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Y. Bearing Pressure Improvement
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4. Poorly graded sand
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3. Unified



=AY ((1F o 5L) ¥ oyl () Al comns jhaammn g o yot omsckitpo 44yt | olgscd pid .o g Ly hgrls & a.

3 erpe Sl o lsss e )5 5 e il Yo cuslius
"B s SE b o SI gl B og Blid (uSh i
S by 6050 sl p3Y slaeddlSe a8l 00gy <)
Vo5l (o sl @ b 51 QB Gl s 5 eal 3 58 B

b Jae 0l il oo b 39505 S 4

SIS Ol 5 o3l anxer —F
o)lg2d s ooliil gmrpe 350 S5 5l lalojl plomil gz
slad iy (l33 0T Sl 0 (538 4Sd & oo o35
et o Ve s ol £l 5 2e VTY auaz cpl L5l
g %o VIVVIY slal 4y clo da) oy aiily o (59) » (35

(o] o e 0 o
. o 0 o
(o] o ® 0 o0

Sjhie gad 2O Ok xeds 2SOk pad

YXY oy ,§ YXY 09,5
P

p

03);-—3‘53:

i i (o} (o}
K
I~ = Ugl
= a —
(2} o
;'.o..r" 0 r...J“ 5 -
ol 5], YXY
P
P
E
9
-
| 20 cm I
&t Ly 09 (o
09,5 ;3 3ykie el
XY
P

£
]
)

84 cm '

SRouD 03 S ’555
Y'Yy

asdlbio oyl 30 Giule3To 90 s Joe glgil -Y S

2.84 cm H
" 09,5 ) Sykie g
é,ﬂ..a é‘-—" ¥xY
%
E
o
Lag]
oad
2.84 cm ” -
;14...;"' 0 yuS $ «
YXY
100
90
80
70
9
j‘ 60 I
2 50
S
= 40
30 /
20 /
10
/
/
0 - -
0.01 0.1 1 10
(mm) oly3 jhaé

w375 590 dule (Gusdils S - JSi

bgi S 5L g 285 )15 (Sgyue S ol 5 50

Sz 008 3ly Jae & e g g @ Ll ales
oolatial (318 axio 93 5l e85, 25 5 2 YL o S Al
288 8 0T 0550 6,50 5 Gre 3y ol 5l o
il b ot aneed o oo Voo Shd 4 2o o o aio
Jlesl )b 5 095 7515 2lhigw S5 5l AL pln o S
Comdid (5503l Limgh Claal 5l (SO aS Ll 08,8
&5 S Sy ol ee e Sz s ol
L85 8 00 S g @Dl g 50 5 S 90 g alsS o
lzS .ab oolawl pads B,k 50 10 7S 90 3l 0,800 el gl
slad 5, 5 gz e oy Wah ceal @2 e 5 90 S5, 2
Sl oo eols las (V) ISKs jo Ol opl e )5 1,8 aes



V=AY ((1F v 50 0) ¥ o,)led Y wla cConn ) duxo g () poe (oo 4 380 [ 0lgs Bl o g L Jogu . g 1)

alold (Y+\+) Giretti g Fiorvante  go b plp !, oI (Y++9)
oo 28 g laged Jlad plp Ve Iy i S Sl lagad S'os
OLQ,M O,Ja 5\4&5.4)4 OLQ,».M od).'i.wf - L)al‘c ﬁ‘ﬁ A ‘)
wmio 6 J35)L Liales] 0,50 4o BS 1377:Part9 o, laite!
).3‘).3 A )l uw.n Ao By e )l LmolfduSa alols 450.-“)5.@)&
Ao ol @S @5y » gl Hl 5 asl axio e
ol a5 Ll g e disdle 45 (g bl e

039 yo sk YOV lapeds Job g yo gl YexVe oo,0.8
ol anllae o S glis) 5 o35 sl il sbal 13
93> )3 5 398 ol Kaegn bawgi eadolgiin polie 5l A
g amio (6L alejl 990 )3 (s3leiin lade

b Sl e w69 polax S5l Slwssi Gl Gub
Sl ol 09,0 5 Wad Colas (b S ) g (lojen
“p 20,5 oLl © S5l g (alojl (slageds ()l o S
Colas S (49,0 4 (o, b 5 B s i iy b oo
5 baalgd oles Tl oo 5o Slasl (gl o ol ago 5
b )i i o] (499 e 08,5 sl S (9,0
bagets Jobo U Loy oS baalg) Jo1s elis )| apad 5 Lo 5l o
slaalg o3 ploml (630 (s 08 S0l el ol
ol sl 7,5 S g0 5l o pe Ho o3V
F e & yeie 45 4B plol ol laaly) 59,5 anlen Giido
3 0351 gy G9blS (s 0925 ST 35 (T

gy OIS gy g Lo 15 595 (S ojlul jglaiany
Jore 285 )13 S 50 i lid golaws 55 g baged 595 2
Solite baad Gl s o 69w b 655,18
st S e by @aleS 0 IS Sl ol Gl sy
() JSo aias ailis |15 lereds Ojglone [0 55 5 00 5
00 5SSl gl amo s i | Sl ol s og
59,5 plp OT SLBI S 515 L gad oV 515 aad )
3y Sy om dlepe )3 a8 2l 0l (695 2 0058 (o e
395 J&Is jo coy Gides cale, b il 00 0 K TV aSl
ObL Sl e Calesys ol plamil (5305 G 5 WD 0315 158
2 e Gl SLEI S L g oY 00 2nS (o s5,0%
amio ofl 655 p g 03T (2 S e 3 SROOR PR
B e O Culis g e dee A0 Sl 4 GV (et
O s oolail 15 55 el palS gl amas ) ol ools
a5 03)5] (95t oyl 03728 gy SLBL I (e (518 D
piY Ceoglio 4 b al ools Cuo B oy 4 (o ool 5l as
O 4l g AT, Gl plasl 5l sy Joe 5 slal s
05 (5ol

owlo3T 590 gllan wlasine —Y Jyuz

Y/iva 039 0393

AA7A) (KN/m3) cdeS ogasce 59

74 (kN/m3) iy pgass (g

<IN D10 (mm) dadils 5o ojlail

A/ Cu o 531685 o po

V/-Q Ce sl i

v Bpeacy® « S 3l Slasl 4y5l;

AR Ben® ol oz 0 S b Sl 445
Yo (MPa) o (55, 03 uS o i 5)lad Cuwglis
). mPa) dagods i (5 Lad Cwglan
YY/# KN/m3) 085S o esase ()9
YA (N /) o ogaio 039

L] |

o T
s
, e — &r s ,

L

o

¢

5
08m

gl atly

|- 22m

618550 bl o colaiwld ja0 Ol jupand - o

ol plosi gy -0
D AL A (59,0 4 (25, Djgoa Hais e dle ]
Ly Y @Y &0 dule coluisy (SB 050 ool
Sl asy, Y e gl OlSe a5
Sl Vel o515 5l e lanle slaa ISy e culs
ol 55 S el ol Yy S e anedls 5 e
aod g 2l g0 5l a5 09 el Ae lp 65 S
slul 4 (92 alee g amio 5| o515 Slles plovl Sy g
oy 1 05 5S o Blasl gl s ool yie il YoxY
Gt 4 g yta il YoxTe L5l ol b G o, lazl pads
BME 49,0 S o 0l ulan S 9,0 4y e 6l iy
s 3 45 0318 3 B (39,8 7 oobls Sy s F el
Osbls 85 8 S (g, 5 sbld (5,0 9oV sladly)
gt o clin 5 5 g 385 Jomo sl 4> 97
e YO+ YD ity ] oo 5 ) o 5 i3, S
52U @l 6y, 2 @l lls el caz @ on s
Iy aads Jobay S5 glas )l coed (V¢ ¢ 0) Chung g Lee g
o )Ben g Bazyar Y-\ Y) Ko g El-Garhy 4 ,le> L ol

5. Auger



=AY ((1F o 5L) ¥ oyl () Al comns jhaammn g o yot omsckitpo 44yt | olgscd pid .o g Ly hgrls & ay

ooyl Jadomi g4y 525 g Lo Lol i -#

g 59 yhke gad (595 2 NS Lhale)] s 5 Silke
olis () UKo 50 VXY o VXY jil)T b baed o jo 9,80
GowiokS IFY plp wed Sl ol il el oud ool
2 oolas Lot g gl oo et ol ol ol Cansas
adF Sl 0 )L slesl g gt o Cendd 5L (o
O 0 Oykine pads (655 1,3 L (Y- - ¥ [Tomlinson) cewl onls
03,5 Iy (Al lagad (S5 5 )b Sud b S0 slages
125 5 4 w55 slogad 3 Sl s G
INN 5 IXYF BV sty V¥ il b a0 ol
g i 5o g 4298 (slagads sl ok ool a2k
Codyb g gt (S ke med el O IV il
B8, VXY Gl b lagad (5o adly wod 300 1) sl
Sl ) ¥t )T L e o 5 bl asf god L aolie
Jdoa 655 0 Slaged )b cedb 5 (S Al and o
Sl o 55 5 %8 slages fags s S gy
a5 Sy hia ol dg) de gl b aniusls
e G5 ey 5o slogad b e S e
bogte (e Al cplogd oo godd SLLI S 5o Lawgie
el axis)s g ged SLbI S S s el o
G5 Szl g5y Jdodr rimen 9o pad et
oot 2l b Sedib iy g ged Skl o adlaes
S9y 2 o3S by L8, (owyp selitear wbioe (I
& 9 0S89y 2 wih SRSl Gl et
o ol 0o plsl ¥xY g VXY il )T L s (59, 2 00 5uS
el oa IS5 b S @bt oo J S jlateds Giules]
23 sbaed ;o) eti- b sla o e anlie (V) U3
oS i Armax ad3 s s g (53, 5 0055
037 slag )0 4555 Gloged il o B d 5 o
3500 g3l ; @ldail XV g YV 2ul)T L aeds (595

0.8
0.7
0.6

5 05

2

Z 0.4

= —e—5G-9-cen
03 —=—5G-9-mid
0.2 —4—SG-9-cor
01 —+—SG-4

—e—S
0.0 .
0 10 20 30 40
b8/d(%)

O 90 8500 Zodh i — 5l (gl Somio dunn Ulo —F YU
R glageds

R PR-4
R4 R6| |&P2 O

R5 R6 RS

R4 P3

R1 R2 O R1(%)
PR-9
O O O

P1 P2

O R R
R_4

O Op3e

695 2 4xd,5 5148 00y (1 35 (6518513l o leil> -F JSi
> 2oy

O &=

&S w3l e ool )0 o 5B Centd (6,5 oslul

2 Fashee B aials 2S1as by e lee o/ ) S0y slayyie
Ohy 4 5 PRl Sygodr Glalojl .l coliul SN 55,
oy b ol azils a5 culi 0olg b a8 5 50 .0 plosl <ol L
a2 3o Y j0 adBo jo e e /Y 5l S 4 canis Sal as
Fashes V0 g god (595 2 03 7S (o 9035 (g 3 It
gy bawgy ool Jleel Jb sy 95800 ped jo el (o
T L 0 he aads (53, 2 iabey] Pl y5 0l (5,505l
Sy ol 8 0oy VO JBlos a4y aeds o 45 (glakasd b
mabasd aads (59, p 00y o 50 (6L LU Lk eols aslal
Asu.v‘l)j..\.w).s oé)...mf@uo,c AT aQ Mﬂoy le
2ok SRl S BB et St L SR o
O) JSi 00,5 JyuS s como b ol 1,5 )b oo
O3 4alss pli yo 1) XY )T b aed (59, 2 0058 o

O anlid ol 53 gad (59 2 03 S (o1 -0 KB

6. Arching



Ve Y=AY (\Feso )-HL,{) Y o)l.o.fb O -\-1’ o § M 9 L‘"}n.: gs“"*"-?:" 4)).&.: / o|9>c_9).w £9 L.»b;u»w & ¥

—&— PR-9-mid
—e—S5G-9-cen
Tﬁ—SG—9—cor

, PR-9-cen
02 W —e— PR-9-cor
—H—‘SG—9—mid

50 £/d(%) 100 150

BLE ST IR LY FURUIWER B PP P YT ST F PR B LW
03y (o1 25 Sged 9 Yx¥ GlalyT b 1500 ldgod o
Y GialyT b gods 695 3

5 @ py Sl i Pl cle 4 bred ple o
03,5 (g ) slaged (o Ol ) (A e Skl
Stz Gl & b bl (s )3 (Jy ead oS
s laaad 1o 6yl Cud,b il ol il i3l
4 S Yx¥ (2Ll b gad (595 32 09558 (0 )0 6350 5
0l 08 yuesS LYFE o UFT UNF dg0 o ey 0,000 med
Jols s b mls ol 00,5 oo alisdlo 45 g, 5bolod
Lol Gulaio (Y- +) Hemsley asllas ;|

@ ) S oddicaal laging s (g S ol ol (Sl
0y o 0 el oad eols lid (Vo) SE s 0o S
0 eSS 00 S g p) o Pl oad Sl caglsl
@ S d s Sp b (S hcwd o S e 5 ad aldsS
Pl (Fadypame Sled Wy b IFN 2l L
TR 0 adsT 5 4 4 Lol (2l 0l 50 5 el 655 50
@ bis (g jbre [l edguze 0 e e E) TR sl
axil e S5 s,

O S5 b VXY Gl b geds (59, p 0058 (g 0
@ 93 (nl slagizie @l g lid 4 ged jglne g
2355 slagad a5 SlmTyl IS cll 5 ailons S35 500K
@y M S e Jes 1y L Gl pase o)l jsbay
TV )T b e 5, 2 085 oy 30 Consl 0 ieleiSy
9 99bse Joxd el bawg b sdes (L gl o
Soan e Bl (Seal @ g py Jled SR 50l
25 ki a8 e 8l A 9,0 o 0 Llid bped (SKiSeS
@655 o gt )3 bos GB35 e e 4 4855 5] o
B b 5 e 58 ot e a5 25, e

el i 655 0 Pl

logass ol 5| 4sS slogad o (5,55 L gl ;o
3 yhte gah Comeld =)o (ke (Al (A) S0 Sl iy
b g (59, 2 03 (g )0 4D5S gl g ma 09,5 )3 absS
b ogd oo dlimdle a5 s sbilon ams e oLis Ty YxY il)]
0 3l ool Glbal b pmie dbpeds S al> e
ol e 4y pad (S Slam ok (59, 20058 slo
RTINS P DN =1 R U S S g F -
ol cdea ad 5 555 0 laged ;3 we3s0 &) Some (T
Gl o iy S et ) 5 ke STkl i
2B o0 Ty gy 09,08 (g Lad 5l (L6 )k cad )l
85 65y p o0 () AL S Les il adsS slaaed
S =5l sl giombe G Slaslio (V) JS& el 5ipS o
Glogeds o WY (LT L gad (g5 » 008 (g 0], lageds
laged 18, e oo LA WY (1L baed G 3 5500
abeS laged [0 SitenS abaii ol alie Lo,is asss
& 89y 2 03 yeS (g 58S glds (pl b el Bilate LU)-‘“
Cedyb yo SRl glade 008 g 5l G HLad cle o

N ST Rt

1.6
14

10 |
08 F
06
0.4
0.2
0.0

(kN) gos )b

—e—PR-9-cen
—&— PR-9-mid
—&— PR-9-cor
—&—PR-4

0 20 40 60 80 100 120 140 160
Amax/d(%)

& 2y Bl Conls — )b by S awglio -V ST
bl sl Juo £lgil )0 god (595 2 09 yiunS

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1 —&—SG-4
0.0 * . L

0 50 100
Amax/d(%)

(kN) g 1

——PR-4

0 Oy dl.béo.fb S — )b ‘sLé S A Bio —A S
208 5S o 5 g 9 YXY Gl b K0 sloged (o
YXY Gl b s (59,



Ve Y=AY (\Feso )-HL{) Y o)l.m'b O A-l’ ‘M)M 9 O‘)‘“‘ g;w"\*@:“ 4.:)»»4 / c‘yd).w £9 L.'nl.iungw & Q¥

Bl Gt o 5 Spa g Shu egas me 5 (2ld b S
bl Joe dageds ol b 0l oo god jle g oled L L
6L sll g g9, 50 i -, pzie (o la> g0
b dwle o liedsl s (V- - Tomlinson) aib e
Lopads 09,8 (b jo ool o ad,S A 5 Y il e

Gl cad b acile o baed (6,5 )18 o il 5l Voo Y 10 20 30
_ . . Amax/d(%)
.oo)Sb.a ).laad)o Lcséawa (@l
350
300
4 250
-_q-‘ 200
‘_1 150
—e—R-cen = 100 —&— PR4-mid
—»—PR4-cen - —a— PR4-cor
—e— PR9-cen = —&— PR4-cen
0 .
o] 5 10 15 20
15 20
Amax/B(%)
Amax/B(%) o
< 700 .
600 —o—PRQ-celn
g 500 —&— PR9-mid
~ —a— PR9-cor
4 400
2 300
Z 200
—&— PR-4-mid 100
——PR9-mid 0
—a—R-mid
: 0 5 10 15 20 25
5 10 15 20 Amax/d(%)
Amax/B(%) @
(@) )8 ”'—)Lﬁ ol o Silo donn Lo —Yo S
T b &0l (59 3 00y (o1 (2 00y o (A 100 S o
FxY Gl b aad 595 2 00 5 (g Fx¥ uly]
—&— R-cor _
——PR-4-Cor aslie K050 b bl Ll o1, o p ,Las (V) JSs
—»—PR-9-cor
abeS 0 o4l (g yinn ldail b s o S e 50 asled so
] 5 10 15 20
Amax/B(%) oS S Lad ] )0 @i slomed iy S5 Judoas o
@ a4 : 4 ALy e . .

btﬁ)b . "’—)L&é‘slb A ’..i.L.'.‘“‘L‘”‘.'.LE'“_“ IS
& 223 20 4 (T e by (0 35 po (s bl
Y'x¥ 9 YxY J;g‘bilgéo&‘ss)xco)&mf&seow

Al oo GRalS med olaws Gil38I L lad Jlade S5k
2 lged )l Cod)b (e @l adls () Jgae
Po g Pu Jgaz (pl jo s oo oylis ) Giolejl sla Jaw glsl

a3l 3550 Gl Juw 53 b aouds Camni 9 (5 20k Cadyb —Y Jgu

b e (sloges Py(kN) Pa(kN) Srurd (%) Spayd (%) Pageay (kN) Po/Pagcay
s Niai N Va/+0 VA E N Ve
SG-4 A T Vany VA o Vo
$G-9-cor -/¥9 NF Y-8 V/E T VA
$G-9-mid o5 e Vel VIAS N \IYS
$G-9-cen -154 VY Yo VIAA o VDY
PR-4 -/%9 NE \Riled YV N VAN
PR-9-cor - I8 Y YY/5¥ /AR N e
PR-9-mid - VY IVF FONY ANV T Yai

PR-9-cen \INE QAR #E/IVY AATANY AN \lias




V=AY ((1F v 50 0) ¥ o,)led Y wla cConn ) duxo g () poe (oo 4 380 [ 0lgs Bl o g L Jogu . g SN

12
10

8 L
3,
Z6 I
2

4r ——PR-9

2 —o—PR-4

_)(_R
0 ; ;
0 5 10 15 20

Amax/B(%)
S Condid - )b Gl S (5l A Lo -1V S
00y (2 b 2o (69 32 00 S

—8—15
gZ.O ——10
—e—4.5
—2
——1

T-—IO.S

0 1 2 3 4 5 6 7 8 9 10 11 12

Ko Slaay
21590 oSl 2ol Slaxi o p BPI Ol oy -1V Sl
03y o3

V) 5 (OF) sl s, Liabesl sla Jow 48 BPT cos
“0 el o et Gl L cod cpl el ool ools Las
S (oo Joo (B > Ceomity lagad (S 5l am g 0l
BPLYXY o VxY (ialyl b gadd 59) 52 0058 (o (2l 5k 50
abasde oS 5 5blar WS o o Voo VIO 050 4y ol ey
EISawwal) lawgs odel Cowdds zuli b ssalie (pl ws,5
ol csllas (Y4 ) -

4

. —8—PR-9 —5—PR-4 =R
&2

1

0 L L 1 L L 1 1

6 8 10 12 14 16
Amax/B(%)

GQM&M.}SLSMW){BPI Ol s —VF S

5o oolatuls se  Glawlre jlre )b Paea) asdlas oyl )0
Sme b b 2l g LSt loged (olod 6l g Wil oo (Al
ond (B dkie ped 5 5L alejl 3 ead (5 S0l
sialesl o 50 eads (g uSoluil slxe LU Cuns Pa/Pageal) ol
39790 sla Glime S (nl adboo (Slawlre jlme )b 4
Fods 5 Camnd ) s o lis 1) ed b lwloe (o
VY Gl b gad (55, 52 00,58 (g 2 50 428,515 (535 50
O 655 po geod (6, 5000 ledy el oy YIPF Ll
20358 (o ad glaged p3 .t (b jlade plp 9o
bl sl ggame s el alamdlo BB Lo 0l 55 med (55,
Sk bl el (59, 203 S (g 0 w858 slageds
m ot Sl O el sl 35000 o 5l G e (8l
SBlg0 005 (o 225 )LaS 5 selne slaged lo

Sloged g @od 09,5 0 Syite Slaged wyhie pod ;3
Sl S8 b i 23S0l ired (595 2 007 (g )3 AbgS
e b & gt LS IT g s o (Kon lagad
L ged (§9) 3 03558 (g 0 4dS laged 1 sy 0 395
& o &y a5 b Bl et Lo s 25l e
g ad slaged ;0 b GRIFN S5 Olie 4 i et
b bl Canis (e SBhasl 9 e ) 58 555
S92 0SS @ 0 S aed 0 e GRIF
Ao 5 5ot rled b Sblize Conns TRY 21T s
Cond Cal 00wy mals S8 VPF sgas 4y g adl i34l
5 s 5 3300 | jinS e s 3 jlma o L olise
399 XY (bl L gods 595 2 09,5 (9 6550 ot
RO PPN P-AR ¢

S3y 2 0058 g St )b (g (V) S5 50
aoads slawy Giul38l b el ool anglie 0058 o b aed
“RB sbar ol L )0 medh (555 p 00T g et jlade
o &S ol 10T L glasl ol e rels alasdle
e b 9,00l 5l el Jliey S 4 Cons ged o)
e gl A sy 2 00 S (g 0 el i 8L
gt (Siseend jlam olo 1) ol o ien bl jo (61381
Sein iy gads 03 7 o bl i Cents - b e s
ool uwsdy gl b oanliv cpl 08 )5 oo alax>do a5 5 9bylen
oals oolw Jovie pgas ;0 (VAA- Davis 4 Poulos) lawgs
Fioravante) .o ls cajllae gods (59, 2 08 S o Cecdd— b
awle (59, p 993 Kisle;l adlllas ,5 va (Y+) - Giretti



Ve Y=AY (\Feso )-HL,{) Y o)l.m'b O -\-1’ ‘M)M 9 C)‘J‘“‘ L;M"'\*@:“ AJ)AMJ / c‘yd).w £9 L.'nl.iungw & LY

3995 5l aed Sl e TNV Gl L gt 59, 2 09205
Sy oo FAe D90 4y ol b 30 e 5 LAY D90 4y VPV
22l Wlgsoe 35 LY B G 0008 (g )b e 2l
slzy 9y g G50 adllas > e (Ve-+) Hemsley
asllas ;o (YAA- (Davis g Poulos)  yuzxen g &,9a50l,3

30505 0,Ll spuline gl @y 0> Lo

0 A , )
0 5 10 15 20
Amax/B(%)
(<h
100

(1) § 25k poew

0 5 10 15 20 25
Amax/B(%)
(@)

900 S (1) b aadge 31 S B (535 e -V S
XY i lyT b gt (595 59 00 yians (o3 (I 2(Ld oot
FxY Gl b ged 595 » 00 ywS (o (0

oalS o pglia b 02, o 25 50 ged 550 L

ol ,b 4 ws sols las S 8,k 51 (V) JS8) Wb e
e (0) 5 (F) Jolozr ol oo (2l 38110 000 @ondh a4y S gt
A3 oo Gl lre g 2led)l jo 1) aed g 00 S (g o)k
st &b Sy 2 00w (2 QW6 9 S,k 4 Qu g Qa
e b yo 00,8 (g g boaed 4 0)ly b oS SR 9P sl
s (@) e ,b Ruwn) Ran) il o 26 L
03 yinS sl gy b Slsloms 45 bl ol il o 08 y2nS
Sy g 09d o0 43,5 Sl 50 (o polie Jb Gyt gl (55, 2
D35 g yekie 0olS g b Cudb el
59 8 e pads (2l L) sl Jb o po fol> (Pus(sum))Pas(sum)
&lgys Jb cpl cwl Hlais g Jow (o caddlas! aed slass
A Lk ol j5 a5 wil oo baged 2ls L 5o
ol 0) 5 () Jslaz 51 3T g 99 calpliy 09 o 4385
e sl 5SS ye (phb o vezge las Jlade a5 was o

S Ble Canis 5 (Su) (Sisens alais b Hblite ot
ods ools Las (V) Joaz ;o (ialesl sla Jow glsil ;o (Sa) jloxe
Gl g (59, 2 03y o 0 e Slaws 2ol b el
e b byl Jlie 5o 5 b oo GralS jlxe L L Bl
Al ee sl

9 olo)l G Juw (1ld 9 3o (g 1)b Cad )b Y Jou

Sea/B (%) Seu/B (%) Qa (kN) Qu(kN) Joe
Y/-q Veleo Atd £IvY R
VA Veleo YINY #IvY PR-4
\IY- Veleo YIAA Ag¥ PR-9

0 S 10 15 20
Amax/B(%)
(@)

Amax/B(%)
(@)
2ok adlge 51 S0 B Gl - 5L gld S -10 S
ST L o (59 52 00y (o (AN (g 3 00 yiwS (52)
T Gl b o (59 2 00y (o1 (0 FxY

&) polie sloadlie 51 SG o s )b sla e (V0) SO

0 Ol el 59, g 00T Slag o | (aeds 5 0 2nS
Esri 0 VXV Gl b ged gy 2 0058 (g )0 ame
bgad (Ko b ol fiinn 5 )1l baeds pes (5,185,1
LTl aad (595 p 00508 (g 50 D500 e 8 2]
S92 0 mS (g @ L |) (6 5im )L 0)lgen lapads YXY
polie sloadlse (nl 51 Sy (6l hew S o Jood gals
Eods (895 2 00 S (o 50 Zewl sl ooy Hlas (VF) S o
9 LYY dgam 4 LFY sgu 5l e (5,0,b poe TV Ll L
st 0> e 1Y dgas 4 aled b e (SieS 5l o



Ve Y=AY (\Feso )-HL,{) Y o)l.o.fb O -\-1’ o § M 9 L‘"}n.: gs“"*"-?:" 4)).&.: / o|9>c_9).w £9 L.»b;u»w & v

S 6l e 585 S 50 (g g (S o0 Lo
O 9 VXY Gl b gads (595 32 0358 (o )0 pln ¥ 5l i
‘) )L’>u) 6ﬁ)lg g.,uﬁ).la T'xY U’“‘")i L> ao).'l.mf e )° ﬁ‘ﬂ Y )‘
O wlgm Seolaidle i a8 B4 wo S
slrged x5 2l b 5l H0 a5 wes e LiS (V) Jgox
o035 2l Hb a4 ok ax med (59) g 00 S (o )0 39290
Y=Y u*‘“)—‘ Loy o lomed o o jlome ,b 515 jo asleas

el ooy les L VY g sy 5158 LSl L

—e—R-Average
——PR-4
—*—PR-9

(kN) ;b
w

0 2 4 6 8 10 12 14 16
Amax/B(%)

29 ol > 33 03 yuwsS () (6723 ke Sl i VY S
oelejT b Jus glgil

Sgb oo alaxde a5 (5 j5blen Cunl jaiz ped (59 p 00 S
yaads slawd ol b el iy Uas ] 5lore )b oogases 4o
sl abior (Rl o028 o )b )b arulne slax
@ 5bme el e b WY Gl L mad g9y 2 00508 (o
el 08,58 o jlore )b ao 0 YO sgas Cosdly (o 00 sl
A VY sga> By )b cudil (g onl sloged o
RYAUPCER SN N FOUORE [ AR SO P KV-38
Slre sk Sk 9y 2 (Ahb b slalas S
Gl et )b Al el ool cols lis (F) Jeux 0 o
b Codyb Qatra) ol ooy pldil Sl g0 (0 meuds jlxe
b i ) (g 2 S S8 Said e b jlre
L slee sk Codsb Quinew) 5 (ol 55, 2 09,5 Slagg
Slolre @b cedyb 0wl o 2y S lad Sl
Syl alS (59, o (S padl 5151 568 Ll g0 5m 0o
el ooy Hai o b peds eyl Giali8l g 00 i o 05k
200 (g Sl e )l Cudib Joz onl Bk
oo 5 pSojlail polie b S jLid (28,5 i o b sed (5,
5005 o b Cudyb Gl Koo gleas o)l ciillas
b S G5 1 RS aed plel Gl

SalojT 9590 e (2led Hb 315 53 03 yunS (o 9 o b o —F Jgaz

P/Pustsum) R/Rugur) R(%) P(%) R(kN) P(kN) Qu(kN) Jae
- Voo Veofon £1¥ e F/Y) R

- IFY A £ 1A YIAY Y/f4 SNy PR-4

A N Va/0¥F Viga £/40 AISE PR-9

SalojT 9550 s jlxo 5b 315 )0 05 S o1 g oresd Hb moew =0 Jgu

P/Pastsum) R/Raur) R(%) P(%) R(kN) P(kN) Qu(kN) Jow
- Ve Veofoo VIFE ofee VIEE R

AN - IfY YAIAD VAN y VIO YAY PR-4

V30 Y0 VYYD AYIVO - I¥0 YioY YIAA PR-9

&0 (59 2 00y 9 )b Cud b pesd jo Was g (o oBwd s lio —F Jgus

Qa/Qaew) Qo/Qagera) Qarew)(kN) Qafera)(kN) Qa(kN) Qu(kN) Jse
Voo Ves V/FE AR V/IFE AAR R
v/ YISY Y/eY <104 YNY #INY PR-4
V¥ YIVA YIVF VY YIAA NFE PR-9

Sl b oo 2l g ko 5L 315 50 breds )b -V Jgax

Joe Jbsls Pu(kN) P(kN) P/Pu(%)
PR-4 -/f4 YA s
PR-9-cor <10 <IYY FYIPY
PR-9-mid e - VY - IYO TEY-
PR-9-cen \VAYd A4 YY/O-.
PR-4 -/f4 Nas AYY/YA
PR-9-cor ) <10 “ 17 \Y -0V
PR-9-mid Sl S INY SIAY VWEVO
PR-9-cen VIVE AR VeYIVY




V=AY ((1F e 50 b) ¥ o)led DY wla (o jdaumo 9 oyl o (oo 9 i [ olgs QD s .o g Ll Jhg .6 A
Sllmo (5515l cadyb b oad (g 03Il (g 15l Cud )b duns Lo —A Jgur
F.S. (piled . Qafnew) o9
rgt‘)e FS.(raft)  FS.(pile)  Ru(kN) Pu(kN) R (kN) P (kN) s slogas 70 e e
V- IAD VA4 s YIAY -1$4 Y R PR-4 - /69 PR-4
Yo QI LYATN PR-9-cor
$I0% $IY vI54 V3 - IVY YV R PR-9-mid VY'Y PR-9 <
Y/ \IAYd QAR PR-9-cen
YO IV VIvE YIAY -/F4 - I6A ¥ PR-4 ¥/eY PR-4
\IFY <10 AR PR-9-cor
Ve
Y FIAS ¥y V3 “IVY YO Yy PR-9-mid vIvS PR-9 :
f/59 VIVF - IYO PR-9-cen
o3l 3590 Sl S (s 5 5lmo Hb 50 ¢yl Canmnd 9 (3530 -4 Joux
o) /L (%) o (%) a0 (%) Al Al o
-y -0 NE SN ¥4 R
e N Sl R VIEY JE PR-4
YR o/ feY ey VY- PR-9
N R -15Y <150 Vefos R
¥ oA YD V¥ Veloo sl PR-4
—eloA YA N e Vefos PR-9
03 yiuwS' o1 3o 5L b yBLoo () liel Comdid 9 oly99 -V Joua
/L @ia)(%) &/L qan(%) L) (%) Zaay(%) Amax/d (%) Skl Joe
ooy <10 Y V¥ v/q \/FE R
R oY oY o0 s V/PY PR-4
—)ef o/ o ey ¥ V/PY PR-9
9 =LJ sM; dl.s'béo.w T'xY U’“‘"‘)T l.i OQ)S.MS & S0 0 6‘ mP
JJ‘OM)M@LQA)bM)QY\JSY‘f ‘;YC\JW)JCU)SIA .\ “
| | ) bl Colo Lo i ad glogedds Lo N
)u;’f‘") Jf"-‘“’u bl S el &"*‘L?r-‘ .Meg \*\
oyl ol alold Juud L 5l (655 0 s ailos S el o g
Sb sl el pdes baeds den 00,8 o 2l LL & o
s S lad il cdeas bag] Slsb 4 cuns baged oh o
TS s ad s slaged 3 R Gl ol SR st SV 50 (IS0 el ST (550515 0920 VA Y
cledy 655 0 pads j0 Sl LY 9 VO Y sgam g 00 v

&l 9y p o0 (g @ld 5k 5o (SoFenS o i (1Sl
el 03ls F5 (B 1)+ Cennis b SbLia L)

Jol> s b 6 Sojluil 5l Jol> mlis anslie (A) Joor
S35 3 00 g Pk 0 oszse Ll slals,
Jooz nl o e e i Jlawle jlre b 0 1) aeds
Cd A 00 S g s baed Sl ol gl cad)b
93, gl 59,y 6L Glesl 5l Jols ol b Ll
)Jlf)[?bﬁ)b ML?(A&_AP uLM.o.Ja‘ w)..o Mb‘so oér&mf‘j
FOMPRVPUER RTINS ¢

OR) IS8 5 G s slogeS 615 )18 0926 (VA) JSC2
Pk s (s2,e ghaile 95 )3 00l (655 o3l e s
Camiti g olgd (V) ooz wams oo (i 1 00,05 (o VL
Sdi g 0lyed (V1) Jouz 5 led 5 slme L o oLl
Oled a3 oo (i |y 0008 (g 5o JL L Blite ()il
Lo slaged (59) 2 00w (o )0 3gboe abi>dle &S5 )5b
o S s S 8 assS o lagads a5 LTyl VY il
5 0lge 2l Gl (o (bl Canti 5 ab jxke Ojgon
Sl @09 g nlo 5l jlre )b )3 00,08 (o 50 S
TS et 03,5 (g 2 50 e dlas Al PIL b L S
izl alS glabisdlo L5 sboa, Lo



Ve Y=AY (\Feso )-HL{) Y o)l.m'b O -\-1’ o ) M 9 L‘"}n.: ‘sw..h.e,o AJ).&J / o|9>c_9).w £9 L"“’l'iu"?“ & LLY

@ (mm)b-b ahiio
0 100 200 300
0 T T
B 3 3
s P Amax/B(%)
: —a—0.5
3 10k © ——1
£ 15 | —2
g —e—5.5
20 * A [ ——10
25
@

(055 Eblis 33 03 S gy (S0 i @238 0920 —VA U
L 08y (o (@ 08 i (o (W1 :(b-b) (5 kb g (a-a)
XY Slyl b oo yimd o (0 IxY inlyl

r oS o Sl jlxe )b s 54 Qamew) g Qagera)
s (8,5 5l o by S Lad (288 Sl ps (e et (59,
0058 (2 g ged 51 S p2 b S jO R g P adl oo S
s 937 4 i il e sl 45 ey,
JLad 5l aS 5h90 )0 (Jgoz (nl ek s oo (LS 995 o0 0l
09,5 wiles gad (59) p 03, (9 5 990 JES e o )
& 5 brad adly pliebl oo i (b ol aeds
e 2L 5 o olaad RalE L ol oo 4z S BB 0o S
s b el 00 S (o Gleebl cu o (SBopk
WY g V¥ Gl L g (59 3 005w (g 53 (S plisebd!
Jade a5 cwl eswlcwwsa FIOF g VoIAD plp cud e
Ao oo lis |y 7 b ol g golaidl e

9y 2 00w (2 (Ll s g py S LS ol
2 e Rl 03,08 (o g laged Glebl colys et
V¥ 5 YV Gl b e (g5, 2 00,58 (g 0 4555 slogass
Ay e Slaebl o yo g aid) 518 slxe bl es)ls b
olpe Glizen 00 58 o blae jo 0ed e VFY 5 VIYF
A ogi g0 Cucly @lre Sl g pl o)l ¥l i Sl
2 ol e ¥ ogus 4 (o 90 50 50 (I Glebl oyl
b a e Soledys 00 S (o py SBJLaS (88
Sl 0038 ,5 (g0l

S5 Az -V
S yite ol 8 yite god sloJde (59, p S NS ,L Giales]
g 53y y2 00 5wS (o 5 00k (o 00 slaged G 5o
20,8 dnlie K0SH L byl ol g b plowl il als o
S92 003 g (Fhb o Sszee (el sba by, 8o
Sloslaiuls ;g slagads o oy 8,5 )15 2Ll 990 g

(~_0J|) (Illlll)il—iléhﬁa
0 50 100 150 200
L= ==
5 | Amax/B(%)
] —a—0.5
310 E —1
g ——2
g 15 —e—5.5
20 ‘_—_‘-—ﬁ——’_—'—‘
25
(&
(mm)b-b alaiio
) 9 100 200 300
0 T 3 T 3
g i — o | Amax/B(%)
g 5 ¢
} —=—0.5
= 10 —o | —e—1
£ ——2
~ 15 | —e—5.5
20 -—-—,"—’__’_‘
25
()
(_j) (mm)a-a shaie
0 50 100 150 200
0 T T
5 " I? ! j' Amax/B(%)
} —a—0.5
10 L ——1
R | ——
—e—>5.5
20 * —4A
25
(&)
() (mm)b-b akio
0 100 200 300
0 T T —
E 3 — | Amax/B(%)
3 5 F M
} —=—05
= 10 | —O ——1
g ——2
=15 F —6—55
20 *
25
()
(mm) a-a alaie
=) o 100 200
0
[ —— 3| Amax/B(%)
35 |* 4
910 |y % [——
215 | e
20 |a * —a
25

(@)



V=AY ((1F e 50 b) ¥ o)led DY wla (o jdaumo 9 oyl o (oo 9 i [ olgs QD s .o g Ll Jhg .6 Yoo

&zl —A
2 ereds 08 ymS sla g AEiole;] anlllas” (o olg>id
oRzils (g,xSs aalipbly B 5 lAT L o anle

Altaee A, Fellenius BH, “Physical Modeling in Sand”,
Canadian Geotechnical Journal, 1994, 31 (3), 420-
431.

Bazyar MH, Ghorbani A, Katzenbach R, “Small-Scale
Model Test and Three-Dimensional Analysis of Pile-
Raft Foundation on Medium-Dense Sand”,
International Journal of Civil Engineering, 2009, 7
(3),170-175.

Cooke RW, “Piled Raft Foundation on Stiff Clays-a
Contribution to Design philosophy”, Geotechnique,
1986, 36 (2), 169-203.

Comodromos EM, Papadopoulou MC, Laloui L,
“Contribution to the Design Methodologies of Piled
Raft Foundations under Combined Loadings”,
Canadian Geotechnical Journal, 2016, 53 (4), 559-
577.

El-Garhy B, Galil AA, Youssef A, Raia MA, “Behavior of
Raft on Settlement Reducing Piles: Experimental
Model Study”, Journal of Rock Mechanics and
Geotechnical Engineering, 2013, 5 (5), 389-399.

EI Sawwaf M, “Experimental Study of Eccentrically
Loaded Raft with Connected and Unconnected
Short Piles”, Journal of Geotechnical and
Geoenvironmental Engineering, 2010, 136 (10),
1394-1402.

Fioravante V, Giretti D, “Contact versus Noncontact
Piled Raft Foundations”, Canadian Geotechnical
Journal, 2010, 47(11), 1271-1287.

Hemsley JA, “Design applications of raft foundations”,
Thomas Telford Ltd, 2000.

Huangab M, Jiu Y, Jiang ], Lie B, “Nonlinear Analysis of
Flexible Piled Raft Foundations subjected to
Vertical Loads in Layered Soils”, Soils and
Foundations, 2017, 57 (4), 632-644.

Khanmohammadi M Fakharian K, “Evaluation of
Performance of Piled-Raft Foundations on Soft
Clay: A Case Study”, Geomechanics and
Engineering, 2018, 14 (1), 43-50.

Lee SH, Chung CK, “An Experimental Study of the
Interaction of Vertically Loaded Pile Groups in
Sand”, Canadian Geotechnical Journal, 2005, 42 (5),
1485-1493.

Oh EYN, Huang M, Surarak C, Adamec R,
Balasurbamaniam AS, “Finite Element Modeling for
Piled Raft Foundation in Sand”, Eleventh East Asia-
Pacific Conference on Structure Engineering &
Construction, TAIWAN, 19-21, 2008.

Patil JD, Vasanwala SA, Solanki CH, “An Experimental
Study on behavior of Piled Raft Foundation”, Indian
Geotechnical Journal, 2016, 46 (1), 16-24.

Poulos, HG, Davis EH, “Pile Foundation Analysis and
Design”, John Wiley & Sons, New York, 1980.

Raut]M, Khadeshwar SR, Bajad SP, Kadu MS, “Simplified
Design Method for Piled Raft Foundations”,
Advances in Soil Dynamics and Foundation
Engineering: 2014, 462-471.

Reul O, Randolph MF, “Design Strategies for Piled Rafts
Subjected to Nonuniform Vertical Loading”, Journal

o &yl Wlis 0yl 1o 15 shol s ailonds 4l b ys oy
|

Jedoar ;0 laged G 5o Syhe xed 615,15 L
ol oged la Gl el (e 5 )b )b daget
Om > &ly a8 5 ad (555 0 slazed o gk Sl
-0 TNE §IYE SOV o s (5/d=2.6) TxY L, 1L e
bsboaed oo o &ly 428 Glaged sl lade cpl a5k
Toj.)a O i gads &y Comd (S/A=2.6) aos (59, 52 08 S o
polie Jbw0s S o n g0 aed S B Lol ply YIEY
5 LY 5 LEY 4 YIS s OIY ply sla s/d s 00,5 o
laials 5 il ol 5l Bylee slo b o .cdly zals
205 o0 faid o

Gy » 00yS o Cendd ke baeds olasy il58l b
GHIAF L slal o cdl pals alase B ebay B
502! 3l g yidin S1B 4 G o (521 e S )
o red (Sisend 5o 0g yiien 6,108 )L sove ol
Al ol oo/...wf@bl.u).m IR FRREE 0N

(e HIY § YIF lgﬁ‘ﬁ s/d Zos 59y 2 oo,'i.wf =
e )b 0 VY g TAV L plp s s JST L 5l baeds (5 5)L

e 085 IS 50 g g (G o slie p (AL
S/AL god 95 32 035w (g 3 plp ¥l G (SB o)k
e b SB B YIF plps/d jo plp V5l G g OIY
aobr.mfksx))))ééo.w.)‘éuw&lsbD)Mwbwéb
=Sy Jhlae ;o 0e peolaidl e st dBas 5,5 S
Slilg adge ad) sl 0 (b o (g n) S LSS
ol Ay Cond 03, o5 red sp,b cud b Ol s
Slhowlors gl o WS 06l Hlail 1o 00 S o 59,00
29 ezl g pSosll l Jol> mlis b

STOIY plp s/d L 038 o sloged Jb (o e b 5o
0355 (g2 3y90 ) ey (2led L IVY g b, 18 slons
o S e g ad alsS Slagel VIF plns/d b gat 55, 2
Wy xed olod b ao, o VY 5 YT £Y o
Sl o (Lolis s 9 0B yrie O ygods o JKb s 5
2l 5l i lre Sl p0 005 (g 50 Ceniii 5 Olyge 8L
@ 5 00 e olaw Gl L el b S il 4 0g e
izl (25 glabisMo b6 jsbas b IS i 00 i


http://www.scimagojr.com/journalsearch.php?q=22030&tip=sid&clean=0
http://www.scimagojr.com/journalsearch.php?q=22030&tip=sid&clean=0
http://www.scimagojr.com/journalsearch.php?q=16281&tip=sid&clean=0
http://www.scimagojr.com/journalsearch.php?q=16281&tip=sid&clean=0
http://www.scimagojr.com/journalsearch.php?q=22030&tip=sid&clean=0
http://www.scimagojr.com/journalsearch.php?q=22030&tip=sid&clean=0
http://www.sciencedirect.com/science/article/pii/S0038080617300847#%21
http://www.sciencedirect.com/science/article/pii/S0038080617300847#%21
http://www.sciencedirect.com/science/article/pii/S0038080617300847#%21
http://www.sciencedirect.com/science/article/pii/S0038080617300847#%21
http://www.sciencedirect.com/science/journal/00380806
http://www.sciencedirect.com/science/journal/00380806
http://www.scimagojr.com/journalsearch.php?q=22030&tip=sid&clean=0
http://www.scimagojr.com/journalsearch.php?q=16281&tip=sid&clean=0

V=AY ((1F v 50 0) ¥ o,)led Y wla cConn ) duxo g () poe (oo 4 380 [ 0lgs Bl o g L Jogu . g 4y

of Geotechnical and Geoenvironmental
Engineering: 2004, 1-13.

Samanta M, Bhowmik R, “3D Numerical Analysis of Piled
Raft Foundation in Stone Column Improved Soft
Soil”, International Journal of Geotechnical
Engineering, 2014, 9 (1) 101-112.

Sedran G, Stolle DFE, Horvath RG, “An Investigation of
Scaling and Dimensional Analysis of Axially Loaded
Piles”, Canadian Geotechnical Journal, 2001, 38 (3),
530-541.

Tagaya K, Scott RF, Aboshi H, “Scale Effect in Anchor
Pullout Test by Centrifugal Technique”, Soil and
Foundations, 1988, 28 (3), 1-12.

Tomlinson M], “Pile Design and Construction Practice”,
4nd Edition, E & FNS pon, 2004.


http://www.scimagojr.com/journalsearch.php?q=16281&tip=sid&clean=0
http://www.scimagojr.com/journalsearch.php?q=16281&tip=sid&clean=0
http://www.tandfonline.com/author/Samanta%2C+Manojit
http://www.tandfonline.com/author/Bhowmik%2C+Riya
http://www.scimagojr.com/journalsearch.php?q=22030&tip=sid&clean=0

K
Q Journal of Civil and Environmental Engineering
Volume 51 (2021), Issue 3 (Autumn), 87-101

University of Tabriz

EXTENDED ABSTRACT

Experimenta Lstudy of Behavior of Piled Raft Foundations under
Vertical Loading in Sand

Issa Shooshpasha®, Mehdi Sharafkhah

Faculty of Civil Engineering, Babol Noshirvani University of Technology, Babol, Mazandaran, Iran

Received: 31 May 2018; Accepted: 09 September 2019

Keywords:
Piled raft, Interaction, Physical modeling, Cast-in-place concrete piles, Sand fatigue, Stress.

1. Introduction

Several numerical studies have been carried out to analyze the behavior of piled raft foundations, but very
few experimental studies are reported in literatures (Cooke RW, 1986). The conventional approach for the design
of piled raft foundations ignores the raft load sharing, and it has been assumed that the piles carry the whole
of structural loads (Hemsley JA, 2000). This approach is unduly conservative and leads to an uneconomic design.
Only when the pile’s cap is elevated from the ground level, this design method is valid. In a piled raft foundation,
pile-soil-raft interaction is complicated. The available laboratory studies are mainly focused on steel piles. The
present study aimed to evaluate the behavior of piled raft foundations in the sand, using experimental physical
models.

2. Methodology

Cast- in-place concrete piles and concrete rafts were used for the tests. The test models in this research
included: single pile, single piles in pile group, unpiled raft, and piled rafts with 4 and 9 piles. Some instruments
measured the load contribution between the piles and the raft. The instruments are shown in Fig. 1. The effect
of the pile’s installation in the group was also investigated. By comparing the measured load capacities for piled
rafts, the differences between the traditional and new approaches in the piled raft design were studied. The
effects of the number of piles and spacing on the settlement and load capacity of the foundation were also
evaluated.
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Fig. 1. Schematic of the test setup
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3. Results and discussion
3.1. Single pile in a group

By the installation of a single pile in a group, the pile bearing capacity and stiffness increase. The bearing
capacities in the center, middle side, and corner piles in the 3x3 group are increased by 57%, 36% and 11%,
respectively. This value is about 5% for corner piles located in the 2x2 group. Corner piles have lower stiffness
and bearing capacity than others. The piles located in the 2x2 group show similar behavior as the corner piles
in the 3x3 group. Increasing stiffness and bearing capacity of the center pile are due to pile confinement
generated by adjacent piles and an increase of soil density caused by casing penetration. In fact, the
confinement increases equivalent stiffness of the soil-pile composition around the pile that decreases soil
deformation and pile settlement. Furthermore, due to arching, the stress around the pile increases and as a
result, the pile ultimate bearing capacity increases.

3.2. Piled raft

Comparison of load-settlement curves of piles in piled raft foundation and piles in the group show the
behaviors of the corner piles are approximately similar. Yielding points in corner piles coincide. The slight
difference is due to the raft pressure in the piled rafts that increases the pile bearing capacity. In the other piles,
due to greater raft pressure and associated negative friction, the pile stiffness decreases and the bearing
capacity increases significantly. In the corner, edge and center piles in the 3x3 piled raft, the increases in pile
bearing capacity in comparison to the single pile are approximately 16%, 64%, and 264%, respectively.

In Fig. 2, the load-settlement curve of the piled rafts is compared with that of the unpiled raft. In this figure,
Amax is the maximum settlement, and Bis the widths of the raft. By increasing the number of piles, the settlement
of the foundation decreases significantly. At the beginning of the loading, due to the higher stiffness of the piles
than the soil, the slope of load-settlement curves for the piled raft is greater. The piled raft with 9 piles has a
steeper initial slope in the loading curve. After pile failure, the loading curve reduces and becomes parallel to
that of the unpiled raft.
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Fig. 2. Average load- settlement relations of the unpiled raft, 2x2 and 3x3 piled rafts

4., Conclusions

By installing a single pile in a group, the bearing capacity and stiffness of the pile are increased due to the
adjacent pile confinement and increased soil density during pile installation.

By increasing the number of piles, the settlement of the piled raft decreases significantly. At the initial steps
of the loading test, the pile bearing contribution is greater than that of the raft, thus the slope of the load-
settlement curve is steeper. After pile failure, the curve is nearly parallel to the load-settlement curve of the
unpiled raft.

By designing a piled raft based on the conventional approach in which the raft load-sharing is not
considered, the allowable bearing capacity of the piled raft is underestimated by more than 300% and 200%
for s/d of 5.2 and 2.6, respectively. On the other hand, with decreasing number of piles and increasing pile
spacing, the conventional method is uneconomic. In contrast, when the raft bearing contribution is considered
in the design calculations and the effect of the pile installation on the bearing capacities of the piles and raft is
ignored, the difference between the calculated and measured results is insignificant.
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