Baldwin ond zevo mcadings on the load cells talen.
The pilc 45 relcased from the guide plate znd diviven i.nt';o the sand until

a predetermined merk on the pile head becomes level with the guide plate.
The ttea of the pile will b2 at a depth of 7-3: in. below the original lovel

5 .

- Flomi.né”garried out a series of wmodel teésts with the pilles foreced to
depth st 'a constant rate of peunctration and driven with a hammer. Ho
signiffcant difference was noted in the vltinmate beazing capacity of
the piles.
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of the cend. The load cells ere then recd agein. Mo attempt ig made to
reasure the failure envelope duning driving.

Uoing the elactric hoipt, the leading fizmo ic placed on the zafls of
the sand dopopiting . epparatus and moved into poniticn absve the pile
(PLate 6).

Avplicotion of ond

Load %o applicd menually through e worm reduction geare A semsitive
proving ring monsures the load transmitted to tho pile threugh a Lrictionless
ball race. To apply load to the dreiven pile without interfewing with the
piles suspended in the guide unit, 2 ram extension 7 in. long was cmployed
(Fig. 5.6 cnd Plate 6). Thin steol wod ticnomits loed Ly mecnc of a butt
peating to the top of the pile hoad vhich hos renained in position pince
driving. The pile head was made ac a sliding £it over cach pile and threough
cach hole of the guide unit, for it rust ba cosily removable from tho
pile after testing. Any locd ndded to the pile heod acts direetly on the

top load egall, this load being cqual to the value measured by the proving
ning.

Trro 307
for ram cleszance 10 the buch ~ manoure the pile sottlemont with respect
to the rigld frame {(Flate 6).

Binglc pvile test

With the pile under no odded iccd, zero rcadings ove taken on the
loed -cells and the zettlemant dialc. Inevemsntel lozds aze now applied to
tho i:ﬁ.eo' Bech load 4o maintained Ly naons of the proving ring*, long
encugh for both load cells to be rcad, The actual time depends on the
heating chnzacteristics of the load cells; the lonzest time required wes
132- minuter, Sefitlemont was wzead at the begirning and end of aasch load

fe in. setilatent dials - two being necessary to compensete

o

4+ Loads were gpplied ond malntained using the proving zing 885 8 meaguve
of load. All gifigic plle tects howevnr, are plotied using load cell
moasuremsntt. See Appondin B for a furthor check on the calibrations,
which the proviag xing provides.
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increment in order to cbtaln dmmodiale sottloronts. The test was contimmed
until 2 failure onveleope had been established,

3.3 SINGLE PILE BENAVIOUR
Before considering the effects of driving a wumber of piles in sand,
“ 4t 15 uscful to examing the behavicur of a single pile driven into sand
gmqhanged by any previcusly driven pilec.
5.3(a) A Sinela Bile in Semd-infinite Sand
By semi-~infinite, the follewing conditions are meontt
1) The radius of sand around a pile is grect cncugh to ensure no
container effect (ses Appendix E). |
2) The sand in the zone to be affected by driving the pile has ot
been disturbed by any previocus pile driving; the sond iz cherefore at
-an initial porosity. To satisfy this condition, the zone cannot contain
any previcusly drxiven piles.

If piles undor these conditions are atudled with the sand at
different initial porosities, the behovicur may be correleted directly
with changes in sand porogity. When discussing the varisbility and
repro&uc‘i.bili.ti of sand deposition (Secticn 3.0 and 3.7), the results
¢f tests carxied out at four initial porositics were given as evidence:
(Pig. 3.6). We shall now consider these tests in groater detail.
Base load after driving

A pile driven into sand at this porosity to o depth of 7-3-;' in. (294),
. maintains, when the external pile driving force hac bean released, a
small but siguificant pesitive bage load. This lend smst be balanced by
an equal and oppesite ghaft load, lcaving the pile under a slight compression.
Fig. 5.7 shows an idealized failure envelope of the pile frem the surface.
The base and shaft load bulld up as shoun. When the depth hes been reached
and the driving foreo velessed, the base load weturus to 2 small positive
value, while the shaft loed returns £irst to zcro ond then becemes
uegative.
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Fige 5.8 shows tho xeleatZen batwrcon the bace lond after deiving and
the initial poropity. It con be scon that o pile ¢riven Znto denser
oand mainteinc a greator cempressive lead altew daiving,
Loadanotélenant behavious . . .-

Figs 5.9 ghows the losdesettiement dicgrems. The impontance of a
porosity chafige of 3 per eont 4s cleprly choim, not only in the uitimate
" bearing capaelity which o wors then deubled but alpo in the inftial
oslopo of tho cuxven. All piles £nril ot o settlenant of copproxinatoly

5 per cont 4.
Lopd distribiition botweeh baco and ghaft .

mmt'tlé -I.oari is added to a pile, part of that load will ba carried
by the base and the somainder by the shefit. In order to showr cleanly how
this load &g distrlinited at any sotilemant, loadenettloment dicgroms
srith the boase and ghalt oripginating £ren sere will be censidered. Thesce

londs gre Yadded loods?. .

The load distributlon ig essontially the some fow all poresities
studieds Fige. 5,10 ohows a typicol test zecult; the polosity in this case
boing 42 psr cent. L€ will be seéen thot the load ic carricd predominately
by the base at all gottlawments, foflure of the pile being brought sbout
by failuzxae of the bases

It w31l also bo sioted In the flgure that the choft load is fully
tehbilized a2t a s::al‘).c':.r gettlematit than the bege. In adding ¢ load to 2
pile a };redter gottiomantt 6 Feguired o mobillize fully the base load
then the shaft.Let us t:e»éxa‘mim; the existones of a base load after
deiving 4 the light of this Information. & greater unloading sott:lement
will be redquized to zéleanse tho base load then the shaft.Indeed, vthis

" ensire wecovery 4o never fully zenlized; for, the shaft lood decranses
to zero and builds uwp regativa. When this load beloncec the bage lead,
fio furthoer recovery occurse In Fig. 5.7 the unloading behavieur has been
phewe
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Tho Ioadesottlomant behaviovr of o pile may be consfdered in terms
of ttotal locds®, in vhich the oxiginnl cempresniva load on the pile do
tncludeds The curves are the seme oo for odded locds cncept thot baso
and ghaft lond do not originate from £oro. Fige 5S.11 zepresents the came
tost chomm in Fige 5.10. As lecods ceonoidercd vith rospeet to gn ebsolute
zeno taken bofora pile driving hove been enlled totel, the cuzvas are
chown as base, shaft,ond base 4 chafts In cingle pile tosts, base +
chafit load cquals total locd, in the group Lests thiis 43 nof the conce
Yor the sake of conpistency, the somn ncx:cnclctu:.c will be uced throughoute.
it chould be remnwbered hoiraver thet the chefe load Io the differenco
betrreen che other two mengaxeninie.

5.3(b) A Singlic Pile fu Send Centeindng Didwan Piles

All piles were driven to o depth of ,..1. in. into oand 4alticlly at
%2 por cent porosity.

Bose loed afcer drivinpg -

The fizot driven pile maintelns o bese lo d of about 0.2 1b.
Succeeding piles maintaln greater loads. In order to conpare thic ei.’{cct:
at different aspocings, tests ucing a contra to cornsx driving pattern
will be considezed. Fige 5.12 chows the baze lead aftoxr deiving, as a
Cuncticn of the order of driving for the 4 cpacings used. FPor cvery
spacing, the base load on each succccding pils increaces zapidly until
botwoen 12 cnd 16 plles hove beon driven; therestfer, the increase io
relatively cmall. .

Load~getticmont behavious

Each pile is more difficult to drive. thian tlhio preovious onc. The
lozd~-settlemant behavicur manifests the greater driving fiorce requis:ed.
The total load~gottlement disprarws for 6 piles tested after driving
at a spacing of 24 are chown 4In Pig. 5.13.

+ All gingle pile tenta wewe ccryried out bofore coy other piles had
bean drivan,
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Tho gz:antcést chienge $n behievlour cecurs with the first Lo piles
driven. 7o chew this cffcet for df.€ferent spacimgs, it &5 convenient
to reprecent ench cumve by onc point « ultiate boaning capacitys In
Tig. 5.14 tho results for the esntre to corner driving pottomrn are schovme
It con be seen that the ultimete bearing copecity inercases wopidly trith
tho fivst fov piles drivone After chout the 16th pile hewmover, 1ittle
dnereoce cceurs. The changao In loodesattlomant Lichavious with cho munber
of piles driven dg weory pimllar to those neted for the bace load after
driving (cempare sith Pige 5.12).
5.3(c) Sand Cempection Buring Pile Driving

Pe nay now compare the behavicur of cingle piles in sand contatning
piles with oinple ptlen dn semd-~infinita cand. IS Fige 5.12 ond 5,14
are ccmpared srith Fip. 5.8 end 2.6 wespoctivoly, it will be sosn that a
decrease in poresity cecurs during plle doiving., Floe 5412 ond S.146 both
ghewr that the greesest change  in porcaity ceours with tho £irst four
piles which are driven.

Zn order to Inelude the results ucing o cornax to contre driving
pattern, it is nccescory to consider the mcleticn betwoen bnse lond after
driving and tltinate bearing cepncity on the ccowe pile vhon tegted.

Pig. 5.15 chows this relotion for piles driven into sond containing pilos.
It will be seen that the greater the base load after dyiving, the greoter
is the ultidmate beoring capaecity when tepted, infapendent of the driving
pattern. In Fig., 2.10 the relation for piles in senml~infinite sond s
gherm by & coldd lino. En this cace the initizl porosity dnto vhich the
piles were driven is given aleong the tep of the figure. Lneluded in the
figure as a dotted linc ig the puevicus reiaticn. That the two zelations
aere rvelatively similar is conslatont with the conelucion that pile
driving causes sand cerpoctiois
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Other chanpes in the gand dL;c to nila driving

- A lator drivon pilo entens eond which hins Loon prestrocsed ond
vhich has hocn !zednforecdt Gy previously driven plles. Jgherent In
Fige 5415 4o tha of ffect of thesn secen :.m:y foctors.

5.3(8) The Effoct of Driving Piles en & Pile wthich hes alresdy boon Birivan

Lot ug enanine this effeet with 25 piles dviven at 44 cpacing uoing
a cemtre to cormer driving pattern, The centrel 9 piles having becen
driven, the bage eoll of p2lo 10,€ is new bolouced on the Dalduin until
hcating affects bacoma nopligible. With ¢he base ecll continuousily
moasuring load, the xemnining 16 pilas awo drivens &9 coch pilo 45 being
doiven, cny cirengz in the bage Jozd on pile 1%0.8 is monsured Qirectiy.
Thic test ic ontremaly accurata. Changes in 1load of 0,03 ib. arve simuiffccat,
for the enly woy that the xeading cn ths cell con be affected Lo through
an olteratéen Iin the stofe of stress aretnd aud benznth the piles Zie
base lord on pile Ko.8 afiter cach succecding pile has been driven and
tha dziving pattern which trao uced, are ohewm dn Fig. 5.17. As the effect
of driving the 9th pile wap Mot moeasured, -the indtial bose locd after
driving (0.54 3b.) will bo teken os the oterting poiit. Daiving pile 10,
zeduces this iozd to 0.31 ib.,while pile 11 iucrcascs the load Lut not
‘o $to oziginal valuc. A tho memainder of the piles are driven tha bnoe
Zoad on pile 8, alternately decrezces end glightly dncicases, the factors
controlling this behavicur baing inherent in the pile driving pattorn.
Bach chonge in lead ccoused by driving a pile should Do corrslated with -
the pooition of the pile vhich <as drivenyuinees cach chonge fo erperimeatelly
significont,

After the 18th pila, all xemnining piles reduce the load, but the
chenge is relatively etnll. In the figure, the £inal value afiter driving
the 25th pile dppcars nogative, which means physically 2 £indte gap
between the base of the pile and the canda As the dinltial loed ia subject
to aomo error ond the effcet due to driviig pilc 9 wac not mengured, the
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absolute load 35 gubject to e glight positive or negativa errox. Theno
ic no deubt heitever, thab the finel boace lond en pile 8 rrill be vory
close to soxo.

Tae 8th driven pile vac chosen boecauce tha initial base load ds
sclatively laxgo. Zhe effiect of driving the first 9 piles en pile 1 vias
also macoureds Tho soma trend cccurzdds Zhio boase lead, initially only
gbouts 0.2 1hs, Nied decrpaned to o olight ncgativa value after driving
tho 9th pile. Indeed, piles ‘7, 8 ond 9 coused 1littlo chanpe én the .

_ base locd on pile 1,

Sdhimory
Siusle piles have been exgmined £xom the peint of vier of unders

standing the bohavisur of pile. foundeticens. Only factous vwhich are
selevant teo this understanding have been eonsidered.

o Innortant polnts have crmozged Lrom this ptudy:

1) Piles cempoet ednd.

2) Driving pilan will reduce the bose load on piles already drivams
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6.1 PREPARATION
In Chapter 5, the method of individually driving tho piles was

described. After all the piles have baen driven cnd specific ones tested,
the guide plate is zemoved. Plete 7 ghows the 16 plles at this stage. For
the piles to beccme part of a foundation, tho tops are cast in plaster

ac part of 2 rigld cep, which bears on the sand sunface.

To cast the piles as part of a rigid cep ond recover them afterwards,
vequires pile heads which may be fyeed from the piles. These f£ittings
become part of the cuasting and arc removed with it, leaving the piles
in the sand. Lond is transmitted to each pile through its pile head
vhich bears on the cross-secticnsl area of the tubes extending from the
top of the piles (Plate 7, Fig. 6.1). The pile head must be 2 sliding
£t over the tube to fulfill adequately its two functions™:

When the piles are driven, the surface of the sand around cach pile
followe o curve® ag showm by the dashed linz in Fig. 6.1 The pile head
ig then gulded over tho flexible tube containing the wires and fitted
into position, the bottom edge cutting to scn extent into the sand. As
was emphasized 4n the descxiption of the model pile {Section &.&), a
relative movement muss occur for load to be mzasured in the pile. Point
2 will move down relative to b. To engure that plaster doecs not seep into
the send and join Lhese polats together, sand is plcced eround the pile
head bringing the surface to the full line. Vhen this procedure is followed
for all the piles, there will be an annuius of sand, placed by hand, about
1/8 in. wide around each pile head; the remainder of the sand surface
has not been disturbed since the piles were driven.

4+ Bach pile heed was individually fitted to one pile.
4+ This curve depends slightly on the spacing and dxiving pattern.
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Wet plastexr ploced on the surface of dry sand results in o damp
zone of sand to @ depth of about 2 in. belowr the ploster. To prevent this
wvater entering the sand and to furthor ensure that the top load cell is
not prevented frem straining, the surface of the soud is now sprayed with
helr getting spray*l An iwpermaable, £lexible gkin of gand approximately
0.03 in. thick is formad.
the send is’sprayed to about 6 in. cach side of the plles to allow
i formers ond 2 holding fruie to be placed on the cand without disturbance.
zPlate 8 shows the wooden formers in position and the aluminium freame
‘which prevents them spreading when the cap is lowszed. The formers are
placed apainat the pile headsy the foundation width {w) is therefoxe:

w o= 434+ d
vhere s{pile spacing) = 2, &, 6 or 84

end d = If& in.

The inzide and top of each former is coated with silicon grease to f£acilitate
ito removal when the piaster has sot. |

The plaster used is a High ctrongth type. The povrder was mined with
poly-vinyl acetate (P.?.A.}% to gn cazily pouncble consistency.

Casting the cap , .

The metal part of the cap ip cusponded froem the zaills of the sand .
depositing apparatue; it may therefore be raised or lowered at varlable
speeds (Plate 8), The cap is held at a height such that each pile head
ig located about I in. ingide its respective hole in the capsy it is mwch
easlor to locate the pile heads before plastering, particulearly vhen there
are 25,

+ The hair sctting cpray used had a shellac basc.

£ The damp zone of soud observed with the unsprayed sand surfoce was
not as deecp with P.ViA. ap woter; the streln under the loads used
is negligible.
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Plaster is placed ineide the fomwers valng an icing set until the
level is slightly above the 3/4 in. vidth of the fermers, care being
token not to trep aay aize. The coxds are womoved oud the cap lewered inmto
position. Ixcese plaster ds squeczed out, &t the cdges and up the holes,
as the cap is levelled. The level to vhich the plaster 1z forced up each
hole is gham in Fige 0.1,

After obout an hour, the formers may be rofely rvewoved. Foundations

were left ot least over night however, before testing.

6.2 YESTIHG

The load cells are wized and the loading frame moved inteo position
(Piate 9). Load applicotion is essentially the same as in the single
plle teska. In this cese howcver, the lozd is troucmitted to the
foundation through a shoert, plonc-ended vrom extension which besre on a
half-ball scating. Three 0.001 in. settlenent diels ot the corners of
the foundatich messure qcecentric scttloment in sddition to the two loma in.
dials on tho ram. Az with the single pile tests, settlement is measured
from the motinl fraw: (Plate 10).

The heating unit is turned on approrimately 12 hours before a tost.
All the tests were carried cut in the merning, the room being on the
wast side of the buildizng, femmorature changes were smell. Plasticine
vas placed ocround tha opefnings to the pile heeds, to increase the |
inpulation of the lead colls (Picte 9). During a test, oly and san
temperatures were measurced.

With the weight of the proviug wing ccting on the foundation4;
zero readings are talan on the 50 cells pud 5 settiement dials. Incremantal
loads are then applied and maintoined, while the 50 cells ave being read.
Settlement readings are taken at the begimming cnd *° end of each ioad

< FProving ving colibrstion under these conditicns is more accurste
than 4f suopended.
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incremont. Approximetely 11 load increments conatitute a test, which
tzkes chout 2 hours to complete. The actunl loads to be ppplicd were
determined bofore @ tast, the increwents being cloner together at low
foundation londs.
Change in lead distiribution with creop

As each logd tras Bointeined between 10 and 15 winutes, during which

time the foundation continued to sotile, chonge of load distribution with
cresp hed %o be considered, To eliminate this possible error, reading of
the piles was sandom. Thusy the & comner piles, vhich vrere either the
first or last driven, were the Lith and 12th, 17th and 18th, 35th end
a6th, &%th and 50¢h cells té be rcad. In overeging these & pileé+: one
averages tho effect of creep; similarvly with the other pile positions.
There is hewewveyr, only one. centre pile. It was clways read at the
boginning of the sequance and again at the end. Slightly different values
wore ebtained at high loads but the differonca is snot significant.
Hensuring zere stabillty

Either the morning before on the momning after a test, the zero

stebility of the gouges was meatured. The testing apporatus was in the
some popition as during the test and the cclls had beon heated for the
sawe length of time. Load cell and temperature rzadings were taken gbout

every 20 mimutes over the seme 2 houn period.

Dismantling the foundatlon

The cap was ralsed, usinhg the asnd depositing cpparatus, orce again
as a variable ppeed holnt. Morel cop, plaster and plle heads acted as
one unit, leavihg che piles 4a the ceads The plester was then broken
awoy from the woiel cap and pile hsads. Giense ploced as ghowm in Fig.6.1
facilitoted this process, but it was still quite difficule. Sand which
had heen spreyed was digeorded. The plles were dug cut of the sand and

carefully chocked before beginming another test.

R STr e e st = =,

4+ This poink fo mere Suily dincucsed under iathod of Analycils.
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6.3 METHOD OF ANALYSIS
Avezaging pile loads _

Pile loads have been averaged in terns of positicn. This methoed
cancals out the effcct of any slight eccentric looading on the foundation
a8 well as averaplng wvariationg in pbrésity and the cffect of creep. The
pile positions weré chosen with this method of snmalysis in mind. Those
piles whose ¢alibratiocn only veproduced to 10 ped cent and which required -

zero stability cbrrecticﬁg,werc ploced rondemly througheut the groupss
Thusy; the sccuracy of the avekage: values is appremimately the soma. The
pile chosen for the centis position however, was the most accurate pile
oS the 25

In the group of 25 piles used, thexe are 6 positicns. These positions
and the syibols used<ﬁ6 tepreseit them arve chowt in Fig. 6.2¢A).Bach
positich now hag an average order of driving, the value of which depends
on the driving patterit v : %he average orders of ériving are also shown
in the figure . for fhe 2 patterns used. Oxders of driving of 1/2, though
dot physically possible ate real peints in a réliticn inwélving order of
driving as & variabld. Clearly, 3h averaging plle positiciis, small renpos
of tlwe varisble order of dwiving are also averaged. o

In Fige 6.2(D), 16 piles are considered. The potitldit nearest the
cozners, in vhich there are 8 piles, lns boen divided into 2 symmetrical
units of & piles each, to shew the offcet of order of d¥ivilig on: the
same ponitionh.
Average zmﬁedlatc sethlcmnﬂt

All test ze*uaté have been plotied in teriss of average immediate
sottlemont. The overage settlemant of the comnerc reproduced the average

sam setélément. Eccofitric matitlemont ond the veproducibility are considered
it Appéadix G
Added loads

Driving a pIle into sahd szeduces the cempressive load on piles
alyeady drived. While this effedt has been established, quontitative
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rensuscment Lox cach dpncing ond dziving pattern was beyend the ceept of
this projdct. Censcquently, when all the piles have been driven, the
ebgolute values of base and shaft lcad ore not Lncwns In forniing a
foundabicn a tweight of matol and plactor Lo added. This lead is distributed
to the cop tid t6  the bace and ghaft of the piles. RBech toest was bogun
wvith ai ¢dditionol Todd (6.8.1be) on the foundoticn due to the proving
#ing end settlemait d‘.‘v:alm in a1l caseg, zoxo loads ane conpidered from
this condition; all Ieads ova therefora added leade. Exntrapslation of
The indiviSusl pile cuzves té distribute the zevo lozd confiims the
validity of this procodura.The daxivun erior existing in the lest deiven
piloeg 10 0.3 1b, As the erroy io pesitisa, tho results o3 cgnsiﬁared are,
if onything, concorvative.
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7.1 TUTPODUCTION
When a load is cppliad £o a foundetlon the Jond distributfon within

the piles 4o fnitfally dependent on the cxiex of driving; tho last driven
piles carry wore load thon the £iwst dwlven. With inexcasing loods, the
position of the pile bocemas impoxntant; tho centre pile will corry the
most: Zoad ond the corners tho least, independent of the driving patteorn
adopted. .

The pile load distzibuticn becomes more uniform as the spacing

. increases. At closc  spacings, the last driven piles carrxy ag much as
four times the load carried by the £irot driven, vhile ot wider ppacings
only about onc and onc half timas; about 75 per cent of this lead in both
cases 45 token by the base of the pilc.

Load distribution swrithin the individual piles must be considexed it
relation to the beheviour of the whole foundation. Piles have the greatest
effect on the load-setitlcment beheviour ef o feundation, at satitlements
vhere order of driving is the operptive factor in lozd distzibution. At
greater sottloments where ponleien determines the distribution, large
foundation behaviour is controlied by the cap while o small foundation
has already falled. '

7.2 THE EFFECT OF ORDER-OF DRIVIEG ON PILE LOAD DISTRIBUTLON
A compaiison of two tests using 16 piles, mest clearly shaws the

importznce of the last driven.pilcs. As both driving patterns were used,

the corxner plles bacome the £iwst driven in one case and the last driven

in the other. The zcsults are shown in Fig. 7.1l. Load ic inltially distributed
to the lact driven piles whether in the corner or side positions. Until

a seiitliemont of 0.010 in. is reached; the two tests ave remarkably

similor. Thereaftex, position nodifies the behavicur. When in the corner
position, the last driven piles £z2il, exhibiting a prominent peak load

and at large settlemeats, the distribution becones reversed with the centre
pilles caxrying a’ greatoer proportion of the load. In the other case, the
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side piles £ail but, bcinglin a wore £avourable positien, continue to
carry mora load at all scttlements.

In Fige 7.2, tho pilo bace locd distributicn forr cach tast i givon.
It i) bo seen that the cdgnifiiconen of cvder of duiving ldas in tho
load cerrfed on the bace of tha pile.

o teoto with 25 piles, using both duiving pattemns provide further
ovidence for the cffect off oxdar cf Aviving, The piles ucxe spaced at 84,
makdng the total twidth of tha foundntion 333, %his is almoot & times the
width ¢f the previocus foundatlon. Fig. 7.3 ghewrs the nesults of the testo.
As with tho emall foundation, the distributicn at cmnll settlemonts is
dopendont on the order of driving while at larnge occtlem:ntq, pile position
26 the significant factow.

The bagse load distribution ohowe the same pattezn (Fige 7.4).

7.3 FILE LOAD DISTRIBUTION AT DIFFERENT SPACIIGS

Using 2 centre to cowxmey dxiving pettern, foundatilcns contéining
25 piles wewe tested at speciags of 2, 4, 6, and 8d, the oize of cach
foundatiion being 9, 17, 25, and 33d respectivoly. As in all testis carrded

cut, the pile cop waes rigid {Appendix D). :
The zesulbs of the feour tocts ave givan in Mge 7.5, 7.6, 7.7 aud
7.3(A) respectively. In each casce the pattern of lood distribution is
tho same. It is uvgeful to study the curven en the besic of the failure
envelope criterion used for single piles. At closce spacings,'only the
outside, lant drivan piles and particulerly the cornor piles follow this
petterns the loadesettlement welation for the central 9 plles is practically
linenxs At wide spacings, all of the pilas genonate o failure cuvelope.
In the casas where tho piles £ail, this f£allure occurs progressively
and lens catastrophically €vem the last dzivan to the £imst driven. Thus,
when the comer piles fall the load on the other plies, although emaller,
45 otill increesing. The load distribution at this gettlemont is entirvely

dependent on tho order of dwiving.
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The slepe of ooch folluie envelope depends ¢ the nile position,
the centze piles having the steopect, while <hie comner piles the f£lattest
which, at cloge gpacings ig nepatiive. With further incresses in load, the
differing failuxe slopes cauce the distvibution to bo reversed with the
centre piles becoming predominant. It 4s worth cmphacising that, whare pile
pesition deteomines the load distributiien, seme, 1€ uct all of the piles
are behaving under feiluze conditicons.

As g roasuxe of the effeet of order of Jdxiviug cn load distribution at
different spacings, the loads on the coentre and corner piles ot which the
diffevence in leed is the greatest, way be chesen. The weletiicus between

these fooads and the spocing are shown in Fige 7.8, Lt cen be zeen that the

(s

p

distributicn hecomzs more wniforn ac cpacing incroacoes;

) A nl
appronimately 134, the distxibution weuld be unifewmm o It iz interesting to

e a spzelng of

IS

note thoat the settlement ot vhich the greatest differonce in leed occurs

iz dndependent of the spacing fle. independent of the foundation size). it

:.Ei
ry
&)
%

s worth monifoning in passing thet this avidowes and the fact that the

last dziven piles fall at appreniocinly the swnn sotilonant, sugpects
aeglicible scale effact. The gettiowent fov coch spacing is dndicated in
the Fignre; they lie betwreen 0.000 in. end 0.013 in. {slightly less tham

5 por cent 4}.

.-t PRI MY

7.6 PILE DASE LOAD DISTREIBUELON AY DIFFERENT SPACULIGS

At all spacings fﬁ; 4G, 6 and 84), it is the lood caxwied by the bace
of the pilies which detexmines the loed distribution. The base lowdrsettlemsit
cuxves, Fig. 7.9, 7.10, 7.11 and 7.4(A) regpectivaly, follow the somo

v

pattexn ac-pravicusly discussed. Ondesr of dviving dictributes load to the

the last dwiven piles; piles foil whan the base feils; progressive

0

base ¢

pile failure reflects the behavicur of the pile Luosa.

o

o+ Schiffczg) found that 25 mm wide plles doivon at 126 weve otill acting
in sond influcnced by previcus pile driving; while Beraduge (3) noted
the effeoecta of ovder of driving on load distribution wilithin a group,
to spacings of 94 4n both leose and dense sand.
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Ap the icst dwiven piles gre the most slgnificent, their lozdescttlement
curvae In torms of Base gnd chofe, for cpacings of &4d and €&, aro givon
acparctely (Fige 7.12)

Ve moy now voeexétdne the effect of spacing on load EZaQribution af:
gualld oottlemonts (Fig. 7.8) 4n tesns of base and shaSt lond (Vig, 7.18).
The £iguro shicrs that the pile base Load deminates load dfotribution
within the piles (cof. Tige 7.8, 7.13), Tho relation cutrepolates to a
uniform d4ctribution ot eppromimately 13d, eivilar to that shewn in
Figs 7.8. It 4p interasting that thaze ic o slight variation of shaft
Tord within the group which bocomas unificom at wido opacings. This is
hewvaver, insigniffeant vwhen cempared with the bagse contribution. Fig. 7.13
olso shows thet tho propovtion of load caxvied by tho hase of the lest
dyviven piles i the sams, Independent of spacing. The centre pile et close
spoacings howavey,earrios. oeruch in £rdction ns on the bazes

7.5 LOADSSETTLEMENT BEHAVIOUR OF THE WHOLE FOUNDATTON
The piles ceastituie only 2 part of tho Foundation. To establish
thet progressive feilure of the piles deminntes the behovicur of the

feundaticn,let us cxamine the Loerd~pettlement behavicux of the whole
feundation. ALl pile foundations ctudled, rogawdless of spacing (3.e.

-size of foundation), driving pattexn or nuwmbar of piles, follew the same
‘general lopd-cettlomant pattern (Fige 7.14). The lood iunereases 1nit1a11y'
stepply, than folleots & curve of changlng slope until a2 new relntion 4o
enteblished. .The cuive of changing slope censtitutes a pertial foundation
fallure.Clearly it is imponsible to pick cus wnique points on these

curves as it wos in the annlogeus case of the single pilés However, the -
zene of partial falluwva for all foundatlons lins opproxiiately batween

A pettlement of 0.005 %n. and 0.030 %n., an shown. & the lazger foundat:ionpe:
perticularly the largest - further incrences in lead give rice to a
‘nalation which'indiégféa the impoxfiznece of zand cowprasgibility. Iandeed,
the feundations hqving'widths ofl 334 and 254 ave wvery far from catastrophic
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£ailure at loads of 1000 1b. ond 750 1b. zespectively. Tox the smallont

feundation, tha noae of pantinld folluxe, ulen censidered on o fatlure
envalopo emitonion, %o cemplote £ailuze.

7.6 JOAD DISTRIBUTLON WXTHIN A IOUIDATION
Peutiol foatlure of the louge feundations ond cenplete foilure of the
cuall Loundation in a menifestaticn of progressive failurc of the piles.

That only a purtlal foilunrae cecurn in the lavge foundatdcus is due to
the Influence of the cap.

Censider, as the £inpt exarple, the Lorgest Scundetion ntudicd. Tho
Joad distzidbubion within thin Soeundation in torms of ghe summacion‘oﬁ
pile leodo ond cap loed 1o ckom in Fip. 7.15. Cleandy the pilen £ail. The
effect of this £allurg oh the whole foundnticn bohavicur moy be seen.
¢ dp-useful to zefer ¢o Figo. 7.3{A) and 7.4(5) to mee the prograssive
qatura of the pile failvre. Lt will be szen chnt foiluze of tho lasnt
duiven pilos, more specifiecally, the bese of the lest duiven piles,
inttiates partial foilure of the vhole foundaticin

Lat us now exemine tha amellest foeundotion, whén there ave only
16 pilen. The tast using a congre to corner driving pattern is shewn in
Fig. 7.16. The bohaviour &s similar to tho lavge Scundation,but the piles
exarté & mueh greoter influence on the vhole foundation. The f£ailure
onvelope for the piles 4s reflected in o foundation fallune envelope. In
foet, the whole foundation may be considered oo ona shallow pile. Usiag
a fodlure onvelope eriterion, foilure cocurs of o sottiemant of approximately
3 per cont d.Most significont in the foundction failume, 45 the ided '
‘cozzied by the base of the last driven pilea(c,foFig. 7.16 with 7.1¢A) and
7208 ).

The foundation load distributicn for »n intezmediate spacing (4d) is
shawit dn Figs 7.17. Ia thils case, the hehovicur of the piles causes o
pariial foundation fallurm. The propressive natuvre of the pile fallure
which ic agefii & roflection ¢f the pile base fallure mey be seen by
‘reforring o Fig. 7.6 &nd 7.10.
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8o fiar only cuamples using a centia to commar pattiern have been
glvone Fige 7.18 chows tho distributfon in the langest Loundation when
a cornoz to centra pattern is used. In thin case, the sone of partial
£oilure ic more confined. Cemparisen vwith Fige7.3(B) and 7.4(B) chows
that theve i no progressive pile feilurzs. Thoy 21l £oil at epproximatoly
tho sema getit:lensnts
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For the two driving patterns twhich xopreosent the extzema conditions,
it hno Deen phown that load dintribution writhin o greup of plleos 2o
Initlally centmolled by the ozder of driving and independént of position.
To geol an explaintion for this behavious we wmuct therefore cousidor
cffocts which may be cozzelated writh the soquonce of driving piles.
HYFORHESLS 7 ¢ ‘Lator dziven piles cavry more lepod initielly because
the sand Into which they are driven is denses.’

Lot us conpider oinglo'pilc behavicur on evidonce. 7he Inerzcnse in

ultimate Dearing copacity ond coppressive lood afiter duiving, have been
corralated tith o decrease dn poresity (Fig. 3.6 aud 5.8 )« The greatest
change 4n porosify ccciixs simen the fivct fer piles ore driven (Fig. 5.14
end 5.12). L€ povonity wore the controlling £nctow, one would expoct this
sae pattemn o rccur vhon the piloc averart of o foundetions The load
dintribution within the piles fer o spueing of 4d, is chom in Fig. 8.1
as a fenctlen of the order of driving. Loads heve beon token at a
gsetticment of 0.008 in., uicre thin dififenenca in lecd boetween the Sivat
cad lest dedven piles 45 the greatest. It will be seen ‘thot the fivst 12
plles carry appronfmately the some load; the grentest increase ccours
within the lact 9 pilec. The ultimete hearing copacity of the 12th driven
pilic (oo o oingie pile} 49 practically double the £insts vet, when part of
the group, the load it currles is littlc prooter then the first.

Thic evidenco doas not thevefore support the olove hypothesis and
ve‘muat gsocl: como other explonaticn.

HYPOTHESLIS ¥1 ¢ ‘*Lator drviven piles corry more lood becouse the sand

undor these piles do initially stressed.?

Lat ug conaider once again, piles spacad ot 4d. The 8th driven pile
waineelins. after driving; a compressive leod of 0.54 1b. Driving the
remnining pilds reduces this load o nero (Fig.5.17); theze iny in foct
be o Zinite gap below the pile bases It is physically possible for the
sanid Go axch ncvoss this distohce. The loast driven pile howover, ntill
maintains 2 cormpressive loed of 0,78 1b.
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“Lot vs nowr exncmine the state of strass benzath the base of there

270 piles. Imopinae camples of soand dlvactly beneath tie plle beses boving
the noma diomabor as the piles and, by anslogy with the trianicl test, a
helght of Grice the pile diomater. Fige 8.2 ohievs tle stiesses ceting on
these camples when all 25 piles hove bacu drivan, somle Aﬁf directly
boncath the Gth driven pile ond smpla By dizcctly beneat:h,?i;hc 28the The
verticnl ctrost 45 0 contact proocure; which on sompla B, :'::equ:t.rec fox
souilibzivm o lateral ctreos cf centpinly mora then 4 poi. and probably
cbout: 8 pois The dooef velvos of Gne stracges ara not dupontent whan
compared with those neting en conple A; for thie vavtical stress hove 46
mare oid the fatereld atrapo copromzimataly 0.2 psic

Sidca the foundation s »igid, cay given Loundation sottlaomant will
cauce the some ctroin in both nonples. Fer o ccttlemont of Q.000 in, at
vwhich thero in the greotest woricticn in lead dictuiluticn, both comples
ot steodin approminately Yé pen conde Cleoily, o mueh grooter load 3c
zeouivad o otyain nanple B, Sharefeore the last dmiven pile uhich is
compresoing this cand, teken wuch nexe lead.

This hypothiesio siot only accouiits for the lead haing talen by the
last dedwvan piles hut elso for the lew loads tolén by the Ech driven as
woll ap thoe Sirot. Whoi all 25 piles kave boen driven, the initlal
stress benanth these plles o preetically the some.

Phe efficct of duiving o groabar nunben of piles con also bo understood.
Witk 16 plles at 2d; the Fast dzivan piles carry o load comparshle to the |
last drivan of 25 (e.f, Flige 7.1€A) and 7.5). Tlg. 5.12 shows, that vhen
theve are only 16 piiles, the base lond afitew duiving en the 16th i also J
cerharable to the base lood of the lagt dvivon of 25.That the 16th pile
in o geenp of 25, corvies guch o aiall lond s a xesult of the zeduction
in si:i:os{s boneath this pile enused by deiving the vemainiag 9 piles,

Algheugh the verticel stress under cach pile was nof mogstized after
031 piles hed baen dzitoi; it appeavc that an impovbant | !
solabiotiohip exints batwach this seress and fhe loadwpattlement behavioun
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of the pile. Tho initiel load cnxsicd by each plle 45 controiled by the
stiagg~stredn propertics of the nond dizcctly banoath thot plle. Por o
contre to cornar driving pattern, sottlamants which couse tho 2ast driven
pilon to fcil owe roquived, boefere tho stress cenditdiens beneath the
coiitzal plles ore greatly 4nflucnced by the lond careied by the outside
piilon. .

Driving the msdel pilos crused tha surfince of the cond tio heava
(Plota 11). Heeve 4a often ohsorved whon full peale pilos ora driven
into sands Lf the sond contoine piles, on upward movemant of thape
pilen rill cceur (Stceticn 1.2). Siich o nevement ceuld couna a reduction in
base lond (do0. reduction 3u sand otreosing).
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THTRODUCTION

_ ?erzaghi.and Pcckcza)(P.éﬁa) cuggest a plle aspaeing of between
2%‘anﬂ 4d oo the moot eccnomicel for piles drivon in sand. Wheve pilos ere
driven It clusters; stich the strueture resting on pile footings, they
advocete driving the cantre piie of the clunter £inst (P.409). Yhen the
piles are to bo spoced uniformly a specific driving pattern 4s not
suggestods Fige 7.5 ond 7.6 neveak thet tha offect of order of driving
is greatost: at spacings of £oem 2d to 44,

EXANPLE 1 : DRSVING SILES IN. SAND OF UINLFORM DENSTRY
Lot ug considor the foundotien shevm In Pig. 1.1 end the possible

congequences of disvegsrding tho pattorn of plle deiving. Thove ave many
possibla delving patterns £ox these piles. Fig. 9.1 shous one .axample
in which the plies have been driven from ona side of the foundetion to
the othem .When the piles exe capped and lead s applied, there 18 a
likeliliced the foundation will tilt, for the last driven piles ere
concentrated on one side of the faundatien.

Piles olionld be drivan fvenm the contye toward tho outsida of a
Zoundntion., Fig. 9,2 zeprogents o pattewn which ic ccenemically feaéible,
assunting .cnly onc driving rig is availchle. Morsover, this foundation
will be wich moxe oinble.

EEAMPLE 2 :  DRIVING FLLES .ZN HON-ULT.TORM DEHSLTIES
In practice, deposits of sand aro usually varisbic in denpity.

Yclng a methed of puobing, =enes of loose cond may be locatieds Fige 9.2
chovs d possible situction in which e structure in to bo lecoted in the
position ghéwn. Thewe are weny ways 4n which this foundation may be
designed. Let us however, congider the possibilitics of using o deiving
pattern to compuonsatie for the density variaticn. Lt has boen ghown that
piles cempact zend and ﬁﬁat the last driven piles canry wowe load than
the first driven. Using this infoxmation the duiving patiern chowm in
Fige 9.4 de suggested. In leaving the loese sene until the lagt, not
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only will it boe semevhet dencer than owiginally, but these pileo being
the lact dziven make the most officient use of what ill still be
slightly looser sand.

Alternatively, more piles cculd have beon driven ox tho plles
driven to & greater depth. This example has been given to chow that the
engineer has anothor, more ratcfonal factor ot his command inm designing
feundations on variable sand,

EXAMPLE 3 & G.’HE NUMBER OF PILES

Although onz gains in driving an extra pile, it seems also that
one reduces the cffectivencss of piles already driven. It 1s useful to
compare Fige 7.1 with Fige 7.5 from vhich it can be seen that the
contribution of the ektra 9 piles was relatively insignificant. In
driving 25 piles at 2d,the £irst 12 piles were relatively uselesse Before
a decision iz made to drive more piles therefore, cne should be aware
that in so doing, the potential load carrying copacity of piles already
driven is baing reduced.

EXAMFLE & ¢ VERTICAL STRESS DISTRIBUTION

Different drivitig patterins can alter the intensity of vortical
stress beneath a foundation and therefore the sottlement. IE the load
carricd by the top cap and pile shofts is neplected, vertical stresé
within the sond may be ealculated ucing ¥indlin’s eguation based on
the theory of elasticity, for the ctresc duc to a point load in & semie-
fnfinita medium{18?

The largest foundation with the piles spaced at 83 provides the best
example, Fig. 9.5 shows a sectional view through the corners of this
foundation in which the vertical strass contours have been drmm using
the actunl experimentol velues. For both driving patteims base loads were
taken at 2 foundation load of 100 1b, at which the settlemsnt for both
cages was approximately 0.005 in. It con be seen that the sand is stressed
to o greater depth vhen a cormer to centze pattern Lo used. With a centve
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to ¢orner patiern, wmost of the Toad 4 dlotrihuted o tho cand ot the
four ¢offiezs; vhoreas in the othex easc, tho lead i concentrated In the
htna contral piles moking the cemmcticn of ctzess mich greator.

With a ecrner Lo cantro pettorn, uwore leod ls carxded by -the pile
bases. The Zoliawing table glves a cewpericon of the foundetion lood
dletribution for the tivo patterns:

Contre o Jorney Cornar to Centng
Dapt Load 55 1b. 6] 1b.
Sheft: Looad 16 2
Cap Load 29 18

& = 100 )b, S. = 100 1b.

The atvess contours in Fig. 9.5 cre hewevey s 0 Taecult of the d:lfi'e.cent:
load distribukilon witlhin the piles fion the two patherns; that thoe
surmation of basa lead 45 slightly gueatar in cna ecasa aEfeci.s the
ecenteurs very littiles The differance in lead cavwied by the cop and pile
shofito an the contoui’s is Insignificont; Indeed; thoy fend to cancel. .
each other. it shiould be emphasized hevovaes, thet Fige 0.5 does not  «
rapreseat the actual parc entoge of shressy for, not only heve pile shatt
end cop load been 'nagl.ect.cd, but the initial stroas due to tha base lead
after dzi.ivi.ng han not baent conpidered. What is of gighificance hare, is
tha diffarence betwaen the two pattiovns; the latter fostor will incraasc
this difforerices

Fige 9.6 shews the etvess benceth the centre of the foundation of
Pig. 945. it can Le seer thet the cand 1o wore highly stvessad at all
doptho with a cortier to cehtze drivihg pattern.
Broctical application

Although fmore logd 48 Ehken by the piles with a corncr to centre
pattaimt, Fig. 7.14, reveals little difforence in the foundatlon setitlewdnt;
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in fiact, o slightly presteyr sottlemont ogcursed. Zhe recson lies in the
grentor stress o which the sand 4s subjocted ot any depth4:

78 uniform sand extonds ©o a great depth, litele is gained from
the axtra forvee required to drive piles in o corner to contwe pattern.
Indeed, if a sofk cloy ox silt band exists at depth,@uig. G0d), much
laxger pettiemenis may cceur , wvhile o weduction In cattlerent could
be achieved if bedrock occurs at he came depth.

DRAMELE 5 : REDRIVING PLLES

The Code of Practilce on Feundaticns (1954, p.G7) odviges that:

Pilas which have xisen ap o rosult of driving adjacont piles
gheuld be raedriven to the originnl depth or recistance, unlens redriving
tests on nelighbouring piles have chom thin Go be unnecessany.t
Bueh a recommendaticn antiefpotes order of dviving ag a significant
footor dn pile lond digtzributicn.fhe degree of significance of this
£actor ap shown by the prasont rascareh demands 2 close exeminaticn of
the recommondation for piles dziven into sand.

Tho following assumpbions are ivplicit Iin the wecormendation:
. 1) That the lcod ecarrying capecity of g pile which has risen on

driving adjacent piles will Dbe zredueced when port of the Loundatien;

2) That the emoumt which driving adjacent piles has caused a pile
to viso ic ome valid criterion of the decrease in potential load
eorrying capacity when part of the foundation;

8) That redriving tests on neiphbouring piles is onother valid
eritorion of the pile behavieur when part of the fonndaiion;

4) That nedriving the pile will nmnke it wore efficlent when part
of the foundations ,

5) That rodriving the pile will heve little detzimontal effect on
the behavicur of obther pilen vher part of the feundation.

4+ The two tasts with 16 pillec clso show a greater initlal scttlemsnt
with a commer to centre driving pattern for the same reason.



Let us now examine each assumption: .

(1) . A decrease in the base load after driving has been related to a
reduced pile efficiecncy when part of the foundation. Fige 5.17 reveals
that driving adjocent piles incressed the base lond on the 8th driven
pile vhile driving relatively distant piles decveased the base load.
Compare the effect of piles 11, 15 and 18 with 10, 13 and 26. The
greateaé loss in potential load bearing of pile 8 was not caused thereforxe,
by driving adjacent piles. .

(2) An uplift of the pile could account for a decrease in sand stressing
beneath the pile and thus, the initial load~setilement behaviour. A
correlation involving the actual uplift may not be independent of the
order of driving, however.

{3) 4t is the state of stress directly beneath each individuel pile
which has been chowm to control pile behavicur. Lt is doubtful therefore,
if redziving tests on ncighbouring piles would give a reasonsble wmeasure
of the behaviour of the risen pile.

(4} and (5) The zesults of this resecaveh suggest that redriving a pile
would increase its efificlency att the pxpence of other piles. The gain

in the load=settlemant behaviour of the redriven pile when part of the
foundation, may depend on the order of redriving.

While this research neither affizms nor neégates any of the above
assunptions, the indizect evidence which it provides does not suppoxt
thelr validity. In implementing the recommendation in its present form,
these assumptions are being accepted. Furtheriore,any iﬁprovemﬂnt to the
foundation which a particuler driving pattern wmight schieve (as discussed
in the previous enamples) may well be lost if ¢che piles aze redriven,



[l‘o
5.

G.

7.

Ba

9.

G6

ALYMINR, %e, 1061, Vibration of confo with speciel woforence to the
minfsum poresity oot fer cando. Procs lfi4lends Sodd Usch. and

Teund. fnge Sog., Vole &y po 27

DEWDEL, L., 1040. Movements of a dnlven in pile vhen newr plico are
being driven in {fforliing of pile groups). Precs 2nd Iut. Confs 8oil
¥ocke. end Found. Engey Volely, pe 180.

IEREDUSD, YeOe, 1962 Tha distribution of locd in model pilea ond
pilae groups in ponds M.Be. Thopio, Quecns University of Balfaot.

LT, AJKe, 195L,. Fundcmontal foctoxs contrelling ghear preperxtics
of pends, FheDs Thesis, Univaraity of Londone '

FLEWING, MCuK., 1958, Thu beoring capacity of pile grounse
Ph.D. Thosin. Quosns University of Balfast.

FRAZER, A, , 1957, The fuflucnco of styess zatio on compressibility
and pore prensuxe coofficionts in corpreted soilce FheDe Thesis,
Untvorgity of London.

UAMIA, ToHa, 1863. Madel otudfes of foundation gcoizp;; in sond.
Gﬁﬂtac‘imﬁ.quag Vol JBYZ7, Nefiy Do a3,

"KANIEY, Bote, 1960, Contzilutica te diceucafen of Meyerhofte papar,

1959- Proc. D8l Be VOLOD'S, S.l.’..}h Do 090.

TOLBUSZEWSKE s Jb, 1948, An erperdmental ctudy of the manimum ard
nivdzum poresitics of sgnds Proc. 2nd Iat. Conf. 8oil Mech. and
Pounde. Bngs, Vole 1, p.158.



=l

[v2)

ROLBUSZEWBKL, Jvy 1948. Gen wal faventipaticn of the fundemental
Pyxeccs Zud Int. Counf.

o)
=
3
i}
fA]

factors controlling louse packing o
Soll Mach. cnd Found. Eng., Vol .VIL, p.id.

FOLBUECEUSEE, Jop 1950, lotos In thin dopceizion of zende Reseanch
Vol.3, p.478.

ERGMBETH, W.C., 1941, UcaSU“vLsnt on? poclegical significance of
shepe ond reundness of sedimentory paviticlen. Szd. Pet. Vol.ll,
11-2;. P-ﬁ".’r-

LINELCTUER, V.Z, Plle Dearing inercosed by close driving. Bag. Uews
Rees, Vol.i25, nob, p.172, and discuscicns nll, pa324 and n.21,
£-070.

oW, W.Ai., 12¢0. Centeibution o dircursicn of Moyerhofio paper,

1959, Proc. A.5.0H., Vol.85, $.10.3, p.106.

o
5

FACKEY, RoD., 1963. Aun davoriigoticon of the foctovs cnﬁtwolling
the shear strength of grawwiar motorinls. Phad. Thesis, Univercity

cf Lioeds.

VACRAE, J.C. and GRAY, W.h., 1901. Signiflenunce of the propertiles
of meteriels In the paclking of rcal cphaewical perticles. British

Jousn. of fwp. Physics; Vel 312, n.d.

YEYBREOP, GoGa,p 195%. Compreiden of cond and beaving copecisy of

piles. Broc, AOSlCeElD VO:‘.AB’.‘&, .‘«Ii.&fl, I’.«‘plg

-

AFDLIN, ReDa, 1936. Fevee ot o poinik in the intorior of o semie

infinite solid. Physics, Vol.7, a5, n.185.



¢l

19. PRERER, AdBeds, 196)e An fnterinm xeport en & Lehonatory study of
groups of pilos 4n sanfle Proes 10dlendc Goil Vach, and Pownde Enge
80309 Velelsy 901870

20+ TLANTEIN, Cs o0l RWOLER; Cehe, 1957.Influcnce of pile driving on tha
gounding resintence In o deep nend lovers Proce 4th Ante Confe Soil
tacheond Foonde Knﬁo. VDI'I:':, Plu‘“’u .

2l. EITTTITOUSRE, Gup & vicual rathcd of ostinnting tuc~dimansienel
Ephﬁ:iC’-cyc Journ. Sede Pot., Vole12, 1?2, p.79

22¢ SONEFR, 6404, 1560, CGontuthution o dlacusoion of Moyertiof's popox,
7059, Proc. AoSo(}lBo Vol. 00, 844.9, P95,

23. TENZACHE, K. and PECK, DDs, 296D. Sofl mochenies 4o enginconing
preetles, Wiieys

2. UBITAUER, T. cnd COORE, Muile A now asprcach £6 pile tonting.
Proce Sth anﬁ- Sol? Hochlond Tomitde Enge Vol EE, pelfle

25« NVISOIN, Afsy 1950, Vedol ctudlos of pilens FheDe Theolso, Untvoroity
of Lendens



69

APPENEIX 4

EXPERTIMNTAL COWDITIORS AND SUCGLRSTYI.CHS FOR IFURTHER WORK

The pattern of behaviour deceribed ic only strictly valid for the
conditions of the experiment. These conditions arvaes

1) The initlal porosity of the sond wes always 42 per cent (medium

densec).

2) ALl tests vwere carried out with 1/4 in. diz.piles at a depth of

7% in. (20d).

3) All piles wore pushed to this depth at 2 welatively constant

rate of penetration.

&) The purface of the piles was smooth.

5) The results aze based on rigid foundations containing 25 and

16 piles.

6) Two driving patteras were used.

7) HNo piles were redriven.

8) They were model experiments.

Of these conditions, initial porosity, number of piles and driving
pattern aze cengidered to worrant study £imsi.

The heave caused by dwiving piles could sccount £or the low loads
" which the first dwiven piles carrvy, when part of the foundatior. In
loose sand hoewaver, a general subsidence cceurs during driving. What
effect does this have on previocusly driven piles and therefore the load
distribution within the group?

Fig. 5.17 shows that the driving of sciee pilen slightly inecreased
the bose load om plle 8: Is there a driving pattern and possibly a aumber
of piles which would decrease the base lood cn the first driven pilles less
thon the patterrsused in the emperimonts, thorefore maliing these piles
more efficient whea pn&t of a group?
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A fundomontal ostudy of lood dintributicn, in terms of tho base 1oad
on cach pile, ofitor e1ll piles have baen driven would giva onswore to
these questiong. It wreuld undoubtediy alge provide sufficlont data for
a theoretieal apptosch to the problem. The guthor wenld lilke £o soe any
fi%.eld ox leboratory ntudy on driven piles 4n ecand velated to the mevemont
which driving o pile ecusen to piles elvendy driven. This weuld provide a
1inls hatwresn loboratory and £ield gosults.

" Much valuoble model worl: can ba carried out witheut pilen vhich
woagura baao and shafc lood peparately. Fig. 7.16G vaich sheaws the loode
setticment behoviour of the entdre foundaticn could heve been obtatned
more oasnily vith soldd piles. A study of the ontive foundation bokaviour
woihg the driving potiterno sugpestedswith depth, porosicy and nurhey of

piles an varicblep, twould be oxtremely valuchle for practienl dosign
pUTPOCe.
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ABPELDEX B

LOAD CELY, BEHAVIOUR DURELS BIKGLE PILR TESTS

During o cingle plle test, tha lond moasured by the proving ring
is cquel to the load wecorded by tha top leed coll In the psics FigeDel
ghews the corrglation botween theee two monsurcmonts for pingle pile
tontp at 28 napeeing. Applied locd has boen pictted in cerms of proving
ring divisions as cccurate calibuation iz impessible with & zoro tensile
locd of 25 1b. |

Included in the £iguwe ave &wo orroxrs cthor than the lond cell, and
thercefore not inciuded in eny of the cinglae pile rasults.

1) Bome load, the actual smount vazyitiz from test to tast, is 'takan
in €xietion botween the pille heoad and the guide plate (Fig.5.6).

2) The proving ving which has o calibration of approzimatoly
0.0% 1b/dive, in Imowm to be unrelicble.
The accuracy of the top cells ig therefore scmeuliat better thon this
correlation indicates.
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APPRIDIY ©

TS P PRt T VW

DEPEODUCLBILIZY. OF OR0UP TFSTS
AND ZHE ERROP Z11 AVERAGILG CORWER EXLES

Of the 13 tects carrded out, test © wan o ncpeat of Cast 2 and teot 13
repoat of tont 7. Thupy net only 4o a cheek en tho tasting techniquo

pravided but tho offects of any clicnze 4n the send ¥ nay also Lo seen
(Fi[’t 3e7)e

Teste at 2¢ spaeing (test 7 and zest 18) will be ccns:'.dorcﬂ in
torts of exrors in loed and erzons 4n gsottlements Fige Col ond Ca2 chiow
added pile lood ap & functivn of the cdded foumdaticn londs Coimparioon of
the two Eightes zevenls 1ittle difforonce 4n the rosulto. Fige Co3, which
raprosofits the two foundatlen londecettlotwnt cunvas also chews Zittlie -
erxore Ih all three Sigures, 4t chould be moted that reodingn ara tore
closely opoced at cmell fourdation loads whiers pile behoviour do .
oignificant. The results presented In Chapter 7 £ov a opacing of 24 sro
an average of thone o tests.

Before considering the fents at 44 cpacing (t:am:u 2 and 8), et us
crarine the orrors walth arice fuen everaging tha & cornor pzlcs in’
ona feuddation {tact §)s Ac wap diccupsed in Chepter G, this mothod of
avalynis pvarapes creeys i porosity, ibad cell behaviour ahd aceontrie
Londings A emall refige of the veriable order of drivihg 20 alco avoraged.
. Onea agedn, load and pattlemant wSli bo cencidercd separately. Tigs Culs
thown tht fndividual lond on the cormer piles as & {unction of added
foundntion dond, It can Do agen that tho orzox £rom the average fo as
lovgn oo 1 20 por cent In some cacen. In 7ig.Gi5 the erzer due to scettlemont:

<« The eorvelation .;hc.n in Mig. 3.7 in 'cnIy posalble beenuse of the
vary groat sonsitivity of ultimate bearing capacity to changeo in the
oands no correlaticn exiots using & divact feasuroe of porosity.



73

ip ghowm. The polnts in the £igure reprosent the actuel scttlement: of

the ceritoy pilles of each average lond™s Tho curve deoignnted ac ‘average
cuzva! 40 the ovarage settlenant for tho b dials. Ao thoe gottlemont of
only 3 corners of the floundaticn wns measured, the average of tho 3
pointo moy not lic en the cuxve {cege 2t 7.1 Ib.)e 1% can Lo seon heraver,
thet this error io insignificont.The £fomre aloo chews a alight but
sipadficant Qiffoncnce in tio actual sottlcrmant of tho coriters. To cee
vhat tho total crxor dua to those two factors Za, tho actunl load and
gettlcmant of caeh corter pile has boan plotted in Fig. €«6.The arvor

econ be geen to be quite gmall. The 20 per cent error toted 4in Fige Culy

is due to cccentric loadings for a covney pile carzying a omallor load
than the average at any foundatich lond, alco pottded less (Fig G.5). Thus,
when dndividuel load and bettlemsnt awn consédered; tho welations bécems
vary olmilor (Pig.G«6).Tvvo mothods of analysis therofors,ore agually
valids oither the actdal lodd and settlemont of ecach cornor pile (points
dn the £iguve) of the avenage cornox pile Jord and avoraps cottlomont

of the foutdation {polid lfve In tho flgured. Any on2 cornor pile load
conoidered with rospect o an averago foundation cettlement will hewover,
bz gubject to the soma 20 por cofit awror chewm in Fige Cobe _

Let up fiow exaiine the moproducibilicy of the vocuitsy FigQ.7 ohovn
tha lead-govtlemanit eurvas for tho (wo tantc. It oo be oocn chaﬁ-t:he
inicial londecettlemont behaviour ig very oinmllaor, the actual £oflure.

. lozd being greacer hevovery fn teot: 9. That this erver, which was greateot
da the corner piles-dods not invalidaze the raguits may ba ceon by
- eomparing Pigs Co7 with Fige 7.6

Rvidonce to sippoxtt the sccuracy of any test reculto moy bo obtoined
by considoring the drror fniolved in draving correlations. Concider for
ciorple, Fige 7.8 ard 7.13 in vhich the offect of pilo epacing i phomy,
The emall geatter in regults sends £o confimm the valldity of pmy eno toots

J—y

*" 4 The polnts do not appear ot cractly tho namo l02d besoune of 1nchk of opneo.
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708 CAR F7URERILIRY

The top copn for foundnuions with pilas cpaced ot 24 ovd 4d wern
I du. thichk mild steol, vRile the 68 and €4 caps tero 1:; in. and ‘1'% in.
thicle Gliwalumins Porr tho zepont teotc at 24 and Gd, 2 dne and 135 ine
thiclk: =234 nt6ol eops waro useds Ao each cop hee 25 hwlan of 1/6 1.d%¢.
otunlly ppaccd, the defioction under lood counct canily bo caleulateds
Tho £lonibilicy of cacl cop was therefore mancured; tndor tho loading
eontditicus ohem 49 Fips Dels OFf significenco 4n the acuporimante 20 tho
deflect:ion under Londs vhera order of pile deiving in tha izpoxtent
foctar. M: a lend ©of 150 1b., tho deflectien of the lorgest tep cap 46
& m 10 =3 ine In & oted gdttlement ot Chis foundaticn 2oad of 0.020 fu,,
this deflectioni in nopgiigtblos Indaed, thoe deflection sianpured under tho
Loading eonditiiong of Fipe D.} ip gzecher then eon occur 4n Che cxpszrimant.
e dofilcetion of coch enp wap of the comd oxder of megnitude ap tho
exonpla flvane ARl top cops therafore, may bo ecnnidered =igid.
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ABPENDLX R

CORTATIIER ETPRCT

%n medol pile tosts, £t is ndcecoory to use a coenteiner of
cuffictent sfpe thot tho reewdts axze aot nflucnced. Zho dicmater of
container vequized, in aleo of corz fundorantcl and practicel dmportance
fior it indicatos tho zmono of nend affected by drwiving o oingle pilo.

Ao o mecpure of the container ¢ffcet, lot un £irst conoidor the
fatlure cavalope for o 1/4 in. dfas plle driven ot o censtont :.'m:o of
ponetration from surfaces The pile twao driven into centainsrs of 7- in.,
10 in. 12 in. ond 24 9n. dfa. Tho cond in eonch cane was denso (37.9 40.3
por cont porosity). Those tocts wore enrricd out before the cntdre
!.1 teuno of egand had bean obtained. Although the grading wao 52/26D BeSu84p
mn::iuun porosity tas 47" par ecent ag cempeved vith £9.3 por cont for
the group tests and tho ultimate bearing copneity at any porosity siiphtily
grooter thon thet obtained in the orperimentn. At any porooity theroforc,
o containor offect will undoubtedly oceuy at a gronter distonce with
this pand than with the sand used 20 the oxporimentn. The rogults of -
the four tosts are oliown In Fig. Bel. I con be cesn that a coatalner
12 in. diec. ip required to cnsure no incienge in load. Thio corrasponds
to a rodius of 24a%

Ap another msasure of the zone of send offected by driving a pile
end thorofiore tha oice of containor which 4c roguired, the latoral
extent of the guxface heave wab roosured. The 14 in. dia. containor was
Initially deposited Jeaving about /4 in. of sand on the tops The execess

<= Thio was the sowe gand uped for ttha Crioxicl teots.

i Uping the same erdterion , Yassla obfoinad a couteinor efifoect fox
dense sand, at a wadiug of 124,
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wan cnzofully cut of % by drsring a ctrolght edge aevoss a predotormined
diroct:don, Aftor a pfle of 1f4 ¢n. diz. had been didvan ot o zolatively
conotint Tote of penstratien to a dapth of 7 in., the ctraight cdps was
eeatn clevly drmvm acrong the top of the container in the gowrs direction
ae bafore, until the edge of the hoova was encomtoreds The distenes
from the cdge of tho heavse ¢o the contro of the pile vwap then meosured.
The rasulte for hrea perocitfes are chom In Fige B.2. This oicple
procodure siightly cndorestinator the offcet; fov, o radiue of 174 was
meorured with denso oend 4n cempneison vwith cheut 243 4n tho previocus
tont. Of ofpnificoncs horover, 4c the cnnller rodfup raquired for locoer
pand,

The racultp of thoco topto Indicato cthat a 3 £6. din. containor fs
cufificiently large for tho reditm donso aand (porosity = 42 por cent)
used 4n tho copeniointo,

Zn deiving g plle frem cuxface a rizid bezo cougnn on 4ncreace 4n
pilc locd wien at o déstance of cbout L dn. {4d) Lrem the toe of tha pilo.
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APPERDIX F

L TV T

ALR GURPENTS, VEXNIN THE CONTAINEGR
DUNLYG SAUD DEPOSILITION

When the nain of cami £alling from the hepper 1o ponitioncd cbout
12 in. Lrom cach cnd of the centadney, cir curronts axd formad. Theoo
currents £icw along cach oide of tho containar touvard tha neavost ondp
and, 1£ unrestricted, meot ot tie end veflecting on tho centrol part of
the rain itself. Tho raculting disturbence decreason tho intonzity of
the rain, thun decrcasing the poronity. .

rig. Il choys the corroctive mossurco tehon to pravant thic
disturbanee to the zain. Two herrer? baffile pleter gulde cowa of tho oix
through holas in tho econtaingw. Tha afw vhich ceatintoas pact thasa
holas is prevanted £rem intenforing srith tho depositing sond, by a wide
plate positioned pawallel.to the rain. The afr is thus gulded out tho
top of tho container. Tho mono  4dmmadiotoly oncund the plates horever,
vas densor Ly approximatoly 0.7 per cont porosity. '
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LOAD-BETILENMETS DEIAVAOUR OF FCOULDATIONS
UrTil AND WITRGUE. PLLUS

& gorles of tests on the four cdps tas cornled eut ot an Infvded
poxosity of 42 por cont. Bach cop woe fomnad In encctly the some mennom
es ¢han pllen hed beon driven (L.c. the sond woos sprayed ond the metel
cep baddad on plapter). The testing precedure uvas also tho same as fior
the pile foundatlon tests. ‘

A coxpovison of the loadesottlemant curvos for the &wo gserics of
tests {Fig. G.1) chowd tho Influcnce of tha pilos. The enistence of
deiven pilos altexs tho loedwscttlement bohavicur of a fomdation in
two wayss 1) Scme lozd 1p corrled by tho piles, 2) the remaindar of tho
foundation Jond Dboews on sand which has been changed by pile driving.
The affect of the load corried by the piles 1o clearly seen dn the £igurcs
An inftial Lincay losdescttlonont walaotion Lor the cep alone is changed
into one in which the pettlemont Increacas more clewly bofore the piles
£aL)e With £allure of the pllenm, the zmolation for the lavpest pile
foundation boccmos cerporablo twith thar for the cop richout pilans
viaile tha smollest fonndation continues o ecpiy more lozd, Lut the grentoct
reduction in settlerot 4o cchioved bafore the piles £adl.

Sho 1nflvence of the di€forent porosity (probably loosor) boneath
the vamainder of the fcundoticn in of megligible offiect in all conos
bofore tha pilep fedl. I€ may hewevor, acccunt for the olipht fncreaco
in cottloment of tho Lorgest pile foundatien ot cettlomanits vwhen tha
c¢op load 45 importaont.
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Loadinq Conditions

Metal Top Cap wwvith
25 Holes nelt shown

ARRANGEMENT FOR MEASURING
TOP CAP FLEXIBILITY FIG. D-1
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