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ABSTRACT 

Pile foundations arenormaIly 'constructed with a rigid cap cast 

on the surface, tying a group of pile heads together. A series of 

experiments with model pile foundations in sand, have been carried out 

in which the distribution of load within the piles was measured. 

Tests with 25 piles spaced from 2 to C pile diameters apart show 

that the order of driving controls load dictributign until the piles 

fail. The last driven piles carry the most load. 

This behaviour is explained in terms of the initial stress 

conditions beneath individual piles. 

Some examples are given which show how the results may be applied 

to practical design. 
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1.1 IIITRODUCTION 

The function of piles in sand is to prevent =mina pen/went of 

a structure. One approach to the underetandine of this problem is to 

study the behaviour of single piles. Such en approach is based on the 

tacit assumption that the environment of the pile is of relatively 

little significance. rig.1.1 shows a typical pile foundation, Pig.1.2 
a single pile in a semi.infinito macs of sand; it is the first driven 
pile of the group. Clearly in Fig.1.2, the effect of the remaining 

piles as well as the top cap is. absent. . 

A complete understanding of the problem requires a knowledge of 
how the whole foundation distributes load to the sand. A load from the 

structure will be carried partly by the base and shaft of each pile 

and partly hy,thecep (Fig.1.3). 
The only suitable means of obtaining this information is by using 

eeperiments with =deism Such exparimente have never been done before. 

1.2 ?REMUS WORK 	• 

The effect of drivin&eilen 
/thee long been realised that driving piles into sand causes. 

en increase in the density of the sand; the term compaction pile,, used 

for piles in loose sand, means an increase in density. Piling contractora 

note this effect by the. greeter force required to drive later piles; 

indoed,they will hesitate to drive the centre pile of a group last, for 

fear of causing structural damage to the pile. 

?lantana amillolet(20)0  using static cone resistance as a measure 

of the density, found that send became denser around a 55 cm. die. pile, 

even when.  the static cone resistance before driving (about 160 kg/cm2), 
indicated a dense sand. In Owe cases however, particularly near the 

surface, driVing-the pile.into dense layers caused. a slight loosening 
tiff the sand. All loose sand became denser due to pile driving. The 

penetrometer tests were carried out appreximataly 2.  pile diameters 
away from the driven pile. 
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There are =my other field nnd =del investigations(7,8,13,14,17) 

which chow the compaction of sand which occurs as a result of driving 

piles. 

Ileyerhof(17) has extended his work on the ultimate bearing capacity 

of a single pile in said-infinite send, to include subsequent piles . 

using revised angles of shearing rosistenco to account for the increase 

in density. Thio analysis depends for its validity. en the tacit assunption 

that piles driven into sand which bap been compacted by pile driving. 

will carry.a greater load then part of a group, because of the increase  
in clElau Chapter 8 shows that this is not the case., 

When piles are driven into relatively dense sand, a general heave of 

the surface will occur. If the sand contains piles, they will novo 

upward with the sand. Bendel(2) oho= that an initial upward novenent of 
a pile 50 cm.dia. occurs when driving another pile at a distance of 

2 . 5 metres. The piles were driven to a depth of 14 metres (28 pile 
diameters) through 12 metres of loam and peat and 2 matron into sand. 

Although the pile moved upward than another pile was driven, thereafter 

a tins dependent oettlenent of the pile occurred, undoubtedly caused by 

the soil in the upper 12 metres. 

Load distribution within a group  with the can_free of  the surface  

An extensive series of teats has boon carried out by pepper in 

which the load distribution within groups with as many as 36 piles 

was measured. In an interim report(19) a figure 'is given which shows 

the centre piles carrying more load then thd corner piles,. presumably)  

at failure conditions although this in not definitely stated. The order 

it which the piles were driven is not giVen. . 	• 

tin the basis oftrodel experiments, Berodugo(3)  concludes that initial 

.load distribution within .a group depends mainly on the order of driving, 

• ,the later driven pilep.carrying more load than the first driven. When 

failure Is approached, . there is a redistribution of load and pile 

position becomes significant. 
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The research was carried tut with wooden and brass piled] 0.325 in.dia. 

and 10 in. long: The piles were driven individually to form a group 

of 4, 9 or 16 piles in either a random or practical driving pattern. 

While ,the patterns need are not the extreme taped; it ie interesting 

to note that later driven piles carry more load tarn first driven 

piles, when driving progresses Evert one nide of a foundation to the other. 

Such a pattern however, moles the foundation unsymmetrical with respect 

to order of driving and therefore ahould tilt. Unfortunately, the 

results were rot analysed in terms of settlement. Such aft analysis is 

also required if errors' due to eccentric loading arc to be considered! 

0111•11•••••••••••••■•••• 	 0.00 01,1..4101.11...1111011•OreNta 1•11d. 

+ Section 5.1 discuseee the patterns necessary to completely separate 

order of driving from position. 

0 In Appendix C, the.ponsible errors due to eccentric loading are 

examined. 
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2.1 /MX PROPERTIES  

Approximately li• tons of nand needed for the programme was thoroughly 

mixed before any group experiments were carried cut. 

Gradtss 

Dam River sand, 00mina1ly 52/100 British Standard 81eVe, was used. 

Fig.2.l chows the actual grading. 

.222aAS10121..q 
A specific gravity .of 2.68 Var) obtained using B.8.1377. 

Moisture.content 

All experimente were tarried cut with the sand in an air dry 

state, the noisture content being between 0.3 and 0.4 per cent. 

ltaximumuseeltv 

Maximum porosity Using the '.tilting test'(9) gave nn average 

value of 49.3 per cent. 

Chance in index oaport.ies with •une 

It is important in a testing programme to check the index properties 

during tba sequence of testing. The determinationn given above represent 

average values from a sample taken before the program.= uua bosun and 

near the end. There woo no significant difference in any of the 

measurements. There is no doubt however, that the sand changed; this 

will be discuased later. 

Ifinizum porosity tests wen attempted using the Proctor mnuld 
procedure suggested by EC/busemvski(9). They could not be reproduced 

'and therefore this technique wns abandoned. An estimate . sufficiently 

accurate for this project, can be obtained by using the following 

statistical relationship batmen the 'tilting test' and a minimum 

porosity test given by ilyeuak(1): 

13inimum porosity el tilting test - 9.5 per cent 
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The minimum porosity le therefore apps animately 39.0 par cent. 

Sphericity determinations using the Pittenhouso method(2/)gave 

Value of 0.01. The roundness of the mild io Oen using the visual 

method a Itturebein(12). 
2.2 MAR STREr0TH  

-41.4081.111.0. • 

A serloo of trimial cstpression tents were carried cut on a 

sample of nand before the entire I. tons bed been obtained. The grading 

Wes olightly different and the terinum voracity 47'per cent compared 

with 49.3 per cant..While the ohear strength characteristic° are given 

plIffielontly accUrately for thieproject:  the 2 sands were not identical. 

Four inch diameter Opecimoto ware tooted at a constentcellpressure 

of 30 pai. The Sand was air dry and ye/ems chenges Were met:inured Under 

drained conditions. A rein technique uns used to deposit.the sand. 

The testing apparattob being essantial/y the, same do that need by 

scan(25)11  410in6) and Framer(0) need tet be described. 

Fig.2.2 ohms the reldtien between the mtutirrism.6ngle of shearing 

reolotance and peresity..It will be seen that the anglesof Shearing 

resistance =ovate high. Oensistent with this is the very dilatant 

behaviourb ea hewn in the relaticn between the rate of. volume change 
at failure ( dftle A end porosity (rig.2.3). It can be aeon. that the 

sei plot .dilate gt failtre ker. all porosities. 
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3.1 InTRODUCTLON 

Model teats carried out in the laboratory Nava the adVantago over 

field teats in that the arporimentor has freedom to control factors 

which in full scale toot° cannot be controlled. For pile etportments 

in sand, the =at 54;o :tent single variable is the 'sand porosity. In 
WO Chapter, an.  apparatus vr.t17: bb described which deposits a ton of 
Sand homogehosudly and reproducibly over a wide an of poroltlen• 

2,2 PAOTORS COUTAOLLIEG TUE SAM DEPOSITION OF DRY SAND 

Kolbuazaudhi(1°41)  choued orpariu4ntally that avido rango of 

porosity in clay- nand could he produced using a vain teehtique.11e 
found that the footers uhichoentrolled the porooftyvitme the intenaity 

of the =tit And the BeiCht Of drop. At a given- height, en increase in 

the IntchPitY increp.ma the porosity; vhiles  for a Oven intensity. en 

intros= in the height tearoased the porosity. The sensitivity of 

porbnity to a  change in. cis 	!cue Of these factors depended upon the 

actual valUe be .the ether factor. 

D'or any given band, intensity and height of fall control the resulting 

Ferocity sufficiently Accurately Earnest C:Terimental purposes. There 

is oVidence hotrovar, that particle anstidity(16)  tad sphericity(15)  

Are also significant. Thin mates quantitative correlation for different 

condo ispossiblo and seta litaita within which any one pond can be 
depoditcd. 

The apparatus dove/spa.= part of this projaCt.depealta sand at 

a ganse of porositytaittir by varying the pond intensity. 

11.40141.02:204=4 
Saud la deyocited as c thin loyervilicti is forted no a vain tag 

sand passes bat% and forth aver the container, the hoight of drop 

elvers ban kept et:natant (Plato 1). ,'ha rain is 4 Ecet Ada and 
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Sloven throfth ad:later= .of about 4. Pant. In filling a 3 Et. dia. 
container, irretidaritieS in the sand flow, =um:ingot each end 
Oen the direct/03,d motion =mercies, fall outside the container in 
lad in..oVer/epv The mitup/thichticiss of the rain on teaching the 	. 
sand surface at any-totent Is appreuitatelY 1/2 in: for loose sand, 
taunt the intensity of deposition is high (Plato 2) and 2 in. for dense 
band, vhcre the intensity of deposition is lcu (Plato 3). 

flews detailed drawiugs of the apparatus. A 7 weft. 
opacity hopper in driVenhOritontelly on 2 rails by a motor driven 
chain aspemblago, ate ratelofc.3 ft/seew Sand can be fact frOmthe 
bottom of the hopper through a tap between a 3 in. dia. roller and a 
;steel cutting edge positioned vertically above the centre of the raler. 
An accurately amehitted roller and cutting edge are essential to avoid 
any variation in the gap pettitv, over the full width. Gap settings 
of.np to.0.15 in. are ,obtained by adjusting the vertical position of 

the .cdge.A rioter and gear bor. positioned at one and of t:1u hopper 
drita the re/lor at speeds of 4 5, 10, 20, 40, *60 or 100 r.p.m. 
Greaser thittnaitice of deposition. cm obtained using higher speeds of 
tbtOrkioti; uo sart4. flows if the roller is Stationery. 

With the railer Writing, tit initial horicontal Velocity in imiarted 
to the end the itsgilitUde .bE which depends* on the roller speed. 
plate, pesitiOne4,abotit,1/4-1n. froth :the roller, deflects thm rain into 

vartica/ plane. The position and angle of the sand deflector must 
be Changed for different peresitits. 
• Muer  there are aVailable, 2 meads of controlling the intensity: 
1) roller speedond.,0 top =Mitt. 
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The rails oat which the hopper runs are connected horizontally to 

form a rigid unit. This unit is carried on nuts running on 4 vertical 

threaded reds (Z in. dia. x 8 ft. longs  threaded throughout their 

entire Length). The bases of the rods are connected to 4 box sections 

cast in concrete (Platt I):  the tops being attached by 4 pieces of 

angle iron. The entire unit nay be raised or lowered at speeds 

infinitely variable from 0 to 2 in/min. by rotating the nuts through 

a sprocket and chain assemblage, driven by a motor and gear box. 

Thus, the height of drop can be maintained constant during 

deposition by raising the hopper at the given depositing rate. 

1 Sand is placed into the hopper from a storage bins  in a 7T  cv.ft. 

bucket rased by an electric hoist (Plete•1).A suitably sized screen 

on the hopper collects extraneous material from the sand. Great care 

was taken to keep the floor clean where sand feLl, but it wac impossible, 

to keep the sand entirely free of extraneous material. The atmosphere 

became contaminated with duct, particularly when dense sand was being 

deposited. This terieired the operators to wear dust filters and the 

8 ft. Length of threaded rod to be protected. No attempt was made to 

protect the motets; during the 5 tontho of testing, only one motor was 

put, out of action. 

1.5 CALIBRATION OF APPAWDZ 

The calibres tin. of the apparatus was obtained using 4 cylindrical 

:masUring cylinders to determine the porosity. For 3 gap settings, 

namely 0 097 in., 0.127 in., and 0.149 in.s  the porosity was measured 

at 2 heights and with at leant 5 roller speeds. During each test, the 

rata of deposition was also meaSured. Fig.3.2 allows the results. As 

roller reed is the most significant fattor, it is plotted directly 
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egetest poreeity. A total rano DE 8.72; is peceibIe with thic particular 
oand. With one gap =tins (0.149 in.) end ens height (19 tn.), specific 
porositimover a range of 6.4 per cent esn be achieved, tieing different 
roller *cads.' Smakier gap nettings lcwer the vOmo of poropity for 
any given roller speed end height; thus :.Ling it poseible to deposit. 
offer the entire perosity range. For eerverleon purposes., maximum etd 
minicauPporeeitiee create° iharn in the figera. 

The seiniemea height of, ral rccable is 19 in. no the container in 
cede up of 2 halves; le 	high. 7.t cot.  be seen frem the figure that 

the height of fell is a relatively insignificant factorvlittle accuracy 
was required therefore, to rmintein a ccnctcnt height during deposition. 

Xn Fig. 3.3, the relation between the rate of deposition and the 
resulting porosity is sham; ads ::anticn is independent of gap setting 
and roller speed. For my porosity; the rate at which the nand is 
deposited end therefore the rate at which the hopper nust be raised to 
ensure a constant height, is  given by this curve. 

3.6 VAR/ATALITY OF POROSITY 
A variation of porosity within tba container can be caused by 

many factors; some of them inherent in thin particular method while 
others are present in any deposition technique involving en appreciable 
weight of send. With the scanning rethod which this apparatup employs, 
air currents wore encountered. A discussion of thair'occurrenec and the 

. 	. 
corrective measures taken,is'given in Appendix V. It is worthwhile 
toting, however, that 2 thin brass plates positioned within the container 
as shears in Fig. 3.4, were required Ca prevant'undue dietUrbance of the 
rein. The porosity in the areas shown around these plees is known to be 
variable (denser by approximate* 0.711). The following discussion refers 
to the regaining area. 

4- minimum porosity .4 max./lib:a porosity . 9. per cent (see section 2.1) 
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There arc tuo independent rays of cotchliehing the uniformity: 

1) Direct:mammon= of porosity and 2) Single pile tests. The overall 

variation 'within the container uns found .by scans of direct =enurement, 

which we Shall nos diecUce, and thin variation checked with the remits 

of angle pile testa. 

PASILEEEMut, °2 91--2.----atTal 
To obtain a direct manure of porosity within the container, 

calibrated cylinders maybe placed in different parts of the container 

and the individual poroaities checked ageinst the average value. This 

'method in however, subject to seVerel criticieme: 

1) It is necessary to use measuring cylinders sufficiently large 

that unit effects become insignificant and, with a height to diameter 

ratio not ezceeding about 1. The smallest cylinders used were 3 in.-die. 

PorositylMansurements therefore representan average value for this 
Valente.' 
2) Aside from error° in the actual porosity, the measurement of the 

volume of g cylinder cannot be obtained very accurately.. - 

The overall variation within the container was found using 4 
'measuring cylinders placed in the positions shown in Fig. 314. The 

following conditions were tested: 

1) Cylinders placed on top of the container, with the hopper (a) full 
and (b) nearly empty: 
2) Cylinders placed at 3 depths within the container. One or two of 

these tests were repeated with a different weight of sand in the hopper.. 

At all porosities and for each of the conditions studied, individual 

porosity values all lay withiny+. 0.3 per cent of the average (e.g. 44.6 -I-4 
per cent). Inmost cases, the range was closer. For two teats, 9 cylinders 

Were used, with the Variation being no greater then with 4. 
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§111810.2.1 0  t"ts 
The ultimate bearing capacity of a single pile is a oenoitive 

measure of the porosity. For porosities of 41.5, 39.7 and 39.0 per cents  

3 pileo, 1/4 in. dia. were tooted at pooitions within the container 

shown in Fig. 3.5. Each pile io far enough from another pile and the 

edge of the container to ensure no interference. In each case, the depth 

was 7-4 
 in. These resifts ere atiun in Fig. 3.6. The first driven pile 	. 

tests in the group experiments have also been included. Over the range 

of porosity studied, there is at approximate linear .relation. The error 

in this relation .on the basis of a direct porosity measurement is 

indicated by the dotted lines. A range of+ .3 per cent porosity meets, 

that at any porosity the ultimate bearing cepecity rmy vary by ± 046 lb. 

it can be seen that the measurements of ultimete bearing capacity lie 

well within this: range, with the exception of one test at 39 per cent. It 

should be toted that the values of ultimste bearing capacity are in 

themeelves subject to error due to the accuracy of the load cell in the 

model pile (sea Section 4.7). 

3.7 REPRODUOXDIUTY.010  SAND DEPOSITION 

Direct renehrement 
A sand depooiting 'apparatus must be able to reproduce the came 

porosity for a series of expermentst All group experiments were carried 

out at an initial porosity Of 42 per cent. Per meet of the experiments, 

direct uoasuremento of the porosity Were made after the container had 

boon filled. Throughout the unless  no menourcrent lay outside the limits 

already established of 4.0.3 per cent porosity. 

;•41•Warbeevaftervressabris•••••nnt"....•••...ft evemen 

sae Section 5.1 for a definition. 

4,  The testing progreatoe lactod 4  months during which 13 group testa 
were carried out. 
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singsjpe tests 
4n independent check on the porosity may be obtained from the 

results of the single pile tests on the first driven pile. These results 

were included in Fig. 3.69  from which it is set* that they lie within the 

range established by direct measurement. In Pig. 3.7,. the single pile 

tests have been considered an a larger scale. It can be seen that 

within the Unite set by direct measurement, the ultimate bearing 
capacity increased as the testing programme proceeded. Although to 

difference in the grading of the nand could be detected. a alight change 

undoubtedly occurred; mnch,  dust is created during each deposition. Some 

change in the sand during testing rust be accepted. Only a correlation 

involving ouch a sensitive indicator as ultimate bearing capacity 

however, is capable of detecting ouch a small variation. Fig. 3.6 
shoos that this error is not significant in the Dingle pile tests. In 

Appendix Op evidence is presented to show that the group results were 

net significantly influenced. 
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4.1 INTRODITOTZON 

To enable 1=asuremento to be made o$ tht lond distribution wlthim 

the foundation eh= in Fig.1.3.3  it was necessau to decign model 

piles fulfilling the following requirements: 

1) They must be able to n?aasure Lana and nhaft load separatelyp 

with a cap cast en. the surface. 

2) The ocvaressibiUty of the load cells in the pitta nunt be small 

ceapared with the set:I:lament. 

3) The piles rnst have a relatively cvlall diamzter; anything larger 

than 1/4 in. requires an unmanageable size of container. 

0 There must be a number of such pilot). 

This chapter deneribes model piles fulfilling those requirements. 

Twenty-five were built to the same design. Rasta lyile weighs approninately 

0.06 lb. and appears on the outsidn en a orcoth brass rod (Plate 4(a)). 

They were designed to be used at one depth only (7.7; in. =129 pile diameter). 

4.2 117MnD OF VEASUUEG LOAD 

Load is unasnred an a calibrated strain. Eau% pile contains tuo 

thin-walled cylindrieLl tubes which strait in colnpression when under 

load. The conpreive strain of each tube :tc v=ured by 4 Coil resistance 

gauges:  wired in a Wacatstone bridge. When the empression for any 

given toad in 	 he unit beGemes n load cell. 

At311,0AD CL l!p 

Each pile b ens - cell which t=o=un bane load and ona which 

measures total 2,0cd the differenen of these two gives the load 

distributed in shear rlong the dhat. Both ells consist of a brass 

tubep 0.003 in. thick for the bass and 0.004 in. for the total. The base 

cell is designed to carry about 25 lbs., virile the total Iced cell carries 

30 lbs. 
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The construction o. both cella la. the sane. Load is applied to One 
end throdgh c ball seating (Mg. 4.1(A) ), the ether end being fined 
Centrally within the pile: Pour 314 ini Linear strain. grtuges.*, two active 
uhich rOasure 	straint and tve, passive uhich teasure circumferential 
strains, are located en the tube in ascii a 21 tamer that the effects a 
a interal /cad acting cn. the free end are tlinirnized. By arranging each 
pair oyeetrically bath in tortes of distance from the fixed end end 
frera the centre of the tube • tiro nentstate bridge circuit cancels 
changes In retist aite. duo lie handing. In placing the active gauges 
Closer. to the free end N.ihere bonding strains are tvallor, the total chart& 
iit redittance dud to a lateral load is smaller than if the cadge positions 
vote reVersed (Plate 4(b) ). 

4.4 ODE, PILE 
The essential fanctittnof the pile are to apply a .rtilatiVely friction- 

free load to catch cell, 	calming the cells space tb compress 
freely. The cells are fixed centrally at each end of a solid brass 
abuttecnt (Fig. 4.1 (B) ). To this abutment ere also attached tam -outer 
bras° tubes Oileh tay easily be reiroved. As well at forping the exterior 
of the pile, they guide the lead application to each cell/  It -.should 
be noted that there is a space betaoen the load cells•and the interior of 
these tubes. 

Ltastiring load it for of attain requires a finite teovermant and 
therefore' parts must slide relative to each other. A load on the point • 
.of the pile is tranifr.ittedita the base cell through o hardened steel 
red and guiding hash, the slidingaurfaces being sham in the figure. 
It is iwportantte.alloa ea little friction cc possible as load cell 

s r 	• ss O. ••••;x fa *els.* tt.1=‘,.+MV...1.••• 

q- 38 of the SO cells have nob:  gauges; the =mining 12, 55 ohm. 
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sensitivity will be reduced. %t is more important however, that the valhe 

Of friction Should tot chance with time, thus changing the cell calibration4 
6  

To satisfy both these =vixen:Alta, use vas rade of the material D.QA. . 

TwO bushes end therefore two sliding surfaces were used in transmitting 

load to the cell, in Order to further reduce the effect which a lateral 

load on•the poiht haserithe load cell. A compression spring which 

applies a small zero load tc the cell, nay conveniently be fitted between 

these btusheai I c yell As increaSing sera otability, use of a compression 

spring allows bast loads after driving as low as O. lb. to be measured. 

With a load applied to the base, the strain. of the call causes a 

change in length of the pile; length Ab shortens to Ob. Under a load of 

20 lb. the Cell cokereasion (rya?) in about 0.0008 iii. To allow this 

movement to occur freely nhd yet provide protection to the sliding parts, 
a thin rubber rambraha atclesing a sponge rubber washer separates ab. . 

The top half tag the pile, which includes the total load cell, is 

essentially the same as the bottom. There era houovar, 4 wires' from the 

base cal/ as Well as 4 wiren4  frost the tote/ cell Which rapt pass around 

the ball seating of the total cell and out the top of the pile. Thus, load 

rust be transrattea to the cell by a tube t.ith the ITIres on the inside. • 

Any load applied to the top b1 the tube.  registers directly on the total 

load cell. Greet. hero was taken with each pile to make this surface 

stooehatdeven,.as load mast be applied to the pile through this butt 

=tins. Tie .pile heads teed for the single pile and group tests will 
be described later. 

	 dam.. 	 0...1.11••••••.•••••••11.11111111111. 	 

4- D.Q.i is numterial ManUfactUrad.  by Glacier Natal Co. which has a 
law coefficient of friction and ray be worked in a lathe. 

s Fine nylon, acetate coated wire was used, as it bonds together to 
form a wire rope when dipped in acetone; 4 wires Vherefora became:1 
wire rope. 
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As with the base cell, a nevenent must occur with each applied load; 

distence.cd shortens to cam.. Under a lend of 25 lb. the cell compression 

(cci) ie.about 0.0008 in. 

4.5 UBATIEG OF LOADCELLS 

In making the load Cells of a thinwualled tube, an instrument 

sensitive to temperature is also created. Changes in measured strain 

result from two effects. 
When the strain nnnsurine instrument (ralduin) passes a current 

through the. resistance gauged, the load cell ie heated end the resulting 

strain measured on the Dalduin. Tto methods uere used to avoid this 
. 	.• 

error: 
. 1) Each calms measured after the Baldwin had been heating it for 

a given time; about 14 mutes was sufficient. 

2) All cells were preheated to a stable reading by supplying each 

with the same currant supplied by the Beldvin. 

The first method was used for the single pile tests; the second for the 

group tests. Both methods are satisfactory; the second a little more 

accurate and much easier. 
The second hosting effect in due to a change in room temperature. 

The sand itself being a good heat insulator delayed the effect of any 

change in room temperature on the piles. The time required for a single 

pile test was only about 10 minutes, during which no change in temperature 

occurred. For the group experiments, the heating characteristics of the 

piles for each spacing were measured. Only about B of the 50 gauges 

changed sienifidently during the 2 hours required for a test. The piles 

containing these gauges were placed randomly in the group and the corrections 

become insignificant when the results are averaged in terms of positiont 

4.40.11,14....161.11AWy,IIMOOMMPAIMMM.11. 

*. In Section 6.3, the method of analysing the results is discussed. 
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4.6 STRAIN MARRING MIMI=  
As previously notedsetrain =dine on the 25 piles mre taken using 

a Baldwin strain meter. As it was decided to use a otandard instrument 
for this purpose, a Baldwin Vas required as four 55 Ohm gauges in a 
ITheatetone bridgemill damage a Rachel by overloading the oscillators. 
' 	The four leads from each cell wore connected to a heating and 
switching unit franWhiCh any one of the 50 cells could be connected 

either to a Baldwin circuit or a heating circuit. In Platt 10, which. 

represents a group test, the beating and twitching unit appears in the 

bottom right hand corner. Each pile lead - about 15 in. long - wan soldered 

directly to a connection bo2, which could be placed rt.= the piles. This 

same assemblage was used for group tests, single pile tests and pile 

calibration. 

4.7 LOAD CELL CALIBRTION, . 	 • 
All piles were initially calibrated under constant temperature 

conditions. Using dead weights, the top cell was loaded to 25 lb. and the 
base to 20 lb. Each cell has a Unique calibration; the total cells, being 
thicker, arc slightly less sensitive than tha base. Fig. 4.2 shows a 
typical pile calibration. 

To use any load measuring device in a aeries of tests, it is necessary 
to-provide the following evidence: 

1) that the calibration does not change during the series of testa; 
or if it does, the calibration should be Imorn for all tests; 

2) that it is valid to use the calibration for the conditions which 
exist in the test. 
Throughout the ezperimentai programm, the piles were recalibrated in the 
aiiiitahE 'temperature room, all 25 at least once and some 2 or 3 times. 
All calibrations reproduceito within 10 per cent et any load; more than 
2/3 of them to within 4 per cent or better. Included inns 4.2 is the 
pile recalibration. 
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The piles were used in :land with strain measured. under 2 conditions: 

1) Cells were unheated, strain reediege taken after a given time (single 

pile toots). 

2) Piles were preheated for about 12 hours, by which time the cello 

had become etable. To take readings, each cell was switched from the 

heating circuit to the Daldwin circuit (group tests). 

To cheat,: the calibrations under the conditions of the single pile 

test, 5 of the pilds were driven into nand and loaded, using dead weights; 

strain readings were taken after a given time. The calibration of the 

tote/ load cell toy be chocked directly against the /cede added; it is 

itposaible to check the base cell with the pile in sand. The calibrations 

reproduced those obtained under constant temperature conditions. 

Each single pile test itself, is a cheek en the total cell. This 

evidence is meaningless however, without a full comprehension of the 

arransemsnt for the single pile test. It is therefore presented in 

Appendix B. 

It is impossible to check the pile calibrations under =nay the pate 

conditions as exist when they form part of a foundation with the cap on 

the surface. Wawever, two tests were carried out which closely approximate 

these conditions. In the first, 25 piles mere driven into nand and the 

piles heated for 12 hours. The temperature of the sand near the piles 

can. rise 5 or 6 deg.C. above room temperature when the spacing is close. 

Six of the total load cello ware individually calibrated using dead loads. 

Strain readings were taken in the saMe way as for the group tests. The 

piles which were measured:  reproduced their previous calibrations. 

• ror the second test, a cap was cent onto the 25 piles, but suspended 

from the surface. The conditions were exactly the sate no when the cap was 

formod on the surface, except :hat the plester was not present. With the 

cap free of the surface, any load applied to the foundation should equal 

the summation of loads measured by the total load cells. The results are 

dhown in Ins. 4.3. It is seen that the coll..; rend consistently low, the 
error however, can be neglected. 
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TPX SiRCLE PILE 

SA Definitions 

5.2 Procedure and Apparatus 

5.3 Single pile Bohaviour 

a) a single pile in semi-infinite nand 
b) a eingle pile in.  nand containing driven 

pilas 
c) satid coxpection Oring pile driving 
d) 'tbc effcet of drIvins piles on a pile which 

has already been driven 

.urmary 
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5.1 DEVIUITIOES • 

If ICTitMtl load° are epplied to a pile and the resulting settlements 

.plotted againsteppliod 'loads the diagram is hneun no a goad-settlement 

diagram', such a test a pile tests and the pile a foinglc pi/e0. It 

acts independentlyof any of 	pile or structure which may be near. 

Throughout this thesis, pile behaviour uill be frequently described in 

terms of leed-settlenent dingrnna. It is useful therefore, to coneider: 

a typical diagram for a single pile eng.5.1). The settlenant increases 

slowly at first, then passes vith increasing pia tic deformation into 

a fairly linear relation (AB) knoun en n cfnilure envelope?. Point A, 

at which the pile cons= to be unique, represents failure of the pile.  

for that depth: The load et failure le called the !ultimate bearing 

capacity?: Pig. 5.2 shim the ohtire failure envelope vhich the pile 

would 	if it were tested from the surface. 
Xumedinpe settienent'..- 

IC lade ate applied in roar mente end each Iced vaintained, a creep 

settlement 'win be metetired. Fig. 5.3 shous the lead-Settlement diagram 

for the. first driven pile; each load vas rainteined about 2 minutee. 

In order to compare the loadreditlevant behaviour of pilot; when. incremental 

loads: ore maintallied for different periods of time, it in beceseary to 

subtract the creep settlement. The resulting curve C1  =presence immediate 

siettleamnt, crhtil eUrve C2, total eettlement. A elightly. different 
failure envelope in tenerated in each cane. All lend-nettlemett diagrams 

will be coneidered in terms of inmediate settlement. 

• This is the centre to centre dictance between the piles expressed es 

a' ratio of the pile die :Meter, vhen.all the nilesin t13*ciiltavo been 
drivet: 

• ••••••• 

4, This teraLinplies failure of the soil and not of the. pil0 =tarifa.' 
13 Whitaker and Cooke(24) discuss thin criterion for piles tested at 

a tohUtant tate of penetration. 
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Order of drittag 

The order of driving refern only to the succession of pile driving. 

Too terms will frequently be used: first cud lest driven piles. Mot 

is intended is clear frouLtho content. 

Driving nettern 

The seven= in which the fcundat•ion posi•ions ere occupied by Piton 

in the driving pattern. 

The need for the last three terms to be clearly defined is =re. 
easily seen by an example. Consider the basic grid used in the experiments: 

square pith 5 piles along each side. Vic. 5.4 shoos the two driving 

patterns employed in the experiments to drive the 25 positions of this 

grid. Case 1 illustrates a 'centre to corner' driving pattern. The centre 

pile is driven first; thereafter piles are driven in a symmetrical 

sequence towards the corners of the grid. Cane 2 illustrates a 'corner • 

to centres' pattern in which the corner piles are driven first, the centre 

pile being the lest. If spacing is considered after all piles in the group 

have been driven, the two cases have the come spaclog; they differ only 

in the pattern used. If the arrangement is considered, for example after 

the fourth pile has been driven in both cases, the ,pacing is not the same. 

Not only is the spacing different as pile driving continues but the 

environment in the two cases is completely different. Compere the environment 

into which the 22nd pile is driven in the two cases. Clearly, there are 

many additional factors involved in the variable driving pattern.These two 

patterns were chosen because they represent the antrum conditions which 

ere needed to completely separate the effects of pile position from order 

of driving. Pig. 5.5 shows the tiro patterns when 16 piles are driven 

around the periphery of a foundation. 

Initial norositE 

The only time when the condition of the sand is definitely known, is 

before any piles have been driven. The porosity et this stage will be 

called the initial porosity. 



Pita drtvinc 
Full Beale pilen in vend are generally driven under arteries of 

impact loads. In this series of experimante, each vedelpile was pushed by 

hand at a relatively constant rate of penetraticn . They will however, be 

referred to as !driven' piles end the net of placing the piles as pile 

!driving!..1: 

5.2 'PROCEDURE =APPARATUS 

All the piles to be driven ware onspended in a guiding unit as shown 

in Plate 5. A test which included only 16 pilaw is.uhern for the sake of 

nimplicity. The guide unit consists of two 1/2 ih. steel plates, 1 in. 

apart with 25 holes, 1/4 in. dia., drilled at 112 in., 1 in., 2 in. and 

4 in. centres. Thin one unit could then be used to guide piles fot spacings 

of 2d, 4d, 6d and ed. Each pile is a eliding fit to ensure that it is 

driven vertically. The guide unit lecates on a rigid mate/ frame which 

stande clear of the container (Plate 5 and 6). The frame itself located 

on the floor with reference to the container (Plate 10). As the bottom 

half of the container is fined in position, the pilau are alwaye driven 

into the centre of the container. The frame is vertically adjustable for 

levelling the guide unit to 0.6 in. clearance above the surface of the 

sand (Plate 5). 
To guide each pile when clear of the guiding unit and to apply load 

to the top bead cell during testing, a pile head, 3 in. long, gust be 

fitted over the lead, onto the top of the pile.Uow the first pile to be 

driven is tired to the Baldwin and zero readings on the load colic taken. 

The pile is released from the guide plate end driven into the sand until 

a predetermined mark on the pile head baccman level With the guide plate. 

The toe of the pile will be at a depth of 4 in. below the original level 

qe FlominS -arried out a series of model tests with the plies forced to 
depth at'a constant rate of penetration and driven with a hammer. NO 
eignificant difference was noted in the ultimate bearing capacity of 
the piles. 
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of the nand. The load cells ere then read again. /To attempt is made to 

=sure the failure envelope during driving. 

Using the electric heist, the loading frtre is placed on the rails of 

the sand dopooitiog. cpparatus and =mod into position above the pile 

(Mate 6). 
AEplication of toed  

Load is applied actually through a vorm reduction gear. ti Donative 

proving ringimeasures the load transmitted to the pito through a frictionless 

ball race. To apply load to the driven pile without interfering yid" the 

piles suspended in the guide unit, a ram extension 7 in. long vas employed 

(rig. 5.6 and Plate 6). This cteal. rod transmits load by root° of a butt 

seating to trio top of the pile head i';hich lice rcmaited in position ninco 

driving. The pile head was made cc a eliding fit over ouch pile and through 

each hole of the guide unit, for it nuot ha easily rcmcvahio• fremtho 

pile after testing. Any load added to the pile head acts directly on the 

top toad cell, this load being equal to the value rmanurcd by the proving 

ring. 

Two 10
.4 

 in. settlement dials - two being necessary to coapensete 

for ram elearance'it the bush - measure the pile settlement with respect 

Co the rigid frame (Plate 6). 

Si Inlet 

ilith the pile under no added load, zero readings are taken on the 

lead-cells and the cetticumnt dicta. Incrarmntel loads ere now applied to 
44. 

the pile.'Hcch load is staintained by rmans of the proving ring', long 

enough for both load cello to be read. The actual time depends on the 

heating Characteristics, of the load cells; the longest time 'rewired wee 

minutes. Settlement vas read at the beginning and end of each load 

 

..• 11.• •14:1,..111•4 *Ivilt. 	 ...•••••• 

 

Simin•IWOOMNIMM 

  

Loads were appliod and amintained using the proving ring as a 'Tonsure 
of load. All single pile tests hoaever, are plotted. using load cell 
amasuremontn. See Appondin II for a further check on the calibrations; 
which the proving ring provides. 
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until a f ilur 

5.3 
Befor considerinG th efleets 

it 

rlv na \luBber 0 pile 1n S Del. 

Dingle pile d~ von into sand 

y sa . .. nfin1te~ . the fol1 ... ro ~ It 

1) til radius of ' . Band ound p -1 10 t1:\,,;et (';nc1.~gb to onsur 0 

cont·1ner effect (ee App Ix B). 
2) The sand in the zone to be affect d by <1r1 ~l5::1g lC pile b G not 

.been disturbed by any prcviou~ p1le driving; t c s.nd _8 therefor at 

. an· 1nit1alporos1ty~ ·To att fy t is co. itt n, the ~Oll,e ~unnot C~ in 

any previous!, driven pl1ee. 

!f piles ull~er thC!$G eondit1.ona nrc st ldica with the s~ at 
d1.ffet'ent ·i1i1.'tial Pbrcsif~ " tho . vi.cur a .... y ba corrQ12~ed 4treet1y 

w.i~h changes in sc:n~ poro:!1t,.. Wll!.\n discuss;.ng tl c: v~.l"1~ility and 

reproducibility Qf 'S~j1d deposition (fJacticn S. 0 cn~ 3.7).1 the 4!"OSU1C8 

of eOfJ1:8 C4\rrled out . ., .. four initial potosi-tics \':Cl~e given 8 e.v1dence · 
(1iS. S.6'>.· We shall Uc;rY7 eonsidor ·thestosts in granter d tail. 

Bar .load ' fter:cltt~M 
A pile driven irtto Bm~ at thi~ porosity to ~ de~th of 74 in. (29d) , 

~lnt~_n$, when the exte~nal pile d~1vlftg fo·cc hc~ b en releasod, 4 

small but significant: pC)3iti e 'j,ase 10M. ~iD lC:l ~~st be bal211ced by 

an equal and opl'0~ito ohnft loe ' ~ let. Jinz tb~ ::i.lc und~r .:1 slight caqlressi'CWl. 

rig. 5.·7 Dhows an ide~iimed fail~rC! envelopo of the pile 'from the Burfac •. 

The h'as.e and shaft 1'oa4 "u1.1d up as shown'. fjh~n tha depth bas been reached 

and the drivins. fQrcQ' "telellsed, the ase load 'l:CtUi:i.'l.5 to :1 stnalJ. positive 

valuo~ "bile the "shaft: toed returns first to zero Dltd thel) bcc:cmca 

nega.tive. 
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rig. 5.0 shown the relaticn between the base load after driving and 
tract initial poropity. It can be teen that c pile driven into denix 
Band -maintains a greater compressive load al7ter driving. 

tensl-settl&nnt behaviour 
yis6  S.9 ahows the /cedmicettlement diagrams. The irportance of a 

porosity change of 3 .per cent is otearbrzhewn, not only in the ultitate 

bearing capacity which inward than dcublcd but also in the initial 

slope of the curves. All piles fail at a settlerent of appronitotely 

t per cent d. 
Load Ointribiltion, between bane, and shaft 

When a load in added to a pile, part of that load pi l be carried 

by the base And the remainder by the shaft. In order to chio clearly how 

this load in diatribUted at any bettlermt, load“settloment diagrams 

with the base and shaEt originattag from rate pill be considered. These 

loads are ',added loads,. 

The load distribution in essentially.  the same for all porosities 

studied. Fin. 5.10 oho', n a typical test result, tht porosity in this case 
bin 42 per cent. It till be seen that the load is carried predominate/y 

by the base at all Settlements, failure tf the pile being brought about 

by failure of the base: 

It will oleo ba doted in the figure thnt the shaft Load is fully 

Itebilised at a smaller settlement than the base. In adding a load to a 

pile n greater anttiement latequired to pebiline fully the base load 

than the shaft.Let us re-a:canine the existence of a base load after 

driving it the light tf this information. A greater unloading Battlement 

wilt be reilnired tt release the base load than the thaftandeed, this 

entire recovery is never fully realised; for, the shaft load decreases 

to zero and builds up negative. When this load balances the base lead!, 

no fOrther recovery.octUrs: In rig. 567 the unloeding behaviour has been 
Shown.' 
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The bead-settlement behaviour of a cilamay beconeidered in terms 

of 'total loads', inuhich the originel ceer,reesive load on the pile in 

inclUdedi The ctn 	are the care nn for ne.ded lords =opt thet. bace 
and shaft load do not originate from taro. Fig. 5.11 reprecente the came 

test dhown in rig. 5.10. As /cede ccnsidered with respect to en absolute 

zero tat= before pile driving heve been celled total, the curves arc 

chown as boo, shaft,end beep 4- chat. %n angle pile taste, base 

chafe load equals total lord:  in the grenptests this is not the ceec. 

ror the celce of cent:tete:ley, the cum nemenclature 	be uccd throughout. 

Xt should be remarbered hcraaver that the chaff load is the difference 
batmen the other two reeenuertntc. 
5.3(0 A, Sinslc Pile in sand,CcptrininT: pyk=yilen 

All piles were driven to a depth of 41: in. into nand initiclly at 

42 per cent porosity. 

ACTAL.12..d.latt-CIF.2131".  
The first driven pile maintain: a base load of about 0.2 lb. 

Succeeding piles maintain greeter loads. In order to compare this effect 
at different npecings, tens uciug a centre to corner driving pattern 

will be considered. rig. 5.12 SLCU5 the bar:c load after driving, as n 

function' of the order of driving for the 4 cpecinge used. Por every 

spacing, the bate load on each succeeding pile ineuaacas rapidly until 

between 12 end 16 piles have been driven; ehoraND 	the increase fa 

relatively email. 
Lend-settlement behaviour 

Each pile is store difficult to drive then the previons'ene. The 
load-settlement behaviour manifests the greater driving force required. 

The total lond-eettlement diagrams for 6 piles tested after driving 

at a spacing of 2d are shown in Pig. 5.13. 
1,11.0•2•••••••••••••••••••••• ••••••••••••••,••• 

+ All cingle pile taste Imre carried out before any other piles had 
been driven. 
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Tho greatest change in behaviour =lire Stith the first feu pilee 

driven. To :lieu this effect for different spacings, .t is cenvenient 

to represent eneh curve by ene pant ' atirzte beering cepacity. In 

Fig. 544 the remits( for the centre to corner driving pattern ere ehoun. 

It can be seen that the ultimate bearing cepecity increasee repidiy with 

the first feu piles driven. After tbout the 16th pile ht,. ever, little 

increese occurs. The changer in locd-settlerent behnviour uith the usior 
of piles driven in vary airlift,: to thorn noted for the base load after 

driving (cempare utth Fig. 5.12). 

A.S(p) find Corlaction nurinpirile DrivIna 
. VC may new compere the behavicur of tingle pilee in sand containing 

piles with single piton in veal -infinite send. If Fig. 5.12 and 5./4 
are compared with Fig. 5.8 end 3.6 respectively, it will be seen that a 
decrease in porosity eeeurs during pile driving. F13. 5.12 and 5.14 both 

char that the greatest change in porenity eccuro with the first few 

piles which are driven. 

In order to include the resulto ueing a corner to centre driving 

pattern, it in necessary to consider the reIaticn between bnec load after 

.driving and titivate bearing capacity en the neve pile when tested. 

Fig. 5.15 chews this relation for piles driven into nand containing piles. 

It 

 
will be seen that the greater the base load eft= driving, the greeter 

in the ultimate bearing capacity when tented, inependent of the driving 

pattern. In Fig. 5.16 the relation for pace in cemi-infinite send is 

she= by a cella lino. in thin cane the initial porosity into which the 

piles Titre driven is given along the top of the figure. Included in the 
figure an a dotted liue is the previous relation. That the two relations 
arc relatively similar is con intent with the ccnclucion that pile 

driving causes sand compaction. 
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Other chenges in. the nand due to  nile drpino, 

• AInter. driven pile entera rend vhieh Lee been prestrateed end 

which has been 'reinforce:at by previouely driven piles. Inherent 5.n 

Fig. 5.15 is the effect of 't 	eceendery fectore. 

5.3012agsffsat of Drivin Piles ct 	hea ntrz421 been Driven 

Let tie =amine this effect with 25 piles drivan zit ltd spacing twins 

a centre to corner driving pattern. The centre/ 9 pace having been 

driven, the be cell of pito Re.Z in mei:bele:Iced on the Daldnin until 

heating effects bac= negligible. Uith the tense cell continuously 
Tonsuzieg load, the =reining 16 piles are driven. is each pito ie being 

driven, any change in the bevel load on pile RO.8 is rennured directly. 

This test is e;:trernly accurate. Chenees in load of 0.03 lb. are eignificent, 

for the only trey that the reeding on the cell can 1.e. affected in throudh 

nn alteration in the nate of stress eretnd and beneath the pile. The 

base load on 'pile No.8 after each cuceeeding pile hex been driven end 

the driving pattern which reel used, are shorn in Fig. 5.17. As the effect, 

of driving the 9th pile= not Tonsured, the initial base load after 

driving 0.54 lb.) vill be token as the starting point. Driving pile 10, 

reduces thin toed to 0.31 lb.,tcbile pile /1 increases the load but not 

'to its original Value. As the remainder of the piles are driven the base 

load on pita 8, alternately decreases end cIi&tly increases, the factors 
controlling this behaviour being inherent in the pile dtiving pattern. 

Each change in load Paused by driving a pile should be correlated rein • 

the poeititn of the pile tillich ;Tao drivenleince each change in erperinontelly 

significant. 

• After tilt 18th pile, at remaining piles reduce the load, but the 

change is rolativarcfts/1. In the figure, the final value ater driving 
the 25th pile appears negntive, rich =alas physically afinite gap 

batmen the haul of the pile and the rand. As the initial 'load in subject 

to acme error acid the effect due to driving pile 9 vac not seeuured, the 



absolute load is anbject to a slight positive or negative error. There 
ic ra doubt It fever, that the final hese load cn pile 8 call be very 

close to sera. 
The 8th dritan pile vac chosen been= the initial base load Is 

relatively large. The affect of driving the first 9 pilot) on pile 1 um 
also insecure& The es= trend occurred. The base load, initially only 

about 0.2 Mug  'had decreased to a alight negative value after driving 

the 9th pile. /ndeed, pile IT  8 and 9 caused little change, in the 

base load on pile 1. 

Single piles have been ostminod from the point of viols of under. 
standing the bohavibur of pile. foundations. Only factors which are 

relevant to this us deratanding have been cenoidered. 
Ttlo itportent points have &arced frost this study: 

1) Piles compact and. 

2) Driving piles vIll reduce the base load on piles already driven. 
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6.1 PREPARATION 

In Chapter 5, the method of individually driving the pilee was 

described. After all the piles have been driven and specific ones tested, 

the guide plate is removed. Plate 7 shows the 16 piles at this stage. For 

the piles to beccme part of a foundation, the tops are cast in plaster 

as part of a rigid cap, which bears on the send surface. 

To cast the piles as part of a rigid cap and recover them afterwards, 

requires pile heads which may be freed from the piles. These fittings 

become part of the casting and are removed with it, leaving the piles 

in the sand. Load is transmitted to each pile through its pile head 

which bears on the cross-sectional area of the tubes extending from the 

top of the piles (Plate 7, Fig. 6.1). The pile head must be a sliding 

fit over the tube to fulfill adequately its two functions''. 

When the piles are driven, the surface of the sand around each pile 

follows a curve* as chop n by the dashed line in Fig. 6.1. The pile head 

is then guided over the flexible tube containing the wires and fitted 

into position, the bottom edge cutting to coma extent into the sand. As 

was emphasized in the description of the model pile (Section 4.4), a 

relative movement must occur for load to be measured in the pile. Point 

a will move down relative to b. To ensure that plaster does not seep into 

the sand and join these points together, sand is placed around the pile 

head bringing the surface to the full line. When this procedure is followed 

for all the piles, there will be an annulus of send, placed by hand, about 

1/8 in. wide around each pile head; the remainder of the sand surface.  

has not been disturbed since the ales were driven. 
1•ILIMMOSIMAPIVIONIN••• MVO. 

-I- Each pile head was individually fitted to one pile. 

This curve depends slightly on the spacing and driving pattern. 
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Wet plaster placed on the aurface of dry sand results in a damp 

cone of nand to a depth of about 2 in. below the plaster. To prevent this 

water entering the sand and to further ensure that the top load cell is 

not prevented from straining, the surface of the eand is now sprayed with 

hair setting spray4. An impermeable, flexible skin of sand approximately 

0.03 in. thick is formed. 

The send is sprayed to about 6 in. each side of the piles to allow 

formers and a holding frame to be placed on the rend without disturbance. 

j)late 8 shows the wooden formers in position and the aluminium frame 

which prevents them spreading when the cap is lowered. The formers are 

pieced against the pile heade; the foundation width (w) is therefore: 

w 40 d 

where s(pi/e spacing) 	2, 4, 6 or 8d 

and d 	1/4 in. 

The inside and top of each former is coated with silicon grease to facilitate 

its removal when the plaster has eat. 

The plaster used is a high strength type. The powder was mixed with 

poly-vinyl acetate (?.V.A.) to an easily pcurcble consistency. 

Caqtaii.atSag 
The metal part of the cap is euspended from the rails of the sand 

depositing apparatus; it nay therefore be raised or lowered at variable 

speeds (Plate 8), The cap is held at a height such that each pile head 

is located about 1 in. inside its respective hole in the cap; it in much 

easier to locate the pile heads before plastering, particularly when there 

are 2, 

4- The hair setting Spray used had a shellac base. 

4 The damp zone of nand observed with the unsprayed sand surface was 
not as deep with 

	
aa water; the strain under the loads used 

in negligible., 
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Plaster is placed inside the formers using an icing set until the 
level is slightly above the 3/4 in. width of the formers, care being 
taken not to trap aney air. The cords ore removed and the cap lowered into 
position. Emcess plaster is squeezed out, et the edges and up the holes, 
as the cap is levelled. The level to which the plaster is forced up each 
hole is shown in Fig. 6.1. 

After about an hour, the formers ma....7 be safely removed. Foundations 
were left at least over night however, before tenting. 

6.2 TESTIFIG 
The load cells are wired and the loading Era= moved into position 

(Plate 9). Load application is essentially the same as in the single 
pile tests. In thip cane however, the load is transmitted to the 
foundation through a short, plane-ended ram extension which bears on a 
halZ.ball seating. Three 0.001 in. settlement dials at the corners of 

the fotindationimesure eccentric aettlemont in addition to the two 10 in. 
dials on the tat. A3 with the single pile tests, settlement is measured 
from the metal gra= (Plate 10). 

The heating unit is turned on approximately 12 hours before a test. 

All the tests were carried out in the =ming, the room being on the 
west side of the building, temperature changes were small. Plasticine 
was placed around the openings to the pile heads, to increase the 

insulation of the load cells (Plate 9). DuH.ng a test, air and sand 
temperatures were measured. 

With the weight of the proving ring acting on the foundation 4; 
zero readinga are taken on the 50 cells and 5 settlement dials. Incremental 
loads are then applied and maintained, while the 50 cells are being read. 
Settlement readings are taken at the beginning and 	end of each load 

oce 	*eraftes•-rnIrvuocrmwssea. 4b2areet-sarAqoaa 	 wIcTs. 	wevammolso 

-I- Proving ring calibration under these conditions is =re accurate 
then if suspended. 
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increment. Approximately 11 load increments conntituto a test, which 

takes about 2 hours to complete. The actual loads to be applied were 

determined before a test, the increments being closer together at low 

foundation bade. 

Change in load distribution with creel 

As each load was maintained between 10 and 15 minutes, during which 

time the foundation continued to settle, dhansc of load distribution with 

creep had to be considered. To eliminate this possible error, reading of 

the piles war, random. Thus, the 4 corner piles, which were either the 

first or last driven, were the 11th and 12th, 17th and 18th, 35th and 

36th, 4th and 50th cells to be read. In averaging these 4 pile a4", one 

averages the effect of creep; similarly with the other pile position°. 

There is however, only ono:centre pile. It was always read at the 

beginning of the sequence and again at the end. Slightly different values 

wore obtained at high loads but the difference is tot significant. 

Meqsurinstoro stabillya 

Either the morning before or the mornins after a test, the zero 

stability of the gauged was measured. The to 	apparatus was in the 

same position as during the tact: and the cells had been heated for the 

same length of time. Load cell and temperature readings were taken about 

ovary 20 minutes Over the same 2 how: period. 

Dintantlim_pe foundation 

The cap wan raised, using the and der.ositing apparatus, olloe again 

as a variable speed hoist. Metal cap, plaster and pile heads acted as 

one unit, leaving the piles in no cand4 The plaster was then broken 

away from the meta/ cap and pile heads. Onense placed as shown in Fig.6.1 

facilitated this proceso,• but it was still quite difficult. Sand which 

had been sprayed was diocarded. The piles were dug cut of the sand and 

carefully checked before beginning another test. 
oncuryn sogausa-a•sermailten.wirmver 	 vrieratnoramscar-TorsinetemAlo r.syra "mt. u.nrete. ry ,alAt 	It. 	LW • 0.14,11 maw tvosarrovemx 

4- This point is more ''1113.7.7 disenosed tnao.12 Vrethod of Analyeis. 
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6.3 MEM OF ANALYSIS 

Averngins pile loads 

Pile loads have been averaged in terve of position. This method 

cancels out the effect of any, slight eccentric loading on the foundation 

as well as averaging variationt in porevity and the effect of creep. The 

pile positions were ohooen with this method of analysit in mind. Those 

piles whose calibration otly reproduced to 10 per cent and which required 

zero stability cortectionsewere pieced rondo:Ay throughout the groups. 

Tilts, the accuracy of the e-vertge: values is appronimately the tame. The 

pile chosen for the centre position however, was the root accurate pile 

Of the 25. 

In the group of 25 piles used, there are 6 positiona. These position's 

and the syebols Mead to tepresett them are sheen in Vise 6.2(A).Eadh 

position now has en eves-age order of driving, the value of which depends 

on the driving patterns 	The average orders of driving are also shown 

in the figure' for the 2. petterne used. 0tders of driving of 1/2, though 

not physically possible 4Tb reel points in a relation involving order of 

driving as a varieble. Clearly, in avarnsins pile positions, snail ranges 

of the variable order of driving are also averaged. 

Lens. 6.2(D), 16 pileS are ccnsidered. The petition nearest the 

corners, in which there are 8 piles, hat been divided into 2' aymmetrical 

Units of 4 piles each, to show `the effect of order of driving on. the 

sanopoaltiee. • 

Averaec itnediate settlement 

All test results have been plotted in terms of average immediate 

settlement. The average oettlekent of the corners reproduced the average 

ram tettleeent. Eccentric vett/emlt and the eeeeeducibility arc considered 

in Appendin 0. 

Added loads 

Driving a pile into send reduces the compreseive load on piles 

already driven. While this effect has been established, quantitative 
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Measurement for each Spading and driVing pattern %: as beyond tht scope of 

thin project. Consequently, rhon all the piles have been drtven, the 

absolute vtlues. of base and shaft lead cro not %nom. In fording a 

foundation a might of Vdtal and plaster In added. This load in distributed 

to the cap Std 
..
to  the' bast and shaft of the piles. Each test %las begun 

trit14 014 additional load (6.8 ./b.) on the foundation duo to the proving 

ring .and settlement dials. In all canes, oar° leads are considered from 

thin condition; all. Ueda are therefore added loads. Entrapaction of 

individual pile cilrfts to distribute the sere load confirms the 

validity of this. proatdure.The taNitum er:zor eNisting :in the lent day= 

piles in 0.31x. An the error is positive, the results co considered are 

if anything,. conservative. 
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7.1 =EMOTION 
• When a load is epplied to a foundation the load distribution within 

the piles is initially'dependent on the cr,IcIr of driving; the last driven 
piles carry more load than the first driven. With increasing loads, the 
position of the pile becomee importent; the centre pile will carry the 
most load and the cornets the least, :Independent of the driving pat ern 
adopted. 

The pi/0 load distribution becomes more uniform as the spacing 
increases. At close. spacings, the lest driven piles carry as nuch as 
four times the load carried by the first driven, while at wider spacings 
only about one and one half times; about 75 per cent of this lead in both 
cases in taken by the base of the pile. 

Load distribution within the individual piles must be considered in 
relation to the behaviour of the whole foundation. Piles have the greatest 
effect on the load-settlement behaviour of a foundation, at settlements 
where order of driving is the operative factor in load distribution. At 
greater settlements where position determinea the distribution, large 
foundation behaviour is controlled by the cap while a email foundation 
has already failed. 

7.2 THE EFITOT g ormmor DRIV.7G.ON PIIJE LOAD DISSRIDUTVN 
A comparison of two tests' using 16 piles, zest clearly shows the 

importance of the last driven piles. As bath driving patterns were used, 
the corner piles become the first driven in one case and the last driven 
in the other. The results are shown in Pig. 7.1. Load is initially distributed 
to the last driven piles whether in the corner or sidepo'sitions. Until 
a settlement of 0.010 it. is reached, the two tests are remarkably 
similar. Thereafter, position modifies the behaviour. When in the corner 
position, the last driven piles fail, exhibiting a prominent peak load 

and at large settlements, the distribution becomes reversed with the centre 
piles carrying a' greater proportion of the load. In the other case, the 
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side pilea fail but, being in a 14.01:0 favourable position, continue to 

carry more load at all settlements. . ' 
In Fig. 7.2, the pile berm load distributicn for each toot is given. 

It till be seen that the cignificance of order of drivine lies in the . 

load carried on the base of the pile. 
Tuo tests uith 25 piles, using both driving patterns provide further 

evidence for the effect of order cf driving. The piles wore spaced et 8d, 

making the total width of the foundetion 33d. This is nicest 4 time the 
width cf the previous foundation. Pig. 7.3 chew the results of the tette. 

As with the stall foundation, the distribution at tmell sottlemonte io 

dependent on the order of driving while nt large eettlemante„ pile position 

is the significant factor. 

The base load distribution shows the ncu pattern (Fig. 7.4). 

7.3 PILE LOAD DISTBIBUTION AT DIVVBRENT spAppre. 
Using a centre to corner driving pattern, foundations containing 

25 piles wore tested at spacinge of 2, 4, 6, end ea, the oleo of each 

foundation being 0, 17, 25, and 33d respectively. As in all tests carried 

cut, the pile cap was rigid (Appendl:t D). 

XlIe :moults of the four tests ro:e siven in I. 7.5, 7.6, 7.7 and 

7.3(A) respectively. In each case the pattern of load distribution is 

the seen. It is useful to study the curves on the basic of the failure 

envelope criterion used for single piles. At ciece spacings, only the 

outside, lest driven piles and particularly the corner piles follow this 

pattern; the load-settlement relation for the central 9 piles is practically 

linear. At wide spacings, ell of the piles generate a failure envelope. 

In the cases where the piles fail, this failure occurs progressively 

and less catastrophically frcm the last driven to the first driven. Thus, 

when the corner piles fail the load on the other piles, although smaller, 

is still increasing. The load distribution at this settlement is entirely 

dependent on the order of driving. 



The rlepe of each failure envelope depends on the Intle position, 

the centre piles having the steepect, while the opener piles the flattest 

which, at clone epacings is negative. With further incresoes in load, the 

differing failure alopee cause the distribution to be reversed with the 

centre piles becoming predominant. It is worth emphasieing that, where pile 

ponition determines the load dintribution, sane, if net all of the piles 

are behaving under failure conditione. 

As a rcesure of the effect of order of (7,nvieg en load distribution at 

different spacings, the 'cede on the centre and corner piles at which the 

difference in lead is the greatest, may be chosen. The relations between 

these loade and the spacing are  ehoan in Pig. 7.3. It can be seen that the 

distribution beccmes Imre uniform as epecing incrcasen; at a spacing of 
. 

approninately 13d, the distribution would be unite= . it is interesting to 

note that the settlement at which the greateet difference in load occurs 

La in 	of the spacing 4.e.independent of the foundation size). It 

is worth nenticning In paseing that this evileece and the fact that the 

last driven piles fail et appreeet=tely 	-Inif.1=C:11t suggests 

negligible scale effect. The settle-zent for ,each npacil13 In indicated in 

the figure; they lie between 0.00C in. and 0.013 in. (slightly less than 

5 per cent d). 

7.4 PILE BASE.LOAD DISTRIBUTION AT DurEnEqy SPLOINCS 

At all spacings (2, 4, 6 and ed), it is the load carried by the base 
of the piles which determines the load distribution. ,The base load-settlement.  

curves, Pig. 7.9, 7./0, 7.11 end 7.4(A) reopectively, follow the earns 

pattern as.previouely discussed. Order of drIvIng distributes load to the 

base of the last driven piles; piles fail when the base fails; progressiVe 

pile failure reflects the behaviour of the pile base. 
1147/610•014....X.T.41/1/•04..PerlyMpiliWIA,11V-PrOsIMM.I.I.11.1ar........e106.00.1.MIIV,WW 4•401.1100.1...4.e•••••/•.!•,.1111-..••••••••.../**101•Mr..R.....01.11  

2)  Schifx 	found that 25 U=4 wide piles driven at 12d were still acting 
in sand influenced by previous pile driving; while Deredugo (3) noted 
the effects of order of driving on load distribution within a group, 
to epecings of 9d in both loose and dense nand. 
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An the last driven pi/ea are the tont significant, their lotd.sattlemsnt 

curvae in terms of base and shaft, for tracings of 4d end 0d, aro given 

neparately (Fig. 7.12). 

tTa tiny nun raenCtitte the affect or cpacing cn toed .dintribution at 
onall nettlommntn (Fig. 7.0) in terns of base and Shaft load (Fig. 7.13). 
The figure shows that the pile bane toed dominates toad dintribution 

within the piles (c.f. Pig. 7.0, 7.13). The relation emtrapolaten to 

uniformdistributien nt appromirstoly 136, civil= to that shown in 
ris. 7.0. It In interesting that there is a slight variation of shaft 
load within the croup which !names uniform at wide npacincs. Thin is 

however:, insignificnnt than compared with the base centribution..Fig. 7.13 

aloe shoOs that the propertion of load carried by tato base of the last 

driven pips lathe same, independent of spacing. The centre pile at close 

spacings howevarlcarries:asmuch in friction as on the base. 

7.5 LOAD-SETTLEMENT 	 WHOI  

The piles censtitute only a part a the foundation. To establish 

that progressive failure of the piles dominates the behaviour of the 

foundation,,  us =mine the toad-aettlament behaviour of the whole 

foundation. All pile feundations studied, regardless of'spacipg (i.e. 

sloe of foundation), driving.pattern or number of piles, follow the same 

'general load.settlement pattern (1'ig. 7.14). The load increases Initially 

steeply, then. fellows a curve, of changing slope until a now relation is 

antablinhod..The curve of changing slope constitutes a, partial foundation 

failure.Clearly it is imposSible to pick out unione,points on these 

curves as it was in the analogous case of the single pile. However, the ' 

sole of partial failure for all foundations lies.approNimately between 

a settlement of 0.005 in. and 0.030 in., nn shown. In the larger foundations-,  

1particularly the largest.- furl:bar increases in iced give rise to a 

'relation Which.indiCatee the importsnce of send comprossibility. Indeed, 

the foundations having widths of 33d and 25d are very far from catastrophid 
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failure at Londe of 1000 lb. and 750 lb. respectively. Vor the cmal/ent 

foundation, the cone of partial failure, when considered on a failure 

envelope criterion, in =plate failure. 

y.p 10‘11DISTITIBUT1011 17/T147411 1. roupwrgoil 
Partial failure of the large foundations and emplete failure of the 

mall foundation Li a manifestation of progressive failure of the piles. 

That only a partial failure cocurs ia the large feundaticts in due to 
the influence of the cap. 

Consider, es the ft= example, the largest feundation ntudied. The 

load distrtbut*twithin this foundation in terms of the sultmation of 

pile loads and cap had is shown in riB. 7.15. Clearly the pilot) fail. The 

effect of this failure on the vholefoundaticn behaviour Trey be seen. 
It io.useful to refer to vigo. 7.3(A) end 7.4(A) to see the progressive 

mature of the pile failure. It will be seen that failure of the /ant 

driven piles, Tore specifically, the base of the last driven piles, 
initiates partial failure of the whole foundation. 

Let up no =amine the nmallest foundation, when trhore are only 

16 pilea. The ttat using a contra to corner driving pattern is shown in 
Fig. 7.16. The behaviour in similar to the large foundation,but the piles 

mart a ituch greater influence on the whole foundation. The failure 
envelope for the piles is reflected in a foundation failure envelope. /n 

fact, the whole foundation may be considered as one shallow pile. Using 

a failure envelope criterion, failure occurs at a settlement of appronimately 

5 per cent d.!!ost significant in the foundation failure, in th's load 
Carried by the base of the last driven piles(c.f.1711;. 7.16 with 7.1(A) and 
7A,2(4) )1 

The foundation load distribution for en intermediate spacing (4d) is 

shown in Pig. 7.17. In this case, the behaviour of the piles causes a 

partial foUndatton failure. The progressive nature of the pile failure 

which is again a refleetida of the pile base failureany be seen by 
'referring to Fig. 7.6 and'7.10. 
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Co Ear only err ?es unin3 a centre to corner Inttern have bean 

awn. pit. 7.18 cheus the 'distribution in the 1a yeast foundaticnwhen 
a corner to contra pattern in used. In thin ease, the none of partial 

failure in store confined. Cempririson yin Vig.7.3(13) and 7.40) °ham 
that there it no prosressiw p{ le failure. They all fail at appronimately 
the nent nettIerrent. 
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Per the Cno driving patterns'which repoesent the =tram conditiono;  

it hae been Shaun that load dintribotion within a gocup of pilos is 

initially controlled by the order of driving and independent of position. 

To seek an enplonetion for this behavioer we rust therefore consider 

effects which mly be correlotedwith the :.equonce of driving piles. 

wroy.img.s x : ILeter driven piles carry more load initially baceuso 
the nand into which they aro driven ie denner.1  

Lot uo concider (Angle pile behavieur on evidence. rho increase in 

ultimate bearing cepacity and cempoezoive toed after driving;  have boon 

correlated with a decrease in porosity (Vi.;;. .6 end 5.8 ). The greatest 

change in porosity eccure when the Eiret few pile:, are driven (Fig. 5.14 

end 5.12). If poropity were the controlling factor, one weuld expect this 

somo pattern to recur when the pileo eteromt of a foundation. The toad 

dintribution within the piles fey a cpocino of 4d, is chasm in Fig. 8.1 

as a function of the 	order of driving. Londe have boon taken at a 

settlement of 0.008 in., whore the difference in lead between the first 

and last driven pilee is the greotcot. It will he ceen'that the first 12 

piles carry oppromiMately the cone fond; the greeted increase occurs 

within the lest 9 piles. The ultimate bearing cepaeity of the 12th driven 

pile (ac a aingle pile) ie practically double the first; yet;  when part of 

the group;  the lard it carries is little greater than the first. 

The evidence does not therefore support the ebove hypothesis and 

we must seek come other emplenation. 

143/Mylat6IS a : Mater driven piles carry mere toed because the sand 

Onder those piles is initially otreseed.7  

Lot up COeider once again;  piles ppaced at 4d. The 8th driven pile 

maintaits.after driving;  a empressive lead of 0.54 lb. Driving the 

remaining piles reduces this toad to ooze (1'3.8.5.17); there May in fact 

be a finite gap below the pile bee°. It is physically possible for the 

send to arch tar= this dietence. The lest driven pile howover;  still 

mointains a compressive load of 0.78 lb. 



• Let um now ermine the state of ntreso beneath the bane of these 

two piles. Imegins sarplan of nan.1 dimetly benaath tile pile bases having 

the snm dirinater ns .the pilot and, 1)y analogy with the trianial test, a 

hcisht of twice the pile diameter. Ins. 0.2 shcws the otrennos acting on 

these snmptes when ell 25 piles have been drivan, ramp/a /4 directly 

beneath ttict eth driven pi/e and sample 	directly benta*the 25th. The 

vertical otrous is n contect Treccure, which cn sample Bb  'requires for 

equi/ibriumL n lateral otress of certainly more then 4 psi. and probably 

about 8 poi. The enact valves of the stresses are not important when 

compered with those acting on sample A; for the vertical otroco hero is 

naro and the lateral ntrenn appronimately 0.2 pain 

Since tho.foun4tion is risid, any g.1,.. en foundation settlement will 

cause the came strain it both scaples. ror a settlement of 0.00B in!, at 

which there in the greatest varictict in load distribution, both camp/es 

snot: Strain appronmattly 1-.2r per cent. Clearly, a amch greater load is 

required to otrainaapple B. Therefore the lant driven pile which is 

.cempressiris this sand, tales tech mbre Ica. 

Thio Itpothenio net only accounts for the load being taken by the 

last driven pila:0,jut eine for the Ica /cads tehen by the 8th driven as 

well an the firsts Man all 25 piles have been driven, the initial 

stress beneath these pilau in practicslly the same. 

The effect 0$ driving a greater ma= 	piles can' alto be understood's., 

Mth 16 pilen at 2d the lest driven piles carry a load comparable to the 

last driven of 25 (c.f. rig. 7./(A) and 7.0. Fis.5.12 chos, that when 
there are only 16 pilcn, the hese load after driving en the 16th in also 

=parable to the base Iced of the last driven of 25.That the /6th pile 

In a group of 25, carries ouch a small load is a result of the reduction 

in ctrodc beneath this pile caused by driving the remaining 9 piles: 

Although the Wartleai strana Under each pile wan not =lamed after • 

,all piles had been driVen, it apponre that an important j 

relationship enints between this stresn and the load-settlement behaviour 



S9 

of the pile. The initial load carried by each pile is controlled by the 

stress-strain properties of the sand dii.cctty beneath that pile. Por a 

centre to corner driving pattern, nattlemntsvhieh cause the Zest driven 

piles to fail are required!, before the stress =ditto= beneath the 

centre/• pike are greatly influenced 1* the load carried tyy the ()Utak% 

piles. 

Driving the model piles caused the surface of the sand to heave 

Mete 1k). }leave is often observed than full scale pi/es are driven 

Into sand. If the sand contains pilesb  en upward novement of these 
piles till occur (Section 1.2). SUch a novertent could cause a reduction in 

bean load (ic. reduction in sand stressing). 
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INTRODUCTXON 
MimIOMMIO .••••••••••10,4•••••1.01.11 

Terzsghi and Peck(23)(P.438) cuggest a pile spacing of between 

2 2—and 4d as the moot economical •for piles driven in sand. Whbre piles ere 
driven in cluaterS4 with the structure resting on pile footings, they 
advocate driving the contra pile of the cluster: first (P.409). Mtn the 

piles arc to be spaced uniformly a specific driving pattern in not 

suggested. Pig. 7.5 end 7.0 reveal that the effect of order of driving 

is greatest at spacings of from 2d to 44. 

Eximm :-DPIVING mng IM. SAND OP.  UMPORIA DEIISMY 
Lot us consider the foundation shown in Fig. 2.1 and the possible 

consequences of disregarding tho pattern of pile driving. There are many 

possible driving patterns for these piles. rig. 9.1 :has one,enample 
in whidh the piled have been driven from one side of the foundation to 

the other. _When the piles are capped and lead is applisds  thero is a 

likelihood the foundation will tilt, for the last driven piles aro 
concentrated .on ono side of the foundation. . , 

Pi/es Should be driven from the centre toward the oUtoida of a 

foundation. Pis. 9.2 represents a pattern which is economically feasible, 

assuming .only one driving rig is availobIe. /foreover, this foundation 

uill 'be nuoh more Stable. 

EXAVPL8 ? : DRIVIUG  munv:mPoft.uravomDEEMMES.  
Zn practice, deposits .of• sand are usually variable in denoity. 

tang a method of probing, zones of loose send may be located. Pig. 9.3 
ohms d possible tituation in which a structure is to be located in the 

position chem.. There are rainy ways in which this foundation may be 

designed. Let us however, consider the possibilities of using u driving' 

pattern to compensate for the density Varintica. It bee been shown that 

piles compact sand and that the last driven piles carry more load that 

the first driven. Using thiS information the driving pattern shown in 

Fig. 9.4 is suggested. Zn leevins the loose cone until the last:  tot 



(2 

only will. it be sertwhet denser then originally, but these piles being 

the last driven make the umet efficient use of what will still be 

slightly looser, sand. 

Alternatively, more piles could have been driven or the piles 

driven to a greater depth. This example has been given to chow that the 

engineer has another, more rational factor at hie command in designing 

foundations on variable sand, 

EXAMPLE 3 : THE NU!3ER OF PILES • 

Although one gains it driving an extra pile, it seams also that 

one reduces the effectiveness of piles already driven. It is useful to 

compare Fig. 7.1 with Fig. 7.5 from which it can be seen that the 

contribution of the eXtra 9 piles was relatively insignificant. In 

driving 25 piles at 2d,the first 12 piles were relatively useless. Before 

a decision is.made ft drive more piles therefore, one should be aware 

that in so doing, the potential load carrying capacity of piles already 

driven is being reduced. 

MAME 4 : VERTICAL STRESS DISTRIBUTION 

Different driving patterns can alter the intensity of vertical 

stress beneath a foundation and therefore the Battlement. If the load 

carried by the top cap and pile shafts it neglected, vertical stress 

within the sand maybe calculated usinglandlit's eqUation based on 

the theory of elasticity, for the stress due to a point load in a semi-

infinite mediUmf18)  

The largest foundation with the piles spaced at 8d provides the best 

example. Fig. 9.5 shows a sectional view through the corners of this 

foundation thWhiCh.the vertical stress contours have been drawn using 

the actual experimental values. For both driving patterns base loads were 

taken at a foundation load of 100 lb, at which the settlemtnt for both 

cases was approximately 0.005 in. It can be seen that the sand is stressed 

to a greater depth when a corner to centre pattern is used. With'a centre 
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to Corner pattern, most of the tend is dintributed to the sand at the 

the load it concentrated in the four Corners; whereto in the other =at. 

bine of 	piles itching the curtrzkicn of otrene nuch greater. 
With a corner to centre pattern, rare loci in cerried by the pile 

banes. The go/lowing table GiVOD a ocmparicen of the Z.:initiation load 

distribution for the .taro patterns: 

Centro to Corner Corner to Centro 

Bette Load 55 lb. 6/ lb. 

Shaft Load 16 21 

Cap Load 29 10 
4011.00,  sarraratx.r.• 	 IMII~01161.•••••4100 

1CO lb. 	g lz /CO lb. 

The streso contoares in rig. 9.5 ere however, a redult of the different 

load distribution within the piles for 'the two patterns; that the 

surnption of base lead is slightly greater in ono case affects the 

centaurs very little. The difference in load carried by the cap and pile 

ahnfto on. the contours in ineignificant; indeed, they tend to cence1%. 

each other. It should be evphasized however, that rig: 9.5 does not . 

repreaent the.  actual perdentage of ttWe55; COW, not only have pile ahaft 

and cop load been neglected, but the initial strees due to the beat load 

efter driVing lien not pearl considered. What is of significance hero, is 

the difference between the tub patteras; the latter factor will increase 

this difference. • 

Fig. 9+6, chew the areas boneath the centre of the foundation of 

Fig. 9.5. It can be seen that: the tend it rare hidbly stressed at all 

depths ulth a corner to centre driving pattern. 

Pitlett0115.211011;11 

Althoughtnord load id taken by the piles with a corner to centre 

pattern, rig. 7.14, reveals little difference in the foundatlon settlemint; 



64 
in fact, a slightly greater settlement occurred. The reason lies in the 

greater stress to which the sand is subjected at any depthl. 

If uniform sand extends to a greet depth, little is gaited fran 

the emtra force required to drive piles in a corn= to centre pattern. 

Indeed, if a soft clay or silt band emiets at depal,fehg.60d), much 

larger settlementa emy occur , while a redection in settlement could 

be achieved if bedrock occurs at the came depth. 

EXAIRIX.5 REDRIVING PILES  

The Code of Practice on Pcundations (1954, p.67) edvicos that: 

which have risen as a remelt of driving adjacent piles 

dhcad be redriVen.to the original depth or recistanco, utlens redriving 

tests on neighbouring piton have ehema this to be unnecessery.0  

Such ;a recommendatien anticipates order of driving as a significant 

factor in pile load dietribution.The degree of significence of this 

factor as shown by the present research demands a close emeninatict of 

the recommendetion for piles driven into sand. 

The following assumptions are implicit in the recemmendations 

1) Thet.the load tarrying capacity of e pile which has risen on 

driving adjacent piles till ba reduced when part of the foundation; 

2) That the =hint which driving adjacent piles has caused a pile 

to rise in one valid criterion of the decrease in potential load 

carrying capacity when part of the foundation; 

3) That =driving teats on neighbouring piles is another valid 

criterion of the pile behaviour when pert of the foundation; 

6). That redriVing the pile will =Ice it mre efficient when part 

of the feundation; 

5) That rodriving the pile will have little detrimental effect on 

the behaviour of other piles wham part of the foundation. 
Ille141.•••••••.11.• 

1-The two toots Stith 16 pike also oho w a greater initial settlement 
with a corner to centre driving pattern for the same reason. 
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Let us now examine each assumption: 

(1) , A decrease in the base load after driving has been related to a 

reduced pile efficiency when part of the foundation. Fig. 5.17 reveals 

that driving adjacent piles increased the base load on the 8th driven 

pile while driving relatively distant piles decreased the base load. 

Compare the effect of piles 11, 15 end 18 with 10, 13 and 16. The 

greatest loss in potential load bearing of pile 0 vas not caused therefore, 

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-settlement behaviour. A 

correlation involving the actual uplift may not be independent of the 

order of driving, however. 

(3) It is the state of stress directly beneath each individual pile 

which has been ehown to control pile behaviour. It is doubtful therefore, 

if redriving tests on neighbouring piles would give a reasonable measure 

of the behaviour of the risen pile. 

(4) and (5) The results of this research suggest that redriving a pile 

would increase its efficiency at the expense of other piles. The gain 

in the load-settlement behaviour of the redriven pile when part of the 

foundation, may depend on the order of redriving. 

While this research neither affirms nor negates any of the above 

assumptions, the indirect evidence which it provides does not support 

their validity. In implementing the recommendation in its present form, 

these assumptions are being accepted. Furthemere,any improvement to the 

foundation which a particular driving pattern might achieve (as discussed 

in the previous examples) way well be lost if the piles are redriven. 
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APPENpIX 
••••••••••••••••arearns.• 

EXPERUENTAL CONDITIONS kill) pcoEspms FOR  FURTHER UORIt 

The pattern of behaviour described is only strictly valid for the 

conditions of the enperiaent. These conditions are: 

1) The initial porosity of the sand was always 42 per cent (stadium 

dense). 

2) All tests were carried out with 1/4 in. dia.piles at a depth of 
1 7.— 4  in. (29d). 

3) All pilot were puohed to this depth at a relatively constant 

rate of penetration. 

4) The surface of the piles was smooth. 

5) The results are based on rigid foundations containing 25 ani 

16 piles. 

6) Tuo driving patterns.uere used. 

7) No piles were redriven. 

8) They were model experiments. 

Of these conditions, initial porosity, number of piles and driving 

pattern are considered to warrant study first. 

The heave caused by driving piles could account for the low loads 

which the first driven piles carry, when part of the foundation. In 

loose sand however, a general subsidence occurs during driving. What 

effect does this have on previously driven piles and therefore the load 

distribution within the group? 

Fig. 5.17 shows that the driving of some piles slightly increased 

the base load on pile 8. Xe there a driving pattern and possibly a number 

of piles which would decrease the base load cn the first driven piles less 

then the pattern used in the experiments, therefore making these piles 

more efficient when part of a group? 
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A fundamental allay of loam distribution, in terms of the base load 
on each pile, after eti piles hare been driven would give answers to 
these questions. It would undoubtedly also prov3.de sufficient data for 
a thsorsties/ approach to the vrobleta. Tile author would lite.e to nee ;any 
field or laboratory study on driven piles in sand related to the trove=nt 
c7hich driving a pile couoes to piles c/roady driven. This 179u/d provide a 

•between laboratory and field rosults. 
Mich valuable model vorh can bo carried out slithout plies which 

measure brim and shaft load separately. Pig. 7.16thich Awn the load. 
settlement behaviour of the entire foUndation could have bean obtained 
store easily With solid pites• A study of the entire foundation behaviour 
ming the driving pat terno suggestedmith depth, porosity and =bet of 
piles as variables, would be extremely valuable for practical dosigs 
purposes. 
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41£171MDC 13 
dorrodjardeirevovirmi. 

LOAD CELL BEHAWOUR DMIVO DIME PILE TESTS 

During a single pile test, the load =cured by the proving ring 

Is equal to the load recorded by the top lead call in the pile. risaa 

chomp the correlation between these twommesureannts for single pile 

tangs at 2d spacing. Applied load has been plotted in terms of proving 

ring divisions as accurate calibration is iitpossible with a core tenalle 
1 

load-of 2— lb. 
2 

Included lathe figure are two errors other than the load cello  and 

therefore net inclOded it any of the single pile results. 

1) Sons leads  the actual amount varying from toot to toot, 10 taken 

it friction between the pile head acid the guide plate (llig.S.6). 

2)'The proving ring which has a calibration of appronimately 

0.04 lb/div., is known to be unreliable. 

The accuracy of the top cello 10 therefore somewhat better than this 

correlation indicates. 
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arEnDrit C 

IMPEODUCTIIIITa 0110.y? 17:573 
5.11'43 MOP. In AVETO,OIM CORNER rxr,r3 

ttia 13 tame carried out, test C was a repoat of test 2 and tent /3 

a rappat of tact 7. /tub',  not only in a chock on tho testing technique 

provided but tho afoot') of any change in the caneray otso be aeon 

(Fit. 3.7). 

Tests at 2d spacing (teat 7 and test 13) 17111 bo connIdorod in 

terms of error° in load and From in settlement. Pis. Clo and C.2 chow 

added pilo load rte a function Of the added foundation load. Cotvarison of 

tho cup figurea rovonts little difference in the rosults. Vit. 0414 Witch 

representa the tro foundation load-cettletant curves also oho= Little 

error. Zh all three figuren, it should be toted that =dingo three zero 
closely spaced at small foundation londa rho= pita behaviour is. 

oignificant. the =sults presented in Chapter 7 for a °pacing of 2d pro 

on avorago of these trio tests. 

Before considering the tents at 4d spacing (tato 2 and 0),, let tic 

enamine the error° hatch orico from avoraging the 4 corner Wes in ' 

one foundation (test 4). As rap dIocnosed in Chapter 6, this method of 
analyals evaragdP errors in porosity, toad toll behaViour and eccentric 

loading. A small refigeof the voriebto order of driving in a/co averaged. 
Once again, load And pate/matt nil/ be considored separately. Vigo C.4 
ahowo the inditidual logd on the corner piton as t function of added 
foundation load. It Waite soon that the error from the average is an 
large en q-20 per cent int= cams. /11 Fig.045 the error due to cettleacnt 

4. The =rotation chant in Ms: 3:7 it only pocablo boom= of-the 
vary groat sensitivity of ultimate bearing capacity to changer) 111 tho 
nand; no correlationenints uning.a direct measure of porosity. 
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is chem. The points in the figure represent the actual settlement of 

the corner Wee nt each average load''. The curve deoignated ee caverage 

curvet ie the average cettlement for the $ dials. An the nettlement of 

on/y 3 corners of the foundation res measured:  the evernge of the 3 

points ray not lie cn the curve (e.g. ct 7.1 lh.). It can he scent however, 

Chet this error in insignificent.The figure taco ohclio a Blight 

significant difference in the actual settlement of the =nem. To nee 

twat: the total error due to those 'two factors in, the actual load end 

eettlement of eadhoorner pile bar: been plotted in Fig. co6iThe -error 

can be aeon to be quite urall. The 20 per cent error noted in Fit. 0.4 

le due to eccentric lending; for a corner pile carrying a smeller load 

then the average at any foundation load, also settled lose (Fit 0,5). Thus, 
vbeft individual load end tott/tment ere considered, the reletione became 
very similar (Pig.0.6).TOonothodo of analyclu thereforefore equally 

valid; either .the actUal Todd and nettlement of each' corn= pile (pointo 

in the figure) oz the ovenege corner pile load and average eettlement 

of the foufidatiaO (Delta lite in the figure). Any one corner pito load 

considered with tospoat to at average foundation cettlemeatistll however, 

be cubject to the some 20 pet cent error aorn in.  Fig, 0:4. 

Let up now =Mine the reproducibility of the reenite; Fig.007 ohews 

the lond.eettlement curvaa for the tiro tante. It cm be peen that. the 

initial lond.cettlement behaviour in very :limiter, the actual failure. 

load being greater howeveri in toot 0. That this error0 01Chi Wan greeteet 
,in the cernerpilesteednot invalidate the requiter/my be men by 
.comparing rig. 0.7 with Fit, 7.6. 

donee toSOPport the. accuracy of any test requite may be obtained 
:by conoldering the error involved in drawing correletiont. Cooulder for 

eitarple, Fill. 7.8 sad 7./3 in %flitch the effect of pile epacitt la ohm. 

The meell matter in results tends to confirm the velidity of any one teat. 

4. The. points 4e not appear at eraetty the .name load beam° of inch of epee. 
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corm= lorrqz 

In modol pile toot°, it in neceeonry to use a container of 

sufficient ciao that the raeultri aro not influenced. The dime= of 

container requiredt io also of acme Rendarontal and practical tuportance 

for it indicatoo the gm; of Cana affected b' drivin3 a tingle pito. 

Eki a mtmouro of the container afoot, lot ua firat mold= the 
failure cnvo/opo for a 1/4 in. din. pile driven at a =latent rate of 

penetration fromaurfaco. The p{ to veto driven into =tattlers of 4 in., 

10 in. 12 in. and /4 in. din. The nund in accts cat° um, denoo (S7.9 40.3 

par cent porosity). Thom tocto were carried out before the entire' 

1:- tone of send had been obtained. Although the eroding= 52/I00 D•64341,  2 
mezitum porosity was 47'por cent as =pared with 49.3 per cant for 

the group tests and the ultimate bearing capacity at any poronity slightly 

greeter than that obtained in the orperirmtn. At any porosity therefore, 

a container effect will undoubtedly occur at a greater distance with 

this nand than with the sand used in the anportmento. The =tato of 

the four teats are abown in Pig. nil. IC can be coon that a container 

12 in. diet. to required to ensure no incvenae in load. Thin correspond:1 

to a radius of 240. 

AD another manure of the mono of amid affected by driving a pile 

and therefore the aim of container nhich is required, the lateral 

entent of the surface heave wan =cured. The 14 in. dia. container was 

initially dopooitod leavini; about 1/41n. of aand on, the top. The encase 
In•b4.•••••••••••••••••••04•• 

sons the cast mend need for the trienial tests. 

Using the came criterion , Yassin obtaincd a container effect for 
dense wind, at a radius of 12d. 
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was carefully cut of by cirtrilinD a ctraight edge atrosa a predetermined 
direction. After a pile of. 114 in. die. had bean driven at n relatively 
constant rate of penetration to a depth of 7 in., the ntraiGht ate ram 
acein cletl.y dram: acroas the top of the ccntainer in the came direction 
as before, until the edge of the heave me encountered. Tito diatom:a 
from the age of the heave to the centre of the pile yea than =soured. 
The raculta for three poroaitien ere ohm in ri.c. 8.2. Thin nit*.le 
procedure faintly underectinatac the effect; fors  a radius of 17d ma 
tor:cured rtth dcuco nand in correaricon %dell about 244 in the prcvioue 
teats Of Dist/einem banner, is the cradle? =dine required for looser 
nand. 

Zia recultn of theca tonte indicate that a 3 ft. diet. container /a 
cufficiandy Unit for the tedium donee nand (porosity 42 per cent) 
used in the experittn. Mc. 

Zn drivins pile fro= aura= a risid brxe cencen an is:cream in 
pile load vAten at a distance of about 1 in. (4d) from the toe of the pile. 
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APPLyDXX P 

AM HIM= TIXTifitt THE CORMIER 
MUG SAUD DErosi.nou 

When the rain of mud Ealing from the hopper la positioned about 
12 in. from each end of the container, eir currents are formed. These 

current ° Clown/ens each aide of the container touard the nearest end; 

ands  if unreatrieted, met at the end melanins on the central part of 

the rain itself. The racating disturbance decreasen the intensity of 

the rain, thuo decreasing the poroait y. 

rig. r.1 sham the corrective saes sures taken to prey= thin 

disturbance to the rain. Tao boxcar/WM pletes guide evile of the air 
through holes in the container. The air rialeb eontinten pan these 
holes is prevented from 	frith the depositing eand, by a wide 
pine positioned paraIlel,to the rain. The air is thus guided cat the 

top of the container. The none immediately around the plates bevstrars, 
tne denser by approximately 0.7 per cent porosity. 
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weverliqnserroaborlowermms..• 

LOANSETTLENBUT MITAV7.011 OF .royopyglos 
MU AM Tr7rillOti.. muds 

A series of testa on the four caps vas carried out at en initiel 
porosity of 42 per cent. Each cep wee formed in eneetly tht eene manner 

as when piles tied been driven (i.e. the rand ran sprayed  and the Into,. 

cep bedded on plaeter). The testina procedure wee aieo the as as for 

the pile foundation testa. 

A eemparbon ot the load.settlement curves for the two series of 
tests (Fig. 0.1) ehowt the influence of the piles. The enistenen of 

driven pike alters the loedueettlement behaviour of a foundation in 

two -ways: 1) Some had la carried by the piles, 2) the remainder of the 

foundation load been on sand which lice been changed by pile driving. 

The effectog the load carried by the pike to clearly seen in the figure. 

An initial Linear load.eettltemmt roletion for the cep ohne is changed 

into one in which the settlement inereeees more elculy before the piles 

fail. With failure of the piles, the relation for the largest pile • 

foundation becomes comparable with that: for the cap irithent pl/eo3 

while the straiten feandation centinuee Co carry attire loads  but the greatest 

reduction in eett/cm4nt in achieved before the piles fail. 

The influence of the different porosity (probab/y looser) beneath 

the remainder of the foundation is of negtigibLe effect in all canes 

before the piles fail. It rzy houtrart  account for the plight morocco 
in cattlement of the largest pile Ecundetion et oettlements when the 

asp, load is Important. 



Sand depositing apparatus in operation 

Plato 1 
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The deposition of loose sand 

Plata 2 
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The depow:ition of (ham pond 

Plate 3 



0 	l/ 	I lich 
I 	II  

(a) Complete pile 

0 	Va 	1 Inch 
ij  

(b) Outer tube removed, Diming baud load cell 
and method of load application 

?MEL PILE Plate 4 



16 piles held in guide titre::, free of sand; 
corner pile, with driving eatenDien in place 
and load cells wired, is ready to La driven. 

Plato 5 



Single pile Wet on first driven pile 

Plate 6 



16 piles after drivinz, with acrd of 
the pile heads placed in position 

Plats 7 



Arrangement for casting the cap 

Plate 8 



The pile foundation ready for testing 

Plato 9 



General arrangement for a foundation test 

Plate 10 



Heave of sand on driving 16 piles, spaced at 2d; 
the sand aurface of Plate 7. 

Plzte 11 



Structure 
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Particle Size Distribution 
FIG. 2.1 
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st 300 200 140 100 72 52 

e100" t  

.•• 

r 	. 

cr, 

C 

V 
Ct. 

• go 	  

' 411  

) 	I.  

70 	  

tiurrz.bers 

36 25 18 14 10 7 

JO 	 

•06  -2 '5 

fine 	rrzsellurrt 	coarse 

Sand Fraction 
Particle Size in mm. 



--:•-t7-1--1 
4---  

- 
- 

-I 
X

11 
I 

. in 
--- 

:
---7----•  ---- 

1
 .
 

irj i
 

_ 

Ip
  

- r 
- 

h
i 

1 
• •72 

• 
• 

i 
I
n

 
1 

d
i 

I 
- 

IIH
r
i 

• 
- 

zi . 
_._ - 

- - i 1111  
• il• i •• 

0-  
- T. 

- 
, - - 

::: : : :: ---- - 
• - 

- . P
illm  

:v
s 

0
1

0
 • 

I 
1/114111 

- 
t 	- 

_- --- 
- - 

. 
.. 

I 
-2 

:---- -_ 
I - -_ 

- _ 
.-- - - 

- ----,z --- ---7.-  '''. 
- • .: 	.-.- - --- 

_ 
- ----:--- 

---- 
-7

--  
_ 

- 
:_.._-__:_ 

--- 
------: - ..T- 

• • 
- 

-- - -- 
1111

1
1

1
1

 
i
i
i
h

t l
y
-
 

. 
, 

P 
- 

-i--  

l
  

--- 
- - 

• -- 

- - - 

-
 - 	. 

- -- - 

--
-.T-1-  ----- —

 
---: - 

- 
IP

 i'l 

----. 
'- 

- - -
 

7-  - - - 	-' - - - 

- - ' - - • - - - 
- - - -

 

--- 
I
 

- - - 
- - 

- - 
-: -- 

I
. 

li
l li
 

, ,... 
. 

.... 
. 

...,.... 
_ 

_ 

R
I ii 

-
• 

.., . 
i.f---: 

-- 
-J. 

-- -- -- 
- 

- - - 
- 

- 	- - 	- 

,, 
1

1
-  

- 
- 

---: 
.
 

1  
-
i
-  
.
 
---:--_--±

-•-_ 
-
-

--
:
:
:
•

1
•

1
4

1
1

 

-::--- 
- • 

--- 1
 

-. J
 

lii 
. 	. 	. 	

vt-- 

______ 

i _LI,- - - - - 

i
 I.• 

1 
1 

' 
- 1111-11-1:  

-=-_._._----4/ 1111101:  
• i bli a 111111111161"- 

1 	a 	I I 
d

 
il 



; I 1 1  -1-- _ 1  1 1_1.; 
:lift 	• 

1 1 

1 • I 1  
if I 1  , •111;,  

ii;, 
EIMINIMU ■ 11111011111111a111111 I 	1 

I 	I t r I 	I I I 
f  t 	I 	1 

1 	I •	 
• ! 	: 

L  
- 

1 " 
• it 	I 	ir 1 

_L__L__ 

Walld
EINI =WEMES 

MUM 111111•••••111111111 
■ 111111111111111111 11 

INSMI1.7.21PINEMII 
••••••••11111111WINEM 

UV ■ a 

, 	1-t , 	m i ,, 
an111,141=11 

3111MMIKID.Iirniv.1 	(*IV 
emu_ 	ealtemon 

1 	 

." . dull ik SPANii 11 III111•111110M4-111111 okir., alININIONNIMISSINIIM entemommunienum enommunnmennummunue 
NIIIIIIINEWMIEW 

IIMMIXISIUMMIM___IIIME 
ERMMMNIWEMWWWMIIMIIIXIIII 

RIM 	•••••••••••••11 11111 
___11.__MMIll 	11111111•1111111111111 11111111111W1111111=111 111111XIIIIMMEMIIMMENIIIIMINIMMEMININININEWINNIU • 

MUNIMMINIIIIMMINEWIIIIIIMMEMMIIII 
MUIRSIM 

MOWN WNW 
WNW! Il• 	• 
Wm 

WIMII 

01111110 

k iC 11.1. 
11111 , 	• 

I 
I 	' 	I 1 1 	' 	' 1 	I • 

11111•111211WWWW111111 
1111111= 1_ 	11111111MI 

1111•••••• 
111111111111.11•11MUM MEE 

WWI 1111•1 

as; 	+ 1 - 	11111111 - 
111•111111MMI 	r 
• M111121111411=1  II KW 

'WNW • mew MIUMINIEW 
111111 r I  

1 	 -.4911 

MIS 	
• MEW= 

11111 	_ 	1 	t 

	

NM i 	MN 
IIIIMIMImil INIIr MI 

NUMMI 1111 	 •••••1111111121111=1 
NEMER NIIMEIMMISENIIIIIIMMIXEMI 

IIIMISIMUMIWEIIIIIIIIIIIIIENRIMIMINEW ,m,  ; 1  ,  • ENE • muemiMy 1 t mem 
MI 	I 	 1111111111 

NM 
NMI I ma 

L. 
4 !• 1 	1 

t 	I 
1 

L - 

111 r 
z i 	a 

4 	; 	j7I  
- 	! 	1 I • 

4 

1 
	1 

1 	1 1  

• all 
- 

MINIM=MMINININMENNIIIMMEMEIMMIIMMI=IIMIUMIN 
1111111WINII 	IMI 	II 

IIIIIIMMIIIIMIThINIIIIMINE11 
IIMMEMEMINIWWWWINIMIM 

WINWINIIIMUMIWIMEIMININEMEMINEWIMIIIII 
111111WWWWWWWWEIM1111111111111111111111NOMIN 

nEME111 1111111111111111111•1•1111111111 
WIIMM IIMMIE 

11  
• WI  

MIME 

•1111 • 

MIMES 
111111 	• 
• 

NM 

r I 
111111•1111 11:11• ma. 

MILAINMaimni=ENNUMNIIIIIIINE• 
11111MI NIME.. 

•  ,.) 

-T- 
a t  I 

LL  

• 
NNE 

1111111 = 
iinIN •4"411.1111 1914111111=1111111111111111111111111111111111.111111111.1..1111.M , 11•1111111111111111111111111111 

1111111111 
as

111111 11 MX MN 11111•11
IIIIM  
MMIME 	NE 

1 1 I • 
- I t 	FT 

1 	
I 	 I 

r- 
t 

• 
MIIIIIIIIMINI mu suumne 	MI NEa...

O  
ME

MO'RIM 	 WM= 
SIM

M 
 IMINIMINEihiL 	 WNW 
INIMINISMINEEMI  

IFINIIIIII IIMENIIMMIIMUMNINIMMIMIMMINIMINOWI 
•1•11111=111 
KU E• 	WNW '4.N.M.  

r 	 
11111111111MMI j 	I 	t 111 1 !--1--  ; 	. FY' 

ii 
	 1- 	 

t 1  
1 	' 

••••••• 
• t-I I  11411  

i 	I 1 r 

	I I  11111111111•11 I 11'11  
_L 

I 1 
11111111W 

t 
EWA ' 

, -;- 	t  
1 	1 

- t  
•4__,___. ;  : I 
4—.1 	t  	 —" 

	

41' 	,II 	
; 

I 	i 	, 1  , 	 

	

1 	 1- 1  -1. ! -' 	 
' 	 1 	. 	. 	1 	• 	' 	1 1 I 	I 	I 

IL:3w 
' . . 

• ///111111/IMMENEMINIMENINth.- , 
MIMIIIIII 	1111111111111111111111 , 

11•11=111=11111111111111MEMIXIMMIN 	. 
.  111011111I111111111111. • 

MENNE111111111=11b.... 
intkIn  

I I 	 1  1 t 	MEMS 
ENE IIM 1 INUMMOM_____ 

--I----,  1 I . I ; 	, i i iMil  I  1-  : tarn! I .R. 11EIMMUMRIMMIlIMMILIMMIMMTI 
aaa 	 . t .  

1  it  111 	• t 	UMW 
L1 	 I I  1 	1 	i 

' I 	 _1_4_ 

• 
MOSIER 

mama 
1 	1 	 1  1 	1 	

i± t 	• 1 I 	1 	1 1  
 	I  
A   I 	•  

1 	I  

I 77-7-r-r-l:  Tr'  i 
• 

• 
-1,-+  I 	11  r I- . 	• • 	. 	FLLT"--  ,  

1 4 	111  

1-  I- I 	1 	' i 4 
• i i iI 

;.  1  
—1--

1
tJr—t—H— IMO 

WEI 
1111111111 NM: 
11111111111111111 
WE II 

1111111 11 
•1111 

I " 7- 	r 
4 ! 	 
L    

	Iii i • 
WIll11111 t ER 

■ t 
1 	I 

111111 t 

i  F —11 tri- 
■ 1 1  1 .1.-1-1--1-1 

1 	1 	1 	1 	'  mom t 

MERE UM 
WI 

ma MIME ME 
IMMUNE'S 
WM 
EWAN! 	MI 	Ing_ina .....sisii slam 

•• 11•••••••••••••11 MI 
IlLIUMINUNIMINIMINEWWWWIMINIMMINIXEMMINIMINIM 

- 	• 11111M11111 
WI 	 I= 

• 11111•11•11111•11111=NUNIIIMUMLIN 
• NM= 	IIIMMINI 	 

1•11•11 	III 
11111111 	EH 
WU • 

1111•11 

• 

111111111111•1111111MIN 
'XII 

WWI 
WWI 

• Ell 

Will 	111 
I ;  
• 1 	f  

I 	1 •E 	t r- 
MX 

ME 
, 	I 

1 NU 
• r- 

imri 7 111111111111 	111111111111111 

mmino man 
mum 

MEW 

•••••11.111 
a 	 •• r  -r 

MESON . 	t 	1 	I 	. 	. 
I 	I 	I 	, 

RIM I 1  
■ 	H 	 1 	I 

1 	1 1 
-11-1-11 It f 11.  

',Li Tr 	T i 

• 
MEIN 
WEIR IX 
• mum 

11•1111111 Nil 
NUN ;{-11.1 	 1 	1 11 

I 	I  LI 1  L 
r 	 

4 	I 
1  
; 	1 

-7 • F-T 



ammo ems= 
HOPPER CHAIN 

DRIVE 

tit 

	  Sft.Gens 	 V 

fit Tri II 

GEAR BOX -AFOR ROLLER 

- 'STEEL CONTAINER 
(2 DETACHABLE HALVES) 

HOPPER 
HOPPER CHAIN 

DRIVE 

SPROCKET E., CHAIN 
DRIVE ASSEMBLAGE 

i

iaro4m.BEAM (RAILS) 

U. 

RAIL 

STEEL CUTTING 
EDGE 

kieS AND DEFLECTOR *....L.„/ 
1/4  AL-ROLLER 

HOPPER 

CNA!  N TENSION 
- ADJUSTMENT 
VERTICAL SPEED 

CONTROL . 

MOTOR AND VARIABLE 
SPEED GEAR. BOX 

• 

SPROCKET ly CHAIN DRIVE 
ASSEMBLAGE , 

PLAN, 

1 

.-4mBox SECTION , 
BASE - MEMBERS 

FLOOR 

LEVEL - 
SAND DEPOSITING APPARATUS 	FIG. 3.1 

SIDE VIEW 



-- :- - -_-__4_ 1--  -- 	- --t._- _ _ 
_  I--  I 	- . 	i 	--- -1 	i  

I 
- 	. 

000 

- 	---- 

al 

11  1  

isl 

- 	-- - 

- AOP 

- 	1 	 
- __ 

- 

_ 

--FIG-. 

_ -- -L _ ___ 
_ 	._• 

. 
_ _ 

- 

- 	> - 71__ 

L_ 

_ --- _ 

_ 

i 
' 

LI 

i 
i 

; 
1 

Pcros 

1  
' 

ty _t 

l- 

v-rta 

1 
_ i 

r tit --  - 

_ r . - _, 	___ - _ 

Etio-r.,_--_ -:-14  

- 

- 
12r 
1---1- 

---i  

i 
---- 

-_ 
- 	- 

_ _ 

- 

. _ -1 _ - X-  — ._- _ 

.. 

111 
r_ 

_ 

-1 

i , 

- 
- 	, 1 --1 - - 

- — 
L_ 

.. 

-I- 

---1- 

Pbrl  
0 

I 

b i 

-I 

. 

_ 

1 

- _ 	_ 

- 

1 

. 

1 	i 

i ji , 

1 
I. 

X
-  

I 

,

- 

%
--1 

XI- 
__ 

t- 

-- - 

- 

- 	- 

-- i - 

-- 
---- 

__ _ 
r 

- 

_ 

— 
- - - 

_ 
__ 

_ _ _ _r_ 
I " 

• 
- , 	- , 	, 

. 	,).<44.1( 
-- 	I X 

. 	i
- 

. 

-- 

L 

_ 

_I 

 _ 
- 

. 

-- 

_ 	

, 

-1--  - 

_ _,_ 

-.1 

L  	

- 	 
--i- 

— _ - 

. • 
_ 

_ 
. 

- 

,- 

. - 1- 

- 

- 

--r - 4- 

_ - - - 

_ 

-- _ 
.._ 

- 
_ __ 

---- 

_ 
_ 

. 

[ 
-1-  - 

: 
- 

	1 , 
I 

I 

• I 
_ 

- , 

, 

-- 
-I- 

ek
i
ate 
i 	l , 

. 	_ 

oft  

_ 	1." 
- 
de 	ostIto.ti 

_ 	_ 
I., 	. 1 

._. 

 _ 	_ _ 

n 

=_
L
_ 

miTIO 

.1- 

1. - 

.. . 
- 	- 

_ 

— t _ _ 
 	__ 

_. f 
i ' 

_ 



f i Movement 
of rain. 

Baffle Plates 

Area of non-uniform porosity 

POSITION OF MEASURING CYLINDERS 
WITHIN CONTAINER 

FIG. 3.4. 

1 ft. 

tad =7" 

POSITION OF SINGLE PILE 
TESTS WITHIN CONTAINER 

BRS. 5042 
	 FIG. 3.5 
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