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Development of Three-dimensional Interactive Analysis
for Superstructure-piled raft foundation
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Abstract

In engineering practices, the superstructure was analyzed under a fixed boundary condition and the foundation was
designed by considering the loading condition of superstructure. It may result in overestimation of forces, the bending
moment, settlement of superstructure and foundation. In this study, an interactive analytical method is proposed for the
interaction between the superstructure and the piled raft. The overall objective of this study is focused on the application
of interactive analysis method for predicting behavior of entire structures. And a series of numerical analyses are
performed to verify the interactive analysis routine in comparison to the unified analysis method. Through the comparative
studies, it is found that the iterative and interactive analysis gave similar results of settlement and raft bending moment
compared with those of finite element analysis. And it is also found that the proposed design method considering
interaction between superstructure and foundation is capable of predicting reasonably well the behavior of entire

structures. It can be effectively used to the design of a superstructure-piled raft foundation system.
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Fig. 1. Modeling of superstructure (Midas civil)
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Fig. 3. Proposed interactive analysis

TefE 5 glom, FRlEAeh AuIERte] el
P ashc YEAGNL] WEAN TS chaat ek
(1) FR7IEA e 3712 AN T AR (fxed

boundary condition) &2 7}A3}o] AARILZE|AS

2 & 4
Q) AR|EAE Rt Abget AR

_{

(3) Q)4 A8 CSME sHE7| =-X]Hke] AA

) AAPE el sERdow dYshe] Rz
o A% 9 CSM
(5) ol ()3 @elx

O mlo
[
o,
ok
Ko

22  g=RLLESe =28 H29d 6=

A Q)~@2] AL vEstol Axct
6) AARN A B e A7E S AR
SRTREY AAS SUdAT ol Qo)A HA
3 7)zge] g U DU shEol ot ok
J WHE st pREe A BA 9
e 3

A
o
= 73 71T RSAA CSMe AAbd et
(©)

ARt
Slof| A oAt Als g F|49] FlAeA U e E
+ Fig. 33} .

B AT 4EAE HAA 48AE AS
517] §J5ke] 3% 32 A(finite element, FE)3}|4]-&



olato] HATRES AAst et Ak} ] w1
Mo asherh SeHas W2l mesh) L HAL ARS
G3te AslA =2 33Q] PLAXIS 3D Foundation(Ver.
2.2, 2008)2 ARg3}ThH

3.1 oA A 2 A mesh

S| ol TR Fig 4ol ekl vket o] 10
% TR ol 35mel AR TEBI WEAX] 7]
22 TAE] gtk 38712 39 FBe] M
Im2 7Pyl 29 golt thE Jeel 10me
Agatech Avs129 29, PA2Y FHE = 15m,
57 Im2 PSR on] AR §lof H(contact)5h
5 RYYSgch YRTREL ST 35me| RaelE
FREE TPstel vl Seuet /15 L AfRHE 7
E|gieh SHE) BHe & 10me] FALPOR,
AL 02mE AgSAR, 715 L tERe) dwe
0.6x0.69] AAZH Thelo R hgelale. thAr Auke
Fig. 4(b)°]l Lhebdl ue} o] 20m Zole] Fahz A4t

54515 stk Aselel Qe melstA o
t}.
2 o= AR A et 27] SYHEE
£ AH438le] 27| B A (initial equilibrium state) &
TSIl 271GA o] F, WHAA] 7|20l 2185}

|- Super- structure
(beam + shell element)

Raft
(shell element)

Pile
(volume pile element)

(a) Structure-piled raft foundation

32 K=y H AY2E

23} (linear-elastic)

B etad 40N BEe o
& Agsrgom, FahEF3 GhiE-E Mohr-Coulomb
Yg AT 7 nde] Bad Y2 FHE o
whHel el Ban Y WY AMRAETE
Bz g FIE, A% 2 Y BHL A}
e

W AU 52 HE) 2 A9 Aol o] AW
(interface) ol = PLAXIS o 4] A|&5H= =R 4(contact
element)& AHg-3ko] ANka} &Z Abo] o] ] 11
(slip behavior) B -3359] 7he Hithriako A WA
4 Qi elgHElo] oJ3k Ha]@Al(gap behavior) & el
& SFITHKiIm et al, 2010). 53] D53} 2|Hke] AW
ofl A Ak} Hafigle w5 2420 A3 Coulomb 1}
o) 2ol ]3] A%E3HH, Coulomb ulzo]|2e ZAH
ol L= vy Ao S As F- HIP
gele] 2475 Fe TR 5 ek 2 A
FHE HolAe Mol HASH HH 2AAE 4
2 Hojwof FAH a40] u|71e]3] #5(slip behavior)
o] ¥AI5HA| ElthWon et al., 2006; Jeong et al., 2009).

o4
off

£

(b) 3D finite element mesh
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Table 1. Material properties used in the analysis

Soil Structure
Weathered soil Soft rock Hard rock Raft Pile Column & slab
v (kN/m%) 19 23 26 25 25 24.5
= (P a0 500 2.000 24,645 (030
c (kPa) 15 50 100 0.18 0.18 0.2
o (deg.) 35 40 45 - _ _
v 0.32 0.25 0.2 - - -
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Table 3. Axial force of column

Axial force (kN)
Center Corner Edge
‘ 2.5D 6839.01 2539.79 4012.87
E”:g;cci’;gp"e 5D 6575.11 2584.04 4061.58
6D 6515.97 2563.76 4083.11
‘ D=1.0 6839.01 2539.79 4012.87
Eff(jiztmzfte[r)”e D=1.5 6907.43 2532.04 4003.37
D=2.0 6941.69 2527.81 3998.93
. L=10 6839.01 2539.79 4012.87
E”elztngtfhp"e L=15 7056.64 2485.56 4012.29
L=20 7328.94 2418.03 2418.03
t=0.5 6941.24 2632.53 3894.87
t=1.0 6839.01 2539.79 4012.87
t=4.0 7027.74 2406.55 4098.15
Effect of raft Differential settlement (mm)
stiffness A genter—corner® A center—odge™®

t=0.5 17.90 11.67

t=1.0 13.77 7.04

t=4.0 2.05 1.14

"Note: A genter—comer* 1S center—corner and A cener—sige* 1S center—side differential settlement

1000 -10
500 — i
= 4
T 0 - —_
Z ) £ 15+
- e
S -500 ]
£ £
E 1000 g
= . T -20 |
S 1500 - x
m -
—e—t,,=02m _ —e— 1, =0.2m
-2000 — O tﬂuw =0.6m —_—O— tﬂoer =0.6m
1----- stiffness 4, =C35 (L aaaaa Stiffness ,,, = C35
-2500 T T T T T T T -25 T I T I T T T
-20 -10 0 10 20 20 -10 0 10 20
Horizontal distance (m) Horizontal distance (m)
(a) Bending moment of raft (b) Settlement of raft
Fig. 9. Effect of slab stiffness
Fig. 9(a), (b} <o) 715 02molA] 06m= % &157|29] A%o] 2 IS 74 g Ao BRIg
AR Ak FAE BUSHA APk, Seue] B S giglizd, ol BHAlRe] Svlere] A4 glol £
JAITE 24,645MPa(C30)f| 4| 27,277MPa(C35) 2 57} H3kel Hlwsto] sHE7| 2o n|X|= o] AdHiE e

AAE

7stel Aol

YuYEL F715H = st

Uepde). ol

A5 7120 As ApolE Bl Aol
Fig. 90| Upehdt uie} o], AR50 FA7F &

AAA = dH 7] 2o WY

=
& oA 2GS Ae2

=
Aast= AoR

2x2

—L=XA 8HI| =S| 3R+

2 2 Yeps Ao= ddE
Fig. 10(a), (b):= 715
2 7R 9ot
AAGE LB e}l Zro] 24,645MPa(C30)0]| 4] 27,277MPa
C35= F7HIZ=

o

S 0.6x0.6moj| A 1.0x1.0m

FAshA gt 7159 o

o o

o
=
2

A9 Lepd glofth 2eu

ASRE 4D WY 29



1000 -10

500 — b
C -
£ 0 E 154
= c
2 ] g
§ -500 S
E k]
o n (7]
c =
'-E -1000 — &U -20 —
)
& i
-1500 4 —®— Bcolumn =06m C - — Boo\umn =0.6m
—0— B giumn = 1.0m —C— By = 1.0m
[ ——— stifness ma=C3 | | aaaa Stiffness ., = C35
-2000 T T I T T -25 T T T T T T T
-20 -10 0 10 20 -20 -10 0 10 20
Horizontal distance (m) Horizontal distance (m)
(a) Bending moment of raft (b) Settlement of raft
Fig. 10. Effect of column stiffness
Zguisiel SAetA 7159l whvlo] F7kekA| Hw A g0 A ASS NIT > =S shav
7|0 WA= 2 HEHEZF F7lstar st (2) AeHe AoAE s AR EEY I E
< st AR Uyt dupHo g, AR xE 73/39] Wste] w2 vk o) AHY, sl Z2-ARke] 7
o] 7P MBHE sH7|%0] Hstct HAjeo] 2 o 47} 5H52719] Wslel] thE CSM(Coupled Stiffness
FE T AS Y sle, SR A Al AR Matrix) A2 BHEA 02 Alilsk= B olm,
TEREANA A== g3t stexz] By ofyet 4 o|2lgt WHEALLS Foto] AR 2E 7=
HitzxsE 7389 9= sk AAVE Basirtar BAHANA G eAE HaAForA AAF2E
3 % gl o) 75L LAFH0] ohd 4EHEE T £
esigom setg 4= 9let
548 () 32+ et adfAlE o]-§]t AA|e At B ALk
= &% AT ARG A4S vl 2ARE Adat, v
B Ao ARprE-es|e] Juaes AR JEAG dajo] AT Z B fA}
aste] AA| F2E9 AsS A A5 5 e 3t A Hole AoR YEyton, AR 9
372 AEARg 3141 7] ¥ (Interactive analysis) S A 215} sl nefsin] ke 7129 nAY AAzA
Fon, AA|FA(G3tass)4l) Aute} vlusle] A& AAe AR A2EY ssds AdErr g 5
& HEskdet B3 AljE s 7HS Foko] A AL Ol= AA| 7|Z2HA Al A AT B 4
9 spRgzge) ZAust At a0 9P & lck. wEhA), ARpEE Y sl 2e) A A 4
T U AS 2RI 5 e, & AFE $5te oot M7 Z=-A|WEe] CSM A= 4ol $4a
oS 2 ARG 9S4+ AU % oz g
(4) EE AP FREC| 4 Y shiy|ze] Z4gust
() & Atoll A AL ool 32 o2 3 of W miZfHsALE YT A, 7|29
A7) W (Interactive analysis)< A|QFsHRITh A2 ZA AT AR R RAE R stk T
=2 7l S HE 5= w(frame) 2 E Z FFE F= AR o, 4RAxE
2 muEely HHrlae AGES 2 W o) RS sl xo] Yajeet RAjge] 2
(Flat shell) 242, THELE W 2Juko] 7448 6x6 WP F= AL o 4 ol TgnE ARTz
733 E L o] 8okl muly shity 3t T} =729 AeAHgS et AAE HEEA]
AHE Ato] o] A A AeS etk RdE 4 AHE7] Aoy 27w AHe] FUE S8l o] Fo|A

30 E=RLtEse =28 H29d H6=



o=

of tul, A28 mefelyl wot M UAg B
[}

o] LEL 201245 PR FRILR) 4
AHATAT] A 2L Wob S ATLY(No.

2011-0030842).

10.

11

12.

13.

=g

FO
rot

. Brown, P. T. and Yu, K. R. (1986), “Load sequence and structure-

foundation interaction”, J. Struct. Eng., ASCE, 112(3), pp.481-488.

. Burland, J. B., Broms, B. B., and De Mello, V.F.B. (1977),

“Behaviour of founadations and structures”, Proceedings of 9th
International Conference on Soil Mechanics and Foundation

Engineering, Tokyo, Vol.2, pp.495-549.

. Butterfield, R. and P. K. Banerjee (1971), “The problem of pile

group-cap interaction”, Geotechnique, 21, pp.135-142.

. Cho, J. Y., Lee, S. J., and Jeong, S. S. (2010a), “A study on the

optimum design of piled-raft foundation considering pile head
condition”, Journal of Korean Geotechnical Society (KGS), Vol.26,
No.12, pp.31-40.

. Cho, J. Y. and Jeong, S. S. (2012), “Development of three-dimensional

approximate analysis method for piled raft foundations”, Journal
of Korean Geotechnical Society(KGS), Vol.28, No.4, pp.67-78.

. Chore, H. S., Ingle, R. K., and Sawant, V. A. (2010), “Building

frame-pile foundation-soil interaction analysis:a parametric study”,
Interaction and Multiscale Mechanics, Vol.3, No.1, pp.55-79.

. Cho, S. H,, Kim, H. W., and Kim, Z. C. (2010b), “A case study on

the design and construction of the pile bent system”, Proceedings,
KGS national conference, pp.357-367.

. Dutta, S. C. and Roy, R. (2002), “A critical review on idealization

and modeling for interaction among soil-foundation-structure system”,
Computer. Struct., Vol.80, pp.1579-1594.

. FHWA (1999), “Drilled Shafts: Construction Procedures and Design

Methods”, FHWA Publication No. FHWA-IF-99-025. Department
of Transportation, Federal Highway Administration, Office of
Implementation, McLean, VA.

Jeong, S. S., Lee, J. H,, and Lee, C. J. (2004), “Slip effect at the
pile-soil interface on dragload”, Computers & Geotechnics, Vol.31,
pp.-115-126.

Jeong, S. S., Seo, D. H., and Kim, Y. H. (2009), “Numerical
analysis of passive pile groups in offshore soft deposits”, Computers
& Geotechnics, Vol.36, pp.1164-1175.

Lee, J. H., Kim, Y. H., and Jeong, S. S. (2010), “Three-dimensional
analysis of bearing behavior of piled raft on soft clay”, Computers
& Geotechnics, Vol.37, pp.103-114.

Katzenbach, R. Arslan, U. and Moormann, C. (2000), “Piled raft

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

foundations projects in Germany”, Design applications of raft
foundations, Hemsley, J. A. Editor, Thomas Telford, pp.323-392.
Katzenbach, R. Schmitt, A., and Turek, J. (2005), “Assessing
settlement of high-rise structures by 3D simulations,” Computer-Aided
Civil and Infrastructure Engineering, 20, pp.221-229.

Kim, Y. H. and Jeong, S. S. (2010), “Analysis of soil resistance
on laterally loaded piles considering soil continuity”, Journal of
Korean Society of Civil Engineers (KSCE), Vol.26, No.12, pp.
31-40.

Mandolini, A., Russo, G., and Viggiani, C. (2005), “Piled foundations:
Experimental I nvestigations, analysis and design,” State-of-the-Art
Rep. Proc., 16th ICSMGE, Osaka, Japan, Vol.1, pp.177-213.
Nataralan, K. and Vidivelli, B. (2009), “Effect of column spacing
on the behavior of frame-raft and soil system”, J. Appl. Sci.,
9(20), pp.3629-3640.

O'Neill, M. W., O. L. Ghazzaly, and H. B. Ha (1977), “Analysis
of Three-dimensional Pile Groups with Nonlinear Soil Response and
Pile-Soil-Pile Interaction”, Proceedings, Ninth offshore Technology
Conference, Volll, pp.245-256.

Ottaviani, M. (1975), “Three-Dimensional Finite element Analysis
of Vertically loaded pile groups”, Geotechnique, 25, pp.159-174.
PLAXIS 3D Foundation: PLAXIS 3D foundation user manual,
Version 2.0, Brinkgreve, R. B. and Swolfs, W. M., PLAXIS Inc,
2008.

Poulos, H. G. (1979), “Group factors for pile-deflection estimation”,
J. Geotech. Engrg., ASCE, Vol.105, No.12, pp.1489-1509.
Poulos, H. G. (2001), “Piled raft foundations : design and applications”,
Geotechnique, 51, No.2, pp.95-113.

Randoph, M. F. (1981), “The response of flecible piles to lateral
loading”, Geotechnique, 31, pp.247-259.

Randolph, M. F. (1994), “Design Methods for pile groups and
piled rafts”, Proceedings of 13th ICSMFE, New Delhi, India,
Vol.5, pp.61-82.

Reese, L. C. (1977), “‘Laterally Loaded Piles: Program Documentation”,
J. Geotech. Eng. Div., Vol.103.

Reese, L, C., K. Awoshika, P. H. Lam, and S. T. Wang (1990),
“Analysis of a group of piles subjected to axial and lateral loading”,
Group version 2.0, Ensoft, Austin, TX.

Reul, O. and Randolph, M.F. (2003), “Piled rafts in overconsolidated
clay-Comparison of in-situ measurements and numerical analyses,”
Geotechnique, Vol.53, No.3, pp.301-315.

Viladkar, M. N., Noorzaei, J., and Godbole, P. N. (1994), “Interactive
analysis of a space frame-raft-soil system considering soil nonlinearity”,
Computer. Struct., Vol.51, pp.343-356.

Won, J. O., Jeong, S. S., Lee, J. H,, and Jang, S. Y. (2006),
“Nonlinear three- dimensional analysis of pile group supported
columns considering pile cap flexibility”, Computers & Geotechnics,
Vol.33, pp.355-370.

Zafir, Z. (2002), “Seismic Foundation Stiffness For Bridges”, Deep
Foundations 2002, pp.1421-1433.

(F4=9AF 2013. 1. 11, AAREE S 2013, 5. 29)

TES-E=XX MEEI|=2| AR 4SAHE of4IIE JHY 31





