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ABSTRACT: Pils sroup foundation wath = pile cap can be considered 2= a piled-raft foumdsbion. Pravions studies indicate that tn a piled-raft
foundation_ the piles comfributes to reduce zsttlement of the raft whersas the raft provides an additional bearmg capacity of the pile group.
Labaoratory testines ware parformed to mvestizate the parformance of prled-raft sroup from beanns czpacity and zattlament pomt of w1sws.
Instromentsd laboratory models of 222 and 3x3 pilad-raft sroup ware loaded verteally fo obiam load va. zetilement curves and load-transfer
to raft, to pile shaft and to pile tip. From the lozd-settlement curves of piled-12ft sroup, the performance of bearms capecity and seitlement

ras than obzerved and quarnhfied The laboratory test resultz mdicated that the prezence of piles reduced the zettloment of raft ssgmificantly,
whareas the presence of raft provided additional bearmz capacity to the pala.

Keywords: Piled-raft sroup, Small-seals test Instriornentad test. Baarng capacity, Sattiement.

L INTRODUCTION

Apile group &= consimected by uilizme a cap to combine the piles a=
one group, When the bottom of the pila cap 1= m comtact with soal
this type of ple group foundation forms a plled-raft groop. Ina
pilad-rzft group, the load 1= shared between the piles and the raft
{Senzara. 1997; Phungs, 2011} In other words, the raft proindes zn
addrtional bearing capaciy to the pile sroup.

At zome =zoll conditions. r=ft foundation ba: adsguate beanns
capacity but sxhibits excesane settlement In this o1l piles can be
uzed to raduce the settlement of the raft {ez. Zeevaert 1937;
Hooper, 1973)

Setveral methods have been proposed to guanfify the paled-raft
group behaviour. Ponlos and Danas (1980 suggested an apalvtical
solution bazed om the theory of zlasticity fo predict zsttlement of
pilad-raft growp. Randolph (1933, 1994) precented zm anzlytical
solution based on the theory of alastioity to quantify lozd shared by
tha piez and the raft Ponles (1991) and Clancy and Randoiph
{1593} cames yp with 2n analtical method to anahze load transfer
and zettlament of piled-raft system The zoil and piles are modall=d
az sprimes whereas the raft was modelled 2= plate element. Ta and
Small {1596) uzed Imte element method to anslvze load transfer
and zettlement of piled-raft syztem The raft iz modalled nsins plate
alament whereasz the pilss are modelled uzing sohd slement= Long
(2018 propozad 2 simplified design meathod for load shared betwesn
piles and raft Wgovan et al. (2013) propozed a decion method of
pilad-rzft foundations under vertical load comsidering imferacticn
effact between the mle zroup znd the raft Theszs twe methods
mithizing fimite slement amalvzas. Severs] other methods fe.z. stnp
suparposition method (Brown and Wissner, 1973 plate on piles
and confimunm method (Ham 1973) somplified fote slfemant
analyzez (Hooper, 1973 Dezar at-al., 1974), have been proposad to
analvzed either load tramsfer, zefflement, or both In addition
Sengara (1992 has performed a2 Brte alament sthudy on =odl-
siructure interachon snalvaes

The previons proposed methods concentrate om the use of
anzlytical and mumerical approaches to predict load shared between
pile group znd raft or settlemant of paled-raft sroup. In zmte of theze
mathods. tests on mstrumentad piled-raft zroup are requred to
support the theoretical approach of mle-group. . However, ths
matrumented Ioad test on piled-raft zwoup to stody the beanmg
capacily and sattlement 10 piled-raft sroup 33 quite rare.

Thiz peper presants laboratory tests on mstrumented small-scale
pilad-raft sroups m zand The emphasiz of this paper 1= on the study
of the affect of raft to provide an addwional bearine capacity to the

pila group that occors simultansonsly with tha ole of piles to reduce
tha sattlement of the raft

1 METHODOLOGY

Labhoratory tests were performed to investizzte the bearms capacity
znd  seftlement of  =mall-zezis piled zroop modals. Twe
conficurations of piled-raft sroup modals were studied: 2=2 and 33
piled-raft group modsls: Schematic diagrams of the piled-raft group
modals arz shown m Figwres 1 and 2 for 2x2 and 343 pilad-raft
group models. respectively. Stee]l pipe piles with 4386 mm m
diameter, | mm m thicknsss, and 1000 mm m lensth were used n
both piled-raft groops {(Figwres b and 2b). The piles, thua, have =
ratie of length to diameter, L'd equal to 20.6. The steel pipe piles
have modulus of elasticity, £ equal to 2.1 = I0° KN/m®. The piles
hzve closed lower end and have the shaft covered by zand papers. In
2x2 piled-raft groups, all piles are mstrumented with 2 par of amszl
{lemzrtudinal) and lateral (hoop) strain zzuges at the top, muddle, and
bottom of piles {Figure 1b). Im 323 piled-raft zrowp. piles moa. 1,2,
3.4, znd 9 (Fizore 2a) were metromented 3 par of axial and latersl
stramn ganges at the top, maddle, and bottom of piles (Figurs 2k}
whereas piles nos. 3,8, 7. and 3 with 2 par of axial and latersl stram
szuges only at the top of pilss

A stee] square raft wath the length and width of 320 mm » 320
mm znd 13 mm i thicknss:s was uzsed m both 2=2 and 3+3 piled-raft
eroups. The stesl raft has modulus of slasticity, E equalto 2.1 = 108
k¥Pa. Four load calls (LCI, LEZ, LC3; and LC4) with capacity of
0392 I30m® kg each lpad cell were installad m the raft {Figures 12
and 1a).

Sand with two relattve demstties, O, (D = 30%% and 1. = &0%)
wearz nzed in tha lzboratory tests. Samd with relative density, IV,
equal to 3%, = catesorized 2= medium dense zand whereas zand
with relatree denstty, D, equal to 80% 13 categonzed as dense zand
{Lambe  and Whiman, 196%; Coduoto, 1904% Several mdex
properties tests were parformed based on ASTMI standard (ASTA
1508}, Thez=s test: zre grain zize distribution test (ASTHI D422
miztimnrn: depaity test (ASTAM Dd233), and sriwirnure: dewarty test
[ASTM D4234). In addition. Consolidated Dramed (CD) triaxal
tests fASTM D7IR1) were performad fo obtzin offectnisa frichon
angle for sands with relative dansifies. I, egual fo 30% and 30%.
From the values of maxmum znd mimmum dry densitzes obtamned
from the laboratory test dry density, 72 for relatrve denatess, I
equal to 30% and 0% were calenlated Trizmal test specimians wers
compacted 11 2 specimen mould to achieve the denstty corraspond to
the refzbve denstty, D equal o 309 and 30%.
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Thres confming pressures: 981 KMim?, 196:2 KN m=, and 352 4
EMN/m= were used in triaxial test. Averszse moduhus of elasticity at
imrtizl straim, E o 3t 50% oltimate deviatonic stress, Eopog. and at
ultmzte deviatone
stress. Ey =y for confinms: pressares of 98.1 K9m?, 1962 KN/m?,
and 3924 EN/m® were caleulsted for both sands with relative
densities, I equal to 30% and 30%.

In the mmazll-scale miad-reft [Eborstory modsl test, zand was
corizined mn a steel box wnth the lensth and width of 2200 mm =
2200 mm and 30 mm m height (Figures 1k, 2b, and 3a). To
ansure that durins the piled-rzft group loading the box did not
deformed exesszmvely, several stesl rammforcomients wers provided
iTizure 32)

Pilez werz installed by frsthy placims tham on top of the
compacted sand (Fizures b and 3¢}, A certaim mas: of sand was
then spread m the box around the piles and the zand was then
compactad to achieve = certam volume, By this method, the tarset
denzity can be achievad. A hand compactor powerad by air pressure
was uzed i the compaction process. The compaction process was

£20 mm

performed to achisve z nmif dry weight Y. correspond fo relative
denazpes. D). equal to 30% znd E0%. The thicknes: of each
campacted laver was 130 mm. Holtr ot 2l {2011) indicates that for
varons sol types the thickness of each compacted laver ranges from
130 rom to 300 mm Tt = expected that bv uams 150 mm layer
thicknezs. = uwnform zoil can be achisved a3z the thickmiess of 150
mm represents the thimest laver from the ranze of 130 mm-ts 500
mm. The raff was then mnstalled when the zand had reached the
uppar end of the pile sroup (Figmre 38). A lmsar vanabls diffarentis]
trancformer (LVDT) was metalled on top of raft (Fizure 3a) to
mezzure the amal displacement of the raft dums loading,

Thus the lzboratory test satop provided 3 distance of 340 mm
{ie 1.6 fimes the raft width) from the edze of the raft fo the box
wall, =z distance of 320 mm {1e 139 time: the pile diamster) from
the coter pils shaft to the box wall, and 2 distance of 300 mm {12
133 times the pile diameter) from the bottom of pile to the bottom
of box With this piled-raft sroup and box dimenzion @ iz expectad
that the nitimate bearing capacity of the pilad raft sroup model can
be mobilized with 2 mmimnm boundary effect from ths box
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Figure 2 Schematic dizsram of laboratory 3x3 group piled-raft modal: (3) Plan view; (b) Cross section view

Both 2= and 3x3 piled-raft sroups were loaded verticzlly to
obtzin load ve. settlament corves. The laboratory te=t satup &= shown
m Figure 3. Two sets of computer systems were usad 1 the loading
syztem {Fizure 3a): one set (Computsr 1) was nzéd for datz logzine
procezs znd ome zat (Computar 1) was used for 3 real tims
monttormg of load va. settlement curve durmg the leadnz process.
The loadme process was performed at a loadinz rste of 0.24
mmmin. This loading rate 15 comparable with the loading rate of a
CD trxial tezt The lozd piston and the load cells readins were
performed avery 4 sec for Tast 1 and every § zec for Test= 2 and 3:
The loading process was performed a setflement of zbout 23 mm

rzs achisved:. In epzineaning praches, z sottlemoant errenon of 25
mm 5 wsually nzed as a hmotme vzlue for serviceabiiny of an
izolated  zhallow  foundation  (Eoropean  Committee  for
Standardization, 19947,

Three load vs. zettlement curves wers obtamed: lozd carried by
tha piled-raft sroup vs. zettlement curve. Jozd camied by tha pile

group v seftlement curve, and load camed by the raft s
zettlement corve. Load camed by the piled-raft sroup wad cbtamed
from the loadins piston (Figure 3a) readme. Load camed by the raft
was obtzmned by zverasing the load measured by tres load cells
mstalied on top of the raft (Figures 13 Ja, and 3a). Load camied by
the piles was caleulated by subitracting load camed by the rait from
the Ioad carmad by the pilad-raft sroup. In zddiion to this; the load
camed by the pales calenlated wiilizins top stramm zange: readimss
wa: obtzimed 2z 3 chacking for the load camed by the piles
calenlated nzins the above method. The stresses on top of piles were
calenlated uzing the stramn gauges reading. The load on top of each
pil= was calculated as 2 product of ztrass on top of =ach pils and
cross sechion area of each pite. Thie summation of load carried oy 2l
pies gives the load cammed by the pales. Those thres load +s.
seftlement curves were obtamed and wed to mveshizate and o
guantify tha performance of the piles m terms of bearmg capacity
znd zettlament

38



Geotechrical Enginecring Jourmal of the SE4GE & AGIEES Vol 45 Mo 3 September 2018 T35 0045-3828

— Loading System

H Ciontrol Pansl

=}————————— Lo=dng piston CIE| o 1
- MpLier

Laom - T Comauter 2
. leaica &ildj_l E‘ F
D o] !
=== [ LJ=n
] — Stram gaugs - =
i ~+— Sand
[ == =]
. = "'
b— Stosd box ==y =
] ===
(2}

el

fd) (]
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Three lsboratory fests were performed asz summanzed n
Tahla 1. Test mos. I and 3 were performed to observe the affsct of
pilz number on the lozd = zsttlement curve of piled-rafi sroup.
Test nos. 2 and 3 were performed o observe the effect of am
morease morelatve density (winch affects the soul beanngp capacity)
on the load . zattlemant curve of group pled-raft group. In this
paper. it 1= azsumed that the loZd camied by raft vs. setemant curve
measured 1n @ piled-rzft group represents the load = settlement
curve of the raft wathout paies.

Table 1 Laborastory teshing program

Test Pile Confizuration Relative Denzity of
Mo, Band, D, (%)
1| Piledraft sroup 202 80
Pile length = 1000 mm
2 Pied-raft sroup 3#3 50
Pale length = 1000 mmn.
3 Pied-raft group 3#3 a0
Pale length = 1000 mon.

3 BESULTS AND DISCUSSIONS

So1l properties uzed m this study are showm m Table 2. From the
mingmunre znd maxmmum dry omt weights, the dry unt weizht, ¥4
correspond to L) egual to 30% and B0% are caleulated 2= 123
EN/m® znd 135 EN/m’, respectivaly.

Table I Soul properties of zands used 1 this study

Dho {mm 10

D (mam) 622

D (m) B35

So1l elazsification accordme to Umflad EP (poorly
Clazsification System (UECS) graded sand)
Miniranm dry nnit waight' Yams) m) 111
Maximimme dry nnit waight, Ve 80m™) 143
Average modulus of elasficity 'of sand with 3.58 #1108

Ble=50% at mstial strain, Eixe $30mY)

verage medulus of elaztictty of sand with 3.79 210
D= 30% at 50%% altimate stram, Eoozg
(e}
Average modulus of slasticity of sand with
D, = 50% at ultimate stram E. .. KN/m?)
Effective friction ansle, §i' {deg) ofsand with 378
D= 3%

Sand-pile mterface fachion angle, J{deg) 154
Average modulus of slashicity 'of sand with 620 » 104
D= B0% ztinitial strain, Fiae (4mY)

Averzge mpdulus of alastictty of sand with 408 <104
D =B0% at 5056 alhmate stramn Fsvas

(2¥im’)

Average modulus of slasticity of sand wi;th 3521
D= 80% at ultimate stram, e (KNm?)

Effective fnchon anigle, §' {deg) of sand with 400
D.=80%

Band-pile interface friction ansls, F{deg) X732

The corresponding void ratio, s are 119 2nd 102 for I equasl to
50% and B0%, respectrvely, In the triaxial test sand specmnenc wars
compacted to achisve dry densities equal to 12,3 B and 133
E¥'m? for specimiens with D. eqnal to 50% and 80%, respectively.
Jand with D% equal to 50% has Eioy, Foegand Eieyequal o

FEER10* KMim? 379x10F e, and 330x1I0%, respectivelv
whereas Sand with I, egual to 30% has E; . Espgwoand B oy
eguzl to 20x10% K23, 4 08I0 I 'm?, and 3.32 #10* ENm?,
raspechively. Effectve fnchon ansle of sands, @ are 37.89 and 40 00
for zand wath I equzl to 30% and 80%, respectively. Sand-pile
shaft mterface fmection angle, Jare 23.4° and 27.2° for sand with I,
aqual to 0% and 80%, respectively (Songara atal | 19573,

The load vs: setiiement curves cbiained from the laboratory tests
zre shonm m Figures 4 t0 & It 13 clzar from the load +=. zettlemant
curvez shomm i Fizures 4 to 6 that the pilad-raft syoup, tha pile
zroup and the raft oliimate beanng capacihes m sach teszt have not
raached = condihon of 3 constant Ioad wath increzeaing ssttlemant ac
the criterion of ulimate beanngs capzery (Terzagin et al| 1996).
Therafore, the uliimate bearing capacity of the piled-raft groups has
ot bean achieved. The ultmate bearins capacty of each pilad-raft
sroup. pile sroup, =nd raft was predicted nsine the Chin's method
(Chs, 1978) Chin's mathod was selected becanze ot provides z
regrezsion curve to obiain 3 load v settlement curve as well as the
ulfimate bearmg capacity. In addifion, the chanze of the slope n the
load vs. sattlement curve (12 the visldms pomt cccmred @ the
load-zeftlement curve) has besn comziderad m thiz method. The
uitimate bearing capacifies of piled-raft group, pule group, and raft
are shown in Table 3.
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Fizurs 4 Load s zettlament curves of =2 piled-raft sromp in sand
with Dy = §0% (Test 1)
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Figwre 3 Load vs. setflement curves of 3x3 pilled-raft proups m sand
with D= 50% (Test 2)
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Fizure § Load va_zettlement curies of 523 piled-raft group m sand
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Az a check to the pilad-raft group, the pile =roup and the aft
ultimate beanne capacities pradicted nams Chin's method, the piled-
raft group uoltimate bezrins capacky was recaleuizted 23 2
summation of the pile sronp and the raft ulimats beanine capacites.
The mled-raft evoup ulttmate beanng capacity caleulated as a check

iz shown i the bfth cobomn of Table 3. Tt 15 obruaous - that the pled-
raft group ultimate bearmes capacity predicted wsmne Clon's method
iz close to the piled-raft ultimate bearms capzcity caleulated a= 2
summation of the pile gromp and the raft ulttmate beanng capacities.
Theze close vzlues indicate the appropriatensss of Chin'zs method to
predict the nltimate bearine capacitizs in thiz study.

Tovenfy for the resnlts m Fisures 4 to 6, load cammiad by raft
was also caleulated uhlizing the stramm sauges readms. The stress at
pile top was caleulated 2= the product of strain znd modules of
elazticity of pile matenalz: Lozd (column 3 m Tablez 4 1o &) was
caleulated 2z the product of stress at pile top and pils cross section
The loads were calealated for cemter pile, edge piles. amd- cormer
pile=. Total load per pile type was calculated as the product of
rumeher of pile of 2ach type and load per pile of aach trpe (column 4
m Tablez 4 to 6). Load carmied br pile groop was calenlated 25 the
summation of totzl load per pile type. Load camied by raft was
calenlated from the apphed Ioad minus the load camied by pil=
group (column 4 m Table 7). The applied load wasz obtained from
the leadims piston readmg (Fizmres 4 to §). The meazored load
camiad by rzft {column 5 m Table 7 was obfained from the load
cells reading {Frzures 4 to 6). Companson of load camed by raft
caleulated vsing hoth methods 1= shown in Figorz 7. The differences
between the meazured and caleulated load camed by raft zre shil
within 143 kI which 13 10% of the lowest raft ulhmate bearms
capacaty among Test= 1 to 3 (Column 4 Table 3). Therafore, the
load camed by raft calculated wsmes both methods i3 consistent
mdicating the rehiability of the mezsuwrement performed m this study.

Takle ¥ Ultiate baaring capacihas predicted from test

Ultmate Bezrmz Capactty
Ultimate Bearnz Ulttmate Beannes F—_ . of Fila Group
T,:f-“ Capacity of Piled-Ralt |  CapacityofPile | . ”“’m?“f%:fri + Reagrine Capacity Ratio
o Crromp (120 Croup (kM) ApACLY: () Ultimate Bearins
Capacity of Raft (k)

{1 2 3 (4) 53] )= {20(4)

1 514 9.0 313 £13 [

3 558 474 1435 612 41

3 1353 105 9 324 1363 i3

Table 4 Fesults of top strain gauee readinzs of Test 1: {3) Apphed

load = 3.40 127 (b} Applisd load = 24 30130 ()
Applizd load = 3760 k3

(=)
Pila Type | Number | Load parpia Total Load
of pile (3} par Pila Typa
{20,
(1) 2 {3} (4} =(2) = {3}
Comerpile | 4 K 633
E (M= 6.59
(k)
Pile Type | MNuomber | Load per pila Totzal Load
of pile (k30) par Pile Tipe
(27}
(1) 2) 3) @ =2 =3
Cornar pile 4 4.33 1738
= 1738
N— ; =)
PlaeType | Mumber | Load per pila Total Load
of pile () per Pilz Type
2]
L | 3) B =(D) =3
Cornar pils 4 337 2T
EEN)=| 2337

Takle 5 Results of fop ztramn gauge rezdmes of Tast I at zpphed

load =29.70 kN
 PilaTwvpe | Mumber | Lozdparpile | Total Lezd

of pile (&M per Pila Type
55

i1 3] 3} (=2 = {3}
Cemerpile |1 257 165
Edsapile - 292 1187
Corner pila 4 147 1169
L(EN= 1628

Tablaz 4 to 6 mdicaie that the load was disimbufed umiformly
amionz piles. Previcus studies (2. Beradugo, 1966, Butterfald and
Banarjes 1971a, Butterfield and Banares, 1971h) indicate that for 2
relatrvaly suff raft and lares monber of pilés, thers 15 3 zigmificant
differance between the lozd carmed by the center pile and that by the
cormar piles. The ratic between raft-zorl stiffhess {ealculated wans
the method of Pounlez and Damiz; 1974) and pile-zoal shffness
{calculated using the method of Poulos and Davas, 19800 m this
stedy 1= 749 10-5. Thee very small =tiffness ratio wdicates the
loww shffness of the raft. Tha lowr stiffness of the raft 2nd the small
number of piles m the group mav cavze the relatrvaly spmlar load
diziribution amens piles i this stody. Ponlos and Alates {1571}
study of foad distribution amonz pifes m -3 pile sroup with 2 fexmble
cap mndicates that the smaller number of pile m a pile-zroup, the
more moiform load distrbohon amons piles. The resulis of Poulos
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and Mattes" ressarch (1971) provide an addhonal support about the
load distribotion amons pales in-thiz study.

Table & Faszultz of top strain sause readmzs of Test 2: (2) Applied
load = 26.10 kN (b} Applied load = 64 50 K2

(a)
Pile Type | MNuomber | Load per pila Totzal Load
of pile (k) par Pilz Tape
- = )
(13 (] {3} (£) =(2) « (3}
Centar pile 1 22 2497
Edgz pale 4 224 805
Cornarpile 4 223 801
M= | 20.12 |
[L9)]
Pila Type | Number | Load parpia Total Load
of pile (k) par Pila Typa
[{25]
(1 23 {3) ) =(D) = {3)
Cantar pile 1 3.71 22835
Edze pile 3 5.13 2250
Comer pile 4 370 1288
I (kM= | 142
Tzhble 7 Comparmen of lozd camied by r=ft obtamed from twao
approachss
Test Applied Alzazured Calculated Mezzured
Load Lozd Carmied | Load Carmried | Load Carreed
(kM) b Pala by Raft by Raft
Group ] 20
a4
4] 2 £Y, 4 ={3-03) 6]
Testl | 840 | 689 131 142
Test 1 2430 1735 742 T4
Test 1 37.60 2337 1533 1548
Testl 0.50 950 040 150
Test 2 29.70 Z1.01 269 373
Test3 | 2610 2011 338 396
Test 3 A4 80 5142 1338 1354
20
S |
2 )
S S ts] —
i :
&
=
=) Eap - o
gL .
a E . +1 45 kN
= o
83 4 , |
E — = —
2 it & Tesi
b e = Test2
] + Tes 3
0= -
0 5 10 15 20

Load carried by raft (kN)
measured by load calls at raft

Figure 7 Comparison of load transfer to raft

Table 3 shows that the piledraft grouwp ulhmate bearms
capacitizs of Tests | and 2 are close whereas the piled-raft sroup
ultimats bearing capacties batween Test 3 and both of Teste L and 2
are sigruficantly differeitt. & companson betwesn Teat I (2x2 sronp
piled-raft in sand with D. = 0% and Tezt 2 (3+3 sroup piled-raft m
zand with IV, = 30%) revaals that piled-raft svoup 1 Test 1 has more
pilez (9 pales) tham pilad-raft sroup m Test 1 (4 pales). The increaszs
of number of piles causes the increaze of pile zroup ultmats bearme
capacity. Another comirbon between Tests 1 and ! = zand uwsed 1n
Tazt 1 1= denser (D), = 30%) than sand vsed m Tast 2 (I, = 30%).
Tzhle ? shows that sand nzed in Test 1 has more fnction angle than
zand usedin Test 2 The haghar sand frichion angls of Test 1 causes
the mmgher sinzle pils ultmate capacity of piles m =01l m Test 1 than
the zngle pile oltirate capacity of pilas 1n sodl in Test 2. The higher
number of pile m Test 3 than | canses the kigher pile group ultimate
bearing capacity 1m Text 2 than that m Test ] if the zands m both test
are m the sams demsity. Hovwever, zand used m Test I has lower
density (.= 5%} than zand vzed m Tazt 1 (D, = 80}, The lower
zand danzity causes the lower single pile ultimate bhearms capaciy.
In theis studv theze two counteract condrions results 1n a higher pile
zroup beanng cazpacity of Tazt I then pile group beannz capacity of
Test 1 {260 kN m Test | compare to 474 k2 in Tact 2). The rezults
of Teats | and I alio shows that the ultimate beanne capacity of pila
Sroup IncTeasss, but the uliimate bearme capactty of raft decreases
(323 kN m Test 1'compare to 14.3 kN 1 Tast 2), The kigher pile
sroup ulfimate beanns capacty m Test I than that m Test 1 and
with the hisher 2 ft ultimate bearng capacty m Test I than that in
Tast 2 result 1 a close valoe of nltimates bearing capaeny of piled-
raft sroup between Tests 1 and 2. From the results of Tests | and 2,
it 15 learnsd that an imcreazs m zand demsity canmzss an imcTease In
raft beaning capacry.

A comparizon batwesn Tests 1 and 3 resultz mm Table 3 shows
the effect of an merease m zand relatrre density in the pilad-raft
sroup ultimate bearine capactty (38.8 kN m Test 2 compare to 1393
k). There i= zn mersaze n the pile sroup bearins capacity dus to
the merezze in denstfy of zand (47 4 BN m Test 2 compare to 1033
k3. There 15 alsc an increaze mmthe raft beanng capacity dus to the
increzsa m densgty of sand {145 K m Test 2 compare to 324 EN in
Taat '3). Therefora, 1t 1= claar that the meresze im zand telative
denzity czuses an ihcrezse m the piled-raft sroup, tha pile syoup, and
the raft ulimate bearms capacities.

A comparzon between Tesis 1 and 3 resultz m Table 3 reveals
the effect of the increace m nomber of piles in sand with the zame
ralative density on the imersasze of the pile sroup nlttmate hearins
capacity. A sigmficant inerezzs m the pile sroup ultimate bearme
capacity dus to the affert of the mereaze of mumber of pile e
obraogs (290 KN 1 Test 1 compare to 10359 k3 m Test 3}, The raft
ultimatz bearins capacities batween Tests 1 amd 3 are ralatively
samifar (32,5124 in Test | compare to 324 k¥ m Taest 3). Ths
zimularty m the raft ultimate bearms capacity can be atiributed to
the same zand relatrve density (and affective friction anzle) i Tests
1 and 1. The diferencs m the pile group ulhmate bearmg capacity
and the somilarity 1 the raft ultimate beanng capacity of Tests 1 and
2 results m zn inmcrease m the piledraft zroup oltmate bearme
capacity (614 kKN 1o Test 1 compare to 1393 kN m Test 3). Thus st
iz obvious that the increase of nomber of pile canzes an irreaze in
the alhmate bearme czpacty of pilad-raft sroup of the zand with the
zame density.

Tahle 3 zlso shows that for sach iest. the piled-raft zwoup
wiimste bearme capacity = higher tham the raff ulimate baarins
capacity. A parameter namead "bearing capacry rztio” 1= defmed to
guantfy the ratio of the piled-raft sroup oltimate bearing capacity to
the raft ultimats bearng capacity 2 piled-raft group az follows:

'E:u:—pr,g' (L

bearing capacity »atio =
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where {15 the piledraft group vlhmate besrms capactty ma
pilad-rzfi group; and ... = the raft ultimats bearing capacity 1o a
pilzd-raft group. The bearmgs capacity ratios of the three tests are
shown m the sixth column of Table 3. As m the above observation,
1t & clear that the presance of pile: causes an increaze 1 the peled-
raft zroup olhmate beanns capacity 2z compared to the raft hearing
capacity. The bearng capacity rafio of Test 1 13 1.9 whereas baarme
capacty ratioz of Tests 2 and 3 are 4.1 and 4.3, respactively. Itcan
bz seen that bearmg capacty ratio of Test 1 1= closer to 1 thamn
bearine capacthe: of Tests 2 and 3. The closer bearme capaciy to 1
mdicztes that the increase of bearms capzeity of raft dus to the
prasence of piles 13 amall

In zddition to the companszon of the nltimate beanng capacity,
tha load ws. szettlemmert behaviowr @ compared 2= shown m
Figures -8 and 9. Figure: & shows a comparison between the load v=
seftlement curves of Testz | and 3 whersas Figure 9 shows =
comparizen betoresn the load va_ settlement corves of Teats 1 and 3.
Fizwre § shows that the load vs. settlement corve of the raft for Test
I 1z relativaly the samie as that for Test 3. Thiz sammlarty in the load
va. asttlerment corve imdicated that the prezence of piles did mot
atffact the load vs. settlement and the raft ultimate bearng capacriy.
Thiz mmdicated the appropriatenss: of the azsumphon that the load
carmad by the raft vs. zetilament curve measured 1 piled-raft sroups
m thas stedy (22 and 3%3 pile confimurations) reprazented the load
va. settlemant corve of the raft withowt piles. The value rank of the
pilad-raft sroun, the pale group and the raft bearme capacities at any
settlement varies m the zame marmer as that of the uliimats baanns
capacity; the mledraft evoup beanng capacity is the hizhest
followed by the pile group beanmg capacity and the raft baanne
capacity. Thus, the beanng capzcity ratio 23 mdicatad m Table 3
ocenrs not only-at the ultimzts bezrme capaciy, but 2lzo 2t lower
bearmg capacites. This can be explamed by re-writien Eg. (1) m the
follownng form:

Gy picze-rare group/ F5 )
Qu: rr_'f:-'JFS

bearimg copacity ratio =

It 1= clezr from Eg. (1) that any vzlues of factor of safetv, FE
produce the same beaning capacry rabio. Therafore, baarins capacity
ratio s the =ame 25 the vanshon of factor of safety, F5.

100 «- i == ‘ LmﬂﬂaF -
80
= &0
=
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= 40
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1. Load carmied
o | by tha it

o 10 16 0 F i) 30
Settlemeant (mm}

Frgure 8 Comparnson of load v= setilemsnt curves of 222 and 323
piled-raft sroups in sand with D = 803 (Tests 1 and )

To anzlyze the effect of the presence of pile to reduce the raft
zetilement, the datz shovm m Figores 3 and 9 are replotted n
Fizures 10 and 11 Fizure 10 shows the effect of the pile
configuration on the raft and piled-zrounp ssttlements I sand with D-
equal fo80% fecompansor betwesn Tasts 1 and 3). Fizore 11 shows

the effect of relatrve density of zand to the raft and the piled-zronp
zettlements [comparzon between Testz 2 and 3} Each value of
settlament was caleulated for the lozd correspond te the ultimate
bearing capacity of the raft (the fourth column m Table 3) diaded
by a factor of =afsty for the raft ultimate bearins capacity. Sl

100

Lq:Pd carfied
by the pilad-raflt growp

v

Load camed
by the pile group

Laad (kM)
&

a 10 15 20 25 30
Sattlemant (mm)

Figure & Comparson of load va. settlement curves of 353 piled-raft
sroaps i sand with 0, = 30% and m sand with D, = 50%
(Testz 2'and 3)

a0
25  J
E 20 -
prs o L
E 15 - -
= I ?
ki 10 5
° ’
-
0
22 I3
Pile groLp configuration
o Rafl selllement at FS_p=2.0
m  Piad-al group satilement al F5_y=2.0
&  Raft sstiiement at FSEm;E.E
= Pled-ralt group settiement al FS.4p=2.5
Rafl sefilement at FSp=3.0
= Pled-raft group setlement at FSop=3.0

Fizure 10 Effect of the pile confizuration to the settlement of the
raft and the piled-groups in sand with I, = 8% (companzon
betwaen Tests 1and 33: (2) A4 Fioa=2.0, (b) At Flae=1.5;

(e} At FSet= 3.0

Three factors of safaty for raft ultmmate bearme capacity (La
Fleg= 10,23, and 3.0) were vzed in the calculation of settlemant
shown in Figwres 10 and I1. At PSed equal to 2.0, the raft
zettlement 3t 2= and 3x3 piled-raft groups in zand wath relative
denzifies, D agual to 30%: are 262 mm and 176 mm respectivaly.
whereas tha r=ft setilemient at 33 piled-r=ft sroupz m zznd with
ralatrve dansitses, D equal to 30% 12 456 mm At load correspond
to Flizp aquzl to 1.0, the corresponding piled-raft sroup ssttlement
are 42 . 2.0 mm, and 2.2 mom At FSes egual to 2.5, the raft
seftlement at 21 and 3x3 piled-raft groups m sand with relatve
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Figure 1T Effact of the relative denaty of sand to the satflement of
the raft and the piled-sroups {comparizon between Tasts 2 and 33
(&} At FSap=2:1b) At FSeei=2.3: () At FSmp=3.0

densities, D eqnal to 80% are 175 mmoand 11.7 mm, respechively,
whereazs the raft settlement at 3«3 pled-raft groups m zand with
relatrire denasties, IV equal o 30% 1= 304 mm At load corraspond
to Flet pgual to 2.3, the correspondimg piled-raft group zsftiement
are 3.1 mm 15 mm and 1.7 mm At FSos equal to 3.0, the raft
seftlement at 252 and 3x3 piledraft eroups m zand with relative
denzities, L) equal to 8050 are 13.]1 mm and 5.8 mm respectively,
whareas the raft settlemant at 3-3 mled-raft sroups m zand with
relatrre densthies, D equal to 30% 1z 22.8 mm At load comespond
to Fi.za equal to 3.0, the correspondme piled-rafi sroop sstilament
are 25 mm 1.3 mm and 1.4 mm It oboons that the paled-raft
groups have 2 sigmficantly lower sattlement than the raft settlament.
Thiz reduction m settlement can be attriboted to the presence of
pilaz in 3 piled-raft sroup. The pilad-raft zroup settlaments at thres
values of Figp, at both pile zroup confizuration (2«2 and 343 palad-
raft groups); and at both relatrre densttes of sand (D, = 3% and D\
= 8%} zre lowsr than 3 mm. and the values differ by only zbout 1
to 2 mim Thos, the addition of piles to = raft reducs the zattlomant
sizmificantly 38 compared to the 7aft zettloment at the same lozd but
the addtion of more pilas (from 4 piles to ¥ piles) did mot resnli ma
further sigpificant reduction The role of piles to reduce settloment 1=
alzoshowm to be independant of the relative denzity of sand:

The above discussion shows that m a piled-raft group. the
presence of piles causes a lower settlement m the piled-raft sroup 2=
compared to the ssttlement of the raft. At the zame time, ths
presence of piles mereases the oltimate bearms capacity of the
piled-raft == compared fo the ulimste bearing capacity of raft
Therefore, an optimum condition for 3 piled-raft group ocowrs when
tha settlemant of the piled-raft sroup 13 significantly smallar than the
saftlement of the raft and the ultmats bearnmg capacity of the pilad-
raft-group 1= close to the ulimats beanng czpacity of the raft. Based
on this condibon, 2 hyvpothetical optimum piled-raft sroup m terms
of sattlement reduction behavionr for a raft and ulhimate baarins
capacity 1s shown m Figors 12 Considerme the optimoum piled-raft
growy shown 1m this fiswre piled-raft sroup 232 m sand with D-

equal to 80% {Test 1) seems more efficient to serve 3z a settlemmant
reducer comparsd fo the other two piled-raft groups (Tests I and 3).
It haz smaller sattlemsant compared to the raft zettlement. and it has
bearing capacity ratic closest to one compared to other pilad-raft
Zroups investizated m this stody.

Tzhle ¥ mdicates the prezence of piles canses an merease of the
bearinz capacity of group piled-raft compared to the baarins
capacity of raft This mereass 1z quantified m the bearms capacity
ratio parameter (the sixth colomn of Table 3). Test 1 has the bearine
capacity rafio clossst to one. The piled-raft groups that have bearins
capzcity ratio moch larser than cna (e g Tests 2 im 5 in Tahblse 3,
can be zsan from differsst pomts of +iew. For thess pilad-raft
zroups, the presence of raft provides an addiional bearms capacity
to the pile zroup. In other words, for the pilad-raft sroup that hzs 3
bearins capactty ratio much larper than one, mstead of considerins
the prezsnce of piles functions to reduce =sitlement 1t 13 more
approprizte to copsider the prasance of raff 1o provide an addiionzl
bearmg capaciy to the pils sToup

From the above discuszion, it can be concluded that in tarms of
bearing capacty and seftiement. there are two types of pilad-raft
zroup. The frst type of piled-raft group 1= the pilad-raft zroop that
haz a3 bearms capacity raho cloza to on=. If 1= more appropnaie to
guantify this tvype of piled-raft sToup m terms of zefflement. Thus,
the presence of pules m 2 piled-raft zroup reduces the settlement of
raft withoot piles. Thiz condiion applies when the zod below the
raft haz high bearmng capacity (such 3@ 3 densze zand). The sscond
type of piled-raft sroup 1= the piled-raft sroup that has 2 bearms
capacity rato much larger then one. It 1= miore appropriats to
guantify this typ=s of piled-r2ft sroup in terms of beanng capacity. In
thiz type of piled-raft zroup, the presance of mft providaz an
additional bearine capacity to the pils sroup

Expenmental results pressnted m this paper can be used m the
mimerical analszis to stody  piledraft  foumdabion  behavor
mmmzericalily. Load v=. zsttlement curves of piled-raft zroup, pile
group znd raft indicates the load tranzfor betwrzen pile sroup and raft
-3 piled-raft sroup. The load transfer 1z mflusncad by the pils and
raft snffness usad in the expermmant.

Load carmed
Q /by pited-raft group

Ll
o __-_L._,_,_—r—;ﬂ_

=

-
-
-

-
23
-
e ™ <Load carrioa

by the ralt

Setllernent
Fizure 12 Hypethebcal optimum palad-raft sroup interms of
zettlement reduction bahawiour for a raft and ultimate bearing
capacity

The loading tests in this study were performed m 2 1 g
condrion. Becaline factors are nesded to convert the dimersion the
stress, and the force of the zmall-sczle pled-raft zroup foundation
modal fo 3 full-zcals piled-raft group foundabion prototype (Allzze
and Fellenmz, 19547 The scaline factors for langth; stress. force and
voud ratio are 1, N, Ve, and

en=gs = LN | 3
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respectivaly; whare n is the geometric scale tatic from the =mall-
scale piled-raft sroup foundation medel o the foll-scals piled-raft
sroup foundation prototype; £, 1= the void ratic of =oil at the =mall-
scale model: e 1= the voud refic of the soil at the fll-scils
protofvps; & s the critical state line (C5L) slops; N 15 the strezs zcale
rzto [(Altaze and Fallenmmsz 1994 Fallenms and Altzes, 1954,
Sedran-etal | 2001}

The CEL slops, A {calculated uame the mathod of Schofield and
Wroth, 1968) calculated from the test resnlis {Sanzara ot al | 1997}
are 6.67 % 107 and 3.51 = 107 for zand with D, quzal 0 30% and
E0%. respectrvely. A stress scaleratio, N egual to 5 was nzad mn this
study. Thiz valus 15 the ratio of affectve strass at the top, the mid
and the bottom of pilz of the smzll-scale piled-raft sroup foundation
model and tho:s of the full=cale piled-raft foundzhion protobyps
with- geometiic ratic, m egnal fo 3 {1 the full-acale fowndation
prototype lensth 15 three times the small-zcale foundaton modsal).

Jsinz Eq. (3}, 1t was obtamead that the void rahio of the sand with D
egual to 30% (e= L.15) and 30% (e = 1.01) uzed in the smafl-zcale
pilzd-raft foumdation (this stody) correspond to the void rabo of 1.13
and 1.02, raspectively for the zamd i a fall-scale piled-raft
foundation Void-ratios of 118 and 102 are close to the void ratios
of the sand ned m this study: In addifion with zuch wahies of CEL
slope, & the void ratic of the =oil at the full-zcale prototype, & 1=
not samaiinee to the change of the stress scala ratio, V. Therefore, the
resultz pbtzired from tht stndy can be usad for most of the zand
relatrre density encountered m 2 foll-scale piled-raft foundaton

4. CONCLUSIONS

The piied-raft sroup ultimate beaning capacity 1z higher than ths raft
dltmate beanng capacity. The difference m the ulbmate bearme
capacities between the piled-raft group and the raft can be atimbutsd
to the presence of piles. In zddition, an mcreass n mamber of pile
cammes-am imereaze in the dltimate bearime capecity of piled-raft
group of the sand with the same density. In s ztody, the mecreaze
i bearmsz capacity of the piled-raft sroup compared to ths aft =
guantified m the bearing capaciy ratic parameter. The clozer
bearing capaciv rafic parametsr to one, the smaller the 1nerease m
baarmg capacity of the piled-raft zroup compared to the raft

It 13 clear that the presence of 2x2 and 3x3 piled-rafi zroup
reduces the zsttlement sizmificantly. In this study, the presence of
piles redoce the satflement from above 15 mm (2t Fi. equal to 2.0)
to less than J wmm An merease m nomber of piles reduces the paled-
raft group seftlement significantly compared to the raft zeitlament.

A zcaling analysiz mdicatad that the sxperimental resultz of the
small-scale modal presented in thie study were comparable-to 2 fall-
seale pled-raft foundahion Therafore, the resuliz of this stady can
be uzed m the numerical analysiz to ansbyze pided-raft foundation
behavior numeneczlly
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