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ABSTRACT

Super-long pile and pile group foundations are extensively used to support
various structures and control the vertical displacement of foundations in soft soil,
but the theoretical research falls far behind the engineering practice of super-long
pile due to the complex pile-soil interaction. Thus, it is badly urgent to study the
bearing capacity mechanism of super-long piles. On the other hand, super-long piles
are widely used to resist the lateral soil pressure of high soil fill, forces of wind,
water flowing and water action, impact loads of vessels et al. Those piles are
typically subjected to vertical and lateral coupled loads. However, in view of the
complexity involved in analyzing the piles and pile group under coupled loads, the
current practice is to analyze the piles independently for the axial loads to determine
their bearing capacity and displacement and for the lateral load to indicate their
horizontal flexural behavior. Moreover, the investigations, empirically or analytically,
that have been carried out on this topic to date are very limited, and most of them are
focused on the short or middle-long pile in homogeneous soil. Therefore it is very
valuable, theoretically or practically, to carry out study on the super-long piles and
pile groups in layered soil under vertical-lateral loads or coupled loads. Based on the
research of scholars all around the world, a modified three-staged load transfer
model of super-long pile has been established and validated. Then the pile-soil
interaction of single pile and pile group is studied under vertical and coupled loads,
using the software package ABAQUS (Version 6.7). In addition, optimal design of
the batter piles and pile group is carried out; study of this paper can be summarized
as follows:

1) Based on a large number of field data, a modified three-stage softening model
is presented as tile load transfer function of pile side to simulate the degradation of
lateral friction resistance, the hyperbolic load transfer model is used for the pile end
to simulate the nonlinear deformation properties of soil, and the Rusch model of

concrete is introduced for considering the elastic-plastic characteristics of pile under
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heavy load, therefore, the analytical theory of load transfer for super-long piles in
layered ground is established, which can be used not only to calculate the settlement
and bearing capacity of super-long piles in layer ground, but also to analyze the load
transfer law of super-long piles in layered ground. The calculated results have been
compared with the finite element method and field data, which are agreed well.

2) A single super-long pile is investigated under the vertical-lateral loads; the
vertical (lateral) pile response under various lateral (vertical) loads is focused.
Results show that the lateral load has a significant effect on the response of axial
load, lateral soil resistance, bending moment of pile, and stress are focused on the
shallow part of the pile and soil, modulus ratio Ky, has a remarkable effect on the
load capacity of super-long pile, with the increase of Ky, the type of bearing
capacity of super-long pile foundation has been shifted from the skin friction pile to
the end-bearing pile.

3) 3D numerical analysis on bending moment, lateral resistance, and axial load is
conducted for a single-row-double-piles-soil system. Sleeving a pile is believed to be
capable of reducing horizontal displacement and two series of three dimensional
numerical analyses have been carried out. Study shows that the axial load, lateral soil
resistance and bending moment of the double piles-cap structure take on great
diversity; sleeved pile can efficiently reduce lateral deflection and stimulate the skin
friction of deeper segments of the soil as compared with the unsleeved one.

4) A series of numerical calculations of batter piles are carried out and
optimized to find the best structure, then parameter analyses are also studied and the
Yang Shan project is analyzed, compared and validated, which has proven the Finite
element method can be used to design in the engineering practice. Further more the
structure used in Yang Shan project shows a remarkable effect when subjected to
coupled loads.

5) Variations of bending moment, axial load and lateral soil resistance of two pile

groups with different pile layout are investigated and compared, comparison study
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shows that the vertical settlement, lateral displacements and bending moment of
circularly layout pile group foundation is smaller than that of rectangular one, which
means that circularly layout pile group foundation is better than rectangular group.

6) Based on the finite element method, optimal design of batter piles and pile
group have been carried out as follow: (1) When subjected to specific coupled loads,
corresponding vertical and lateral displacements has been obtained with various
batter angles of the batter pile foundation, then the optimal design of foundation has
been found out; (2) Details of the bending moment, axial load, lateral soil resistance,
vertical and lateral displacements are investigated and compared between the
circularly layout pile group and rectangular pile group under coupled loads, results
show that the circularly layout pile group is better than the rectangular one, and can
potentially be used to the practical optimal design of pile group foundations.

Keywords: Super-long pile; Side soil softening; Load transfer model; -
Vertical-lateral coupled loads; Pile-soil interaction; Batter pile-soil-cap; Layered soil;

Pile group.
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As SEREH S RELGBRE £ HH, KB e=as/aL BREBELK
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L KB L ELR

MANBEXRKBRLIMOERE . BRENRALXNHHEA, HE
|AS -AS’ < &,6 A—MR/DMHHE AT AR B2 AS R E, o
S&4 BitHag, WHMUBENS, M, BFH9E TR
AQ' =ALUry(Sy +AS'/2) (2-17
SBS RiEag itH s, B
AS” = (Q, +AQ/2)AL/EpAp (2-18)
SR o6 EESE PR S, HE|as"-a5'kke, RETHHEHET oy, MGIH
Sy, HI

QN—] =QN +AQ’} (2_19)
SN_I =S” +AS.

SBT BENBRIUHELERE, HEBE N1 B, HUoy s, 1EAE N-1 B’

MR IR SAE, ERSR -2 R6 iHH, XHF—HIHEEHTIE,
B LT LR B T ER TR
SRS EHLR PR T7HE, BIRSHFRESABHONNXR.

B LSBT A, SEARE S, o o 5 A F 89 TR A7 8 o, At TRUT
So» MTUATLHITHA R SUIREMX R, R LR HETA RS ENHE

TRETRAER TR R UTRE . MOt S ik, ARIEI(2-1) T LTS B4R 0 AE
BE DY S A AR . EFRIE LR E, BR CHMmEIW T HNETHEER.

2.4 SLHIRUE

AV LBIRARBAASEAHERSLNEE . =SAFRTEBSERET
STHRAE. EAFAMARS 1.0m, BEN 60.0m, FHEAFRLERDE
B. #HEK 51.5m, #72 1.8m. AHESRELRHEREN C30, LRREL
BB Y E,=3.47x10'kPa. METE BT L H BRI, L EEmERmeE,

13



L KRR

PRS2 1.3m, K 10m, HHL 92m, LRHRFTEEE 50mm.

WIEIIH B, KL RENBENEZ T30 ORERKL:
W, K-8, HE 125K Okt Bl: B8, EE 1K, OAW A: &
£, BE 116K @PERA: KEA, $%, BEE 29X OBHA: ®/E,
FL, BESK: ©OMAW B: KHAE, &L, EFE 39K ORARPE: ¥
a6, SRR RERARE, BKESERW, BE 26 XK.

RERRITIET, BERRITRSEAEH 1080kN. 7EFRMER, Zin
Z 16200kN B, JIMEE DX 32.38mm, VIRRAEBRE: 2ME 17280KN B,
REHE, HAAEMA, WAL MR, 2MARKBAHMT, BEAR
AR THRRERE M BB, b T, AKRRE RS
N 77 SR T A 60 08 R 2R T AR N B R

(@) ®) ©

Figure 2-6 Finite Element Model: (a) Soil; (b) Pile; (b) Close-up View of the Soil.
& 2-6 AMRTTREL: ()4 O () THTISEmDA

BN & LB ESHME 2-1 Fir. AR AR ABAQUS A RTERE T
BRI, HEA LR 20 fEiRAR, BRI 15 e ERWE 2-6 BTR).
BT ERR MRS T, BT DA T Ay 3 5 A2 5k B i A T Ar 8 A
R HEATTEER 2-1 ZHEHRBOTHAR-VIRXRELA. RS
RwE 27, GREAVE, HPHEAEETHERIRTEH, ARTEER
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LB RFHEAR

#2-1 B+ Hh%¥E¥ Table 2-1 Mechanism parameters of the soil and rock

TERT TREAR 7 cilkPa | Zg/mm | u/mm | u/mm n
1 BRER L 37 0.5 2.8 2.8 1.00
2 ¥t B1 116 1.0 5.1 10.3 0.96
3 s A 91 1.4 10.0 15.6 0.94
4 UERAa 165 1.3 122 15.0 0.90
5 WHA 218 1.1 134 13.4 1.00

an Rk
6 164 1.5 16.3 16.3 1.00
RRTE
Test Load(kN)
0 5000 10000 15000 20000

0 v L L
s -

Ew}

=

§ 15 |
m -

.g
25 F —* Measured

‘E -»— FEM Method

> 30 [ e Load transfer Method
st

«) -

Figure 2-7 Comparison of the P-S curves B 2-7 P-S XfH. 4k

2.5 KEPG

(1) HRRAS BRI =B BARAAR R BT, DU h 2247 SR IBAE
Rt i+ IR R R AR, HSIAREELH Rusch BRALRE B EATHUK
FERATEKERSRELHABHAR, NTRLT S@KHE TEMREE
RLE R B KA R B AL BT, BN TR, ASCHTEME

FRABRASEN ., BEMTERYESET.

() RAAXFRLNBIT-ERTERE HkAS. ERALR. BERS
KR, BERFE-TIEHEESLUMEH TR . ZTETHTHEZE
HE PR KR TIRERRRAR S, T ERGE B KRR

B
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ERRERLELRT

(3) KEREKHE (p23m) RERHEMARSY, BEAFHRRAR S, HN
BEFERKNTIREARR, T H SR RARAR —AmE R R eP G,
ABTREE D TREAHZLE. HH, RARRERTHEHERMBELLT
ZHRIE, MARARACHERAR . RAAXFTELNFERITERER
BKHEMHE-TIRXR, BEHOHREREIS A THENBOR AL
FREXH.

16



L REM AR 3

=8 H-BrAeRERT AR AR

3.15|%

EREER, KEBORMABENFRIRER Y, BRERTZNHATAR
EBMGHBE, REH, HELMLES, KRAOBEREE . SZRTEPE
Kt L HEERRTRENKE. BRFEREIEM. HiTHERA a8
SFHTHEERRRIREY, BAZEFERZLPHPEHR: BTREM
HTHIAEAER BN, TRRHER-BRAREHEER 2 TFHT
8. ETH, AWELSBRILARTER, ZRELFEMHEN BN, Xt
KHAERE L PH-BRRSHEEMTHHEZRERTRERUR R, Exit
RER. KFEREXNE. LAKFRERARNURMSEENYW; H5E
Him AR AR B R B KA BRI m .

3.2 BIRIME ST

3.2.1 524

MER-BERBEHEER TR LAEERDERTEENIELYE, &3
KAEAE BT ABAQUS (Version 6.7) g L Hpti HHAE ERER A
3-1 i, B VARRBRAGR, HAREKFEHE, MBS TP OL,
BEETPELRINRR, BIREREHITHHT.
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g K A 8 5T

Figure 3-1 Finite Element Model: (a) A Three dimensional view; (b) Close-up View of the Pile.
i 3-1 HRTEE: )BAZEFRITRE: ©) BKiRMECKHRTER

3.2.2 1 hAHMERE

Mohr-Coulomb BF FIGREAERIZE S + TREPMA+2TZ, KENELT
B KA i%5R B HEN . Mohr-Coulomb J&BRAENIER 2 : 1 FI7EE— MR BY N
NETZRPIBTRE R ZARERR, WY SEREZAMNEN 24
tEX%&. WA 3-2 fi7x, Mohr-Coulomb ZREEHEH

T=c-otang (3-1)

KA, r ABUIRE, o AIENT, c AMBEIKET, ¢ AMEEIRERESA.

e e [52
o LA o, o, o,
R T

Figure 3-2 Mohr-Coulomb damage model
P 3-2 Mohr-Coulomb #FHEE!



LERERMLEMNIRL

M Mohr 7] AR B|LLTF X &R
T=5c0s¢
o=0, +ssing (3-2)
7 Mo RALER, W Mohr-Coulomb %t B[ E g
s+o,sing+ccosg=0 (3-3)

AH, s=(0,-03) 2 AKPENAEKN—F, MARKIING, o, =(0,+0,)/2

RRADENFFEEE, EIA Drucker-Prager JERAENA[E, Mohr-Coulomb
HENEEMEBEE AR EN TR, BBHETHENEAERERZRPE
R W, BIXFEmLLED, Bl X F R4 MK, Mobr-Coulomb
BHEEBHIREE.

Mobr-Coulomb
S 82
Drucker-Prages(Mises)
Figure 3-3 Yield surface on = plane 3-3 Vi LAY ERRE

£t = “FE L, Mohr-Coulomb 2! 4 AR S M MUK, BIREFERA,
A 3-3 fin. ABAQUS KA KA H iR R 2 #t Mohr-Coulomb J& AR#E N5~
&, A Mohr-Coulomb JEREE, WFEHMENNERAEMELRNZK, |
ZHREMRBRBETFFELORRANNLE, £« FELRERA, —K
HREOLR, WET BRI M.

HAMER R A ABAQUS 6.7 By AR A 3-1 BioR, 5 h%HE
&, HK 66m, #H:kHHHEAREFTF. £AFKA Mohr-Coulomb #3H
FHEE, HHSEPILE 3-1.
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EERFETLFAILT

%31 LR
Table 3-1 Properties of pile and soil

e BEUHE  AE X HEAN WEEERMA  BIKA

E(Mpa) 4y (KkNm®) ¢ (kPa) #) o)
i3 2.8x104 0.167 23 - - -
+ 5 0.35 18 3 20 0.1

ROE 50-5000 0.30 18 0.1 35 10

3.2.3 MRS Ria R &K

BRI RAE SR AT 2 AR LA 20 52 (20m). AANEL Y
WKL, X LAAREL T R A RERAR. BT, WAM
BTN BRI B KRS T HARAL R = . i A 5 B Ak o 0 1 4 PO A
SBE, EHTHERSARRBBRERITEER.

3.2.4 EMmMEE

EELTIRTEMABEREE. EHNERT, GHYSSHYZE.
ThEEHYZE, BRTHKEES, BFWRSERN S FIEELEETR,
i, MMM BERAR, ZREMERMNEASHEEREREN—Z
FEGEMEE, BEXAMNESN REREATERRE, BRFERKRE,
BEEFATERR. HARBXREE, B LHESEAY &0 E TR
FIFRE S HIR AN R R A HIAR R, S0F A <3 E sk () B ik T AT e L kb
SR i T ) e A A PR 7T 7 vk R 5 D M) TEIE g RV BY I ) LA e SR B 240 ROR 6
RATMOEBRIFERE, B Az RARMERE. Fr R85 i
BRI A/ MREE A B DA R ZARE T LA e R M, JF BRER R, JTEAEKR
R PHE, RALFANKNERE. NTFRMEFRTI T EEETEM
R TCEME AL Z M. B R TAERMENMLER —EREE R TR
WEEIT, JHWRTTHIRE N RN e, i e R T R R A 1 R
FEE SRASE S0 43 ok B KO AL B2 BB o R Ak oy S 9 T v R - ok 1 799 Q0 B0 4 - 14 M
SRR AR, BRRMETFBARFERREBNREASNREESR. B
WA A Lagrange vk, TIRMERERARES. H¥, &
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R REREEAR

B AeEMS P, TTREERERERANAE, KEARERESHEM
MEHERTRIAENER L, BYSEER, XMZRPESTHIES
ESINEEMRAFOHMZER, RERPMAGREE, ZRNEME, ATES
HEsTREnEaERTEL .

2 30K 4 Ak A BR T £ 1) R B0 Sk LA Al i e el R . R BT
FEME L Bl B node-to-surface (/5-T) Hfubxt. 7EMFHE:Amm £, XA
T35 E master (EMH) M slave (MDD, L2 FFIBERESMR s B2 WAEE
BABEANXRER, Potyondy™EHAKRM: X FHYE LR s/s=06~0.7
L8 43&, Randolph F1 Wroth g2 SUR A U F - H AR MG 5 L RIKIER M 6 -

6 = tan™'(sing’ xcos ¢’ /(1+sin’ @) 34
X F AR ER A TEE 15 ~30 A L R EAERH 6 FTRERN 13.2'~

19.1°, MIEEE R 1=0.234~0.346. FrUlEAE GG, BURLRIMERR
B 1=0.3 #HITHH7.

3.3 L&

EIRLERD, —BRERBEHERTZA, MHELECTETMR, HED
IR 3 FE R AT A Z AU IR BIBRE, #IARHBIN 35 Xt & SEAR TR AeT 8 T B 8
G BA TR, B 53X DR SIS AR R Y BN 46 62 8 b F . ABAQUS
FHEEUETRTOTEELTEE: B PEMGBHRN S, EExSET,
HAX N LR BMERKNE SR, DRMER, B SAE R LB L
TERE~ AP S . ERERN AR L EREREEENEEN, L
WED ALYk, RIE ARk, =1-sing B 0.66; HFE—BAHLER, B EHBNS
FEHERE LAREANZEE, RGN ET T —Plims e,
Bk L TH L BMEA L ERENRE R, SN SFEESESE
REFE—EREWE 34, XETEEBZNRRABEE 10 HERE, 6
WREERBES D BEYIGHN HHNtHETE. FoLHMINBAR, SkER
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T4 BRI — BN A M AR AR B X R, ikt SR
E.

Figure 3-4 Vertical displacement after Geostatic equilibrium.
M 34 N PEEBREE

3.4 R

3.4 1 X REAMIB

TS TEKHRIUA BT, 783 208 o 400 A PE 7y 1 8 B kA%
&, NABEEREAEY H, BrUAR RO AR B ) K/ BE T BN R A A
B E_EHTE, BREABRNNRERE LA UBHEERKER,
HBKHERKFHETHSRELRI DHBY, #5ES S HRITFENE
B, XS EEhE S EET R, FETRARENERERESR,
FHEEKRENER IR ZE.

LKA 66m B , B FTEME A T KAk H AR L8 20 A n B 3-5 BT,
mETA, BEEKAYEX, HIEHFEYA, HEHS R SRR
BUTERAE RIS, Witk EMAN B, TS T BHEXIBEAN.
E—EFAEAERT, HTAEE T AERIERESS, #1L EeAEER
BORESS, HEAXBERED, BRRERETRAME, HrBH.
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LBXFHMLEGRI

B LR B KRR AR AR TESEYE, XbREKE 5% EH
MEEXH, HARERNEEYBEKECAESE. BEBEARRER
RER TH EBRIENART.

Pike soi reakative slip(mm)
0 1 2 3 4 5 6

70 b

Figure 3-5 Pile-soil relative slip curves B 3-5 # 435618 275 i £

3.4.2 EofrH T RHE L MR

Skin friction(kPa) Lateral soil resistance(kN)
0 5 10 15 500  -250 0 250 500
0 " r——v——e—fr——
10 q.
20 20
-~ H=1.2MN - H=1.2MN
g L 3 .
g * with axial load of 5 30 ¥ with axial load of
g' 40 — V=0MN g 40 % — V=15MN
-+ V=7.5MN - V=15MN
50 -+ V=1.5MN 50 # - V=22.5MN
——V=22.5MN ~ V=30MN
60 ( —— V=30MN 60 ¢
70 L 70 L

3-6 "B mr 8 T4 5 R AEER ) 4 3.7 BB FART K5 #h4

Figure 3-6 Skin friction curves versus depth. Figure 3-7 Lateral resistance of soil versus depth.
B 3-6 RATEREKFHBAAT, H5 0B R R EH NG KR

$R7, Bt S THEE 10m LRS00 BERE ) 2708 Him KT 10m LAF 4 5 0 BE

MA. @1 3-7 IR LAEKFRABEAFRENEHAKR. FRERFSEM
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LERARFWMLEL X

FROAE AT A PR ZERE A TR 0-20m 2 (8], il 3-8 A 54 25 K6 B 8 L
B MTRD, BEEPEER S G2, 7 14m LEIEFAHEIME.

Bending moment(kN.m)

-2000 0 2000 4000 Sk Friction(lPa)

0 2

8 10

_ H=1.2MN
§ 30 with axial load of
& 40 —— V=7.5MN
Q -=— V=15MN
50 - V=22.5MN
-2 V=30MN
60

70

Figure 3-8 Bending moment with respect to depth  Figure 3-9 Skin friction curves versus depth
3-8 BEFHR THAZENHE 3-9 AREIKFFrEfE A T B 5 0 BERE ) 73 A ik

3.4.3 HREEHAHE L IR R

Lateral s0il resistance(kN) 1000 0 Bend;ggomn;t(:)(blglm;ooo
300 200 -100 O 100 200 300 400 . 000
300 —0
10
20 V=3000kN
with lateral load of
- ~a— H=360kN 7 10 —— H=360kN
& ~+— H-600N { —+— H=600kN
§ s~ H=840kN o} —n— H=840kN
— H=1200kN —— H=1200kN
04 50 ¢
e} 6 ¢
L
2L 70

Figure 3-10 Lateral resistance of sol versus depth Figure 3-11 Bending moments versus depth
B 3-10 ZRFHREATLEKFRAME  3-11 BAFEHREATHSSER

B 39 TABERATE N, HRTMERAKPHEHXEX
B LS, RN 2m EHLAR|EE, B 10m U TFREEDBEARER
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LB AFMLFEARYX

A5 W 3-10 FO LK EH 1 BEAK FAT 01 IR B . HI97EE + th KB
Im AR IEREE, 8m B —DERASROHESR, 7 1im HI R i
{8, 7 20m A EIAF—AE3EME. B 3-11 RS BERAEHERNBNE
BRMK, MRS 4m ABGAEE, 20m LERTF—HMME.

3.5 ¥ Hth

Axial load(kN)
0 1000 2000 3000 4000

B 3-12 RRE,/E A FHEHH I HE
Figure 3-12 Axial force of pile versus depth with various values of E, / E, .

LB E AR RUER, EAHALREER, hE3-2TM, 4
SR —ER, RIEFIEALTIBEEBARME AR ZARR, #5485
fibE K, = E,/E, M 2W BN EHEE. HE,/E=1 &, MEEHEE
EEFHRE 83.7%, AREMEBRE: TSE,/E =100 i, HiKHED5REE
FIEH 84.7%, SR AL 0 A .

B 3-13 A ARk, HHETGHERP-S L, %k, MFSa, ERILHE
WHBEENABENEZEYW, Sk, 7 5-50 ZEN, BRLHBUHRE
ABHEWANED, Bk, KT 50 0, BKEERAS DM &, KZLLFER
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3. hE 3-14, B 3-15 740, BKHEEBSTE. LEKPERAEARZ K,

ERLHIE W,

-1 8 Verfical bad(lzviN)

0

—

N

| - Eb/Er=1

=~ Eb/Er=5

| —— Eb/Er=10
—+— Eb/Er=50

| — Eb/Er=100

Vertical displacement(mm;
T

L

(-}

Vertical displacement(mm’

3-13 AR E,/E, A THSMAER LT HE

Figure 3-13 Skin friction of pile versus depth with various values of E,/E,

Lateral soil resistance(kN)
-100 -50 0 50 100 150

P
| T U -

Depth(m)

—+— Eb/Er=10
=+ Eb/Er=50
-+ Eb/Er=100

70

3-14 RFE K, H T LEKFHRH I

Figure 3-14 Lateral soil resistance versus K,

Bending moment(kN.m)
2200 0 200 400 600 800 1000

3-15 KRRk, HTFEBES

Figure 3-15 Bending moments versus K,
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3.6 SLHIA#T

3.6.1 ZLH1

RHEOHK 3m, #72600mm, +HHEE, LHFEHLEE 6m; FEE
R L EEA Tm. LELHBIEEBEN =18kPa,g=18°; TELHBIBRES
¥ =24 kPay4-14°y L TTERHERBMEMLSHH 30000 kPa, 0.32
20000kPa, 0.40, HELTBIMKAIIAT. 45K Mohr-Coulomb A, IR
FAEBME R, FFEEMNKTEHER, SEREHEFTRTHEERER
HHEX I 3-16, HHESRSARHIEY SR,

110
% b

0r

Vertical load=400kN
—o— Karasev et a(1977)
=8 Present FEM analysis

so o

Lateral load on pile(kN)

30 r

10 [

2 6 8 10 12

-10 4
Lateral deflection(mm)

3-16 HABTEER T AR ELMEEN LA

Figure 3-16 Comparison of finite element results with field test data of Karasev et al.
3.6.2 &H2

2151 38 i — /B 158 ) 2 1 A SR 5 (Comodromos!ZHA ik ) A S 2 7 48 R st
TH—BRiE, TE2E¥ELER 4), BdBI=FFRTER, +H&HXA
Druker-Prager AR, ZEHTAP LA B REMAK PR HHE Rl
3-17. BETTA, £%M py MRERBHTUKFUBRAK RS LREER
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L REmAFARX

KRE, AX=FEEEBRBEHERTIHESRBEME HEE.
#3-2 BTSN |
Table3-2 Properties of pile and soil

+2 A B C1 C2
BEFERE (m) -36 48 -52 =70
)R G (MPa) 2.475 3.35 24.0 24.0
ERfg ) 0 0 40 40
Wk () 10 0 0 12
AHEARWEE :, (kPa) 225 110 0 0
BATEF y (kN/m3) 20.0 20.0 220 220

0 0.05 0.1 0.15 0.2 025 0.3
Deflection(m)

B 3-17 HRUSLMYIE, pykeifxittE

Figure3-17 Comparison of finite element results with field and p-y data of comodromos.
3.7 AE/NG

AXHMAE LT BRKEEMER-ERRSHEERTHOHLAEER
BT ZERERE, FRHLAMBRE, HETE R EHAL
BEFERNHERF AL BB N EFENZRAE, TERHUTS
#e
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(1) HBREFHEEATEKEEAEMIBR A TS, E—EREaRmEIE
AT, SR TAER R N BRSS, L ERALERERET, #
THANBEEF RS, EEHERETRABRE, MIBHR, BRERR
FiRRTESAYE, XUEEKBEEERMOEEXR, HARIEARBR
BRESAFEE. AEEENRHERER T EBKERAR .

(2) MBI A - it TS R EBOR, A TRUKSF AT R S 5 2%
AR S KA.

Q) ER-BRARSHRERATEKERSSHE, LEKFRHEIERTE
BN ARBALE, SESRITNLASHE—EN, HSEENTERHIK
V(RS G AL B AR SMT BT R B B 3R BT RRI, X5i-
[ A S VE AT B0 K ER BR A A i LA Rt B O%r E AL B HEATHMSR, BALES
J5 ER R A0 4 R ABR

(4) HSBHEERHBAGRTIRAD, EAKFHEAHATIER, N
MR EE R BENTRN S, KPAERNTRAEXTERAHE.

() HBKHETEA—EKFRERGEN, HiRt5HALBERLER
ERRxT K S0, MAEENRWEE, PE LIESEANERHBIK.

(6) EIAMELRBIE 5 A EREER -SSR AT 4n, 4t R R
REBF MR K A 2 B EAER, B TR EE LHEERER
t, HRGHER Hik, BEETREAE UG AT B KA AR E R .
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FE BH-BAReHEAHELEEERRESE
N5

4.15|F

AT AR M P K PR R 6 S M TE BB R AR S AT R A T B0 -
AG-THEEREL = SR MRTRA, BRI AR K AR
1. HSBHEAEW: BN T AK P Bt 5 B R#T
WABIR. ST R AR AN A R MR, R SET T EE
IR, AN AR RK AL B IR B IK P RE S, FIRERE AR R
BE R RIF

4.2 B SHEE PR

@ ()
Figure4-1 Finite Element Model: (a) A Three dimensional view; (b) Close-up View of the Piles
and Cap.
B 4-1 FRTRE: )BAZEARTERE: O©) H-7&E R RTRE

KF ABAQUS 6.7 B FRTHEA WA 4-1 Fin, HFVWARMEE, Hi2
Im K 58m, #Hk5LAREFLHAREASBEM, WRE-L-AEHE
EA#B®R. tBRXALBEESBEDIRNNAEL, HALAZEERS
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LR EARL

20MPa-34MPa, AICXTHBETRILALEE, HALARBEER 31MPa, XA
Mohr-Coulomb B XA, HESH LR 4-1.

41 BALASHE

Table 4-1 Properties of pile and soil

MR Bk E¥ HEH NEERMA  BKA

A E(Mpa) P v (kN/m*) ¢ (kPa) #0) o)
i ] 2.6x104 0.2 24 - - -
+ 31 0.3 18 58 20 0

BHE2 30 0.2 18 42 23 0

4.3 PRI BIAF &M

BRI A R SR LA T AR 2 51X 15m, BB HTRE L 44 78
EXTF 11 RN, FRSERARS. HRLALFoARE x, y HRAL
B, TEBAFREMRIEAR. B TASREE. EERX, SHEIHNI1E,
AERH 4 W RANEERIART (R3D4), HMLARA 8 WAkt ikaT
(C3D8), BILRt. WAMBATENEL S KRS HRMEFE. WL
Rt 5 R A L AN BRE, BB THERARREGBERITHLER.

4. 4 MR E

-1, AE-TEMERE node-to-surface (A-MH) Efibxt. MHTH-KE
JRTER A BE SR Ak, S - L B 5 2 501X B N master (). slave (AT );
AEGKE-L &N, RGAXH, LREAINE, RABEEMETIREHE

o B, TEMEER AR 4=0.3 BATHT.

4.5 it

RS HMYGHN S, XD T, WXL EENER RS
B, MABMEE, BRERRCEZUICE. TEEEBSIIEN . 9

WMARNANAFA—LEBREEEAERL, HA. R 0ED R, RE
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ARk, =1-sing 3 FHIH 0.66 M 0.61; LW AR, WS FEBERE

THUIRRRNERRE, REEIN S UET TS lms . B5Hm
MR, AEARSPLBER (WHE 41 OFR) EARHMEA 8K
BEAHEURRENRMAR, MR ERSERE; RERMTT RS x #IE
5] 75 P A R K PR B A 5 z BhiE R — B B .

4.6 LRI

4.6.1 THREFHAOM-L-RE W

(a ®)
Figure 4-2 Axial force curves of the piles: (a) Front axial force; (b) Back axial force.

42 Henhhhsk: (a) Bl (b) EH

HEFHFRIGLT x $IEmMERARTE, &F x B fum Kk G,
WA 4-1 G)FIR; B VRARBAFER, HRAKEHE. B 42 HFRKRE
HBERATHESMASAHEE, BA 42 TALRRAFR—E, BEHEKVH
HHMm, HSERAEES R UHE%ES, X V=20MN, H=IMN B, §l. &
HAETS 4500 9.01MN A 8.07MN, 43 5l oy i B M T 8 ) 45.1%F0 40.4%; 24
V=20MN, H=5MN B}, HiEHHETHNS 5 S 8 BEEEE 59.0%H 27.9%,
BEXHEANKERHET, ARG ERFHED R & BB RN 14.5%H 13.1%.
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Skin friction(kN) Skin friction(kN)
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Figure 4-3 Skin friction curves of the piles: (a) Front pile; (b) Back pile.
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Figure 4-4 Lateral soil resistance of the piles: (a) Front pile; (b) Back pile
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Figure 4-5 Bending moments of the piles: (a) Front pile; (b) Back pile.
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Figure 4-6 Skin friction curves of the piles: (a) Front pile; (b) Back pile.
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Figure 4-7 Lateral soil resistance of the piles: (a) Front pile; (b) Back pile
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Figure 4-8 Bending moments of the piles: (a) Front pile; (b) Back pile.
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Figure 4-9 Steel sleeved pile and caissons 4-9 NRNEEHREE
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Figure 4-10 Distribution of lateral deflection of frontal pile
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Figure 4-11 Skin friction curves of the Frontal pile: (a) With various lateral loads; (b) With
various vertical loads.

4-11 FUHEMIEERE S50 A5 g R: (a) ANRBRETRAER; () FRE EEEIER

4-11 HEEMEE, AR h 2 B R A E R A S AE R T
FERH /15346, XTEERIME AT 4-3(a). B 4-6(2)7T %0, HAEFHHZEREAETR 8m LA
RRBX A BE MK, BHESNEEHBARELREES, SR TEKE

37



Ll REFLEARY

HREERARNMORE. 5 H=10MN B, SHHE 4-12@ME 4-40)TH, Bl
I JE 2 ARK 5 b B AT REAR 30%; [FIAEZ V=20MN B, i1 B 4-12(b)F1E
4-7(b) AT %S A B J5 44K S5 A LN AT R 26%, ELHETH 8m LA F X+
KPR h A ERME A BT8R, WmE jE LA K P50 m i s,

Laterai s0il resistance(kN) Lateral soi resistance(kN)
<200 -100 0 100 200 300 400 200 -100 0 100 200 300 400 500

r -9

Depth(m)
Depth(m)

(@ ®)
Figure 4-12 Lateral soil resistance curves of back pile: (a) With various lateral loads; (b) With
various vertical loads.
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5.2.2 #EIS¥

AR, EFSH T, LEREARMEIE, KA Mohr-Coulomb
B, TEMBIARE, HSNHRELSRASAEMEIREL, FAMES

BE 5-1.

#£5-1 HEEHEBH
Table 5-1 material properties

MEZ  EEyANm® BB EPa MR HEN c(kPa)  FEEA o°

tE+ 20 3.1E7 0.35 580 20
TEL 20 3.0E7 0.3 . 480 23
Rt 20 2.6E10 0.2 / /
5.2.3 EMmESEE

(a) ®)
Figure 5-1 Finite Element Model: (a) A Three dimensional view; (b) Close-up View of the Piles

and Cap.
51 HRTEE: @¥A=EFRTEE; ©) #-&ESRBIKHERTER
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AW RO S B EH T R A5 A 6 4 HIE 0, 5° 10° 15°, 20°, 25°%,
30°, B [ # V=20MN, i M 773% 1 0-500kN ZALFTAA S O Sk P8 o E
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Figure 5-2 Lateral load-displacement curve of batter pile cap
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Figure 5-3 Vertical load-displacement curve of batter pile cap.
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Figure 5-4 P-S curves with respect of various Ep/Es:(a) Vertical displacement versus Normalized
vertical load; (b) Lateral displacement versus normalized lateral load.
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Figure 5-5 K-S curve under horizontal and vertical load: (a) K-Vertical displacement;(b)
K-Lateral displacement.
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5.5 ¥ ILEKBELPTR

5.5.1 TEE&E®

P 5-6 391 PR HD Sk Bk 5t 445 4 1 T

FLGKBE I TREA B K 1.4km, B 4 MEd XRIEEH AL,
@it &L & 210 i TEU. BkERSHEABNTERACE, RIKFEINEG S5
BEBO—RIGFREETHXBERNEZ —. RIHEEHALH. FHE
K. TEHESE, BAHRSBRTREME EIERE KA 20m LLE, FE
i 40m, THIEFEREM, REELEREHEATHFNERERLRESEH
AR THRATHRE A S EH), TREMOSERIESETZFEOTITE GRR
BrEtEIR S ). RIS A S RBS W dRI T, FHRE. 507X %
HRASHR. ACHAOFTEBREAESSHE R EAAER 13m, 2
BKE 24m, AEWHE 2.5-3m, XHBERAER 1.5m WEH, [WE 6m: HH
WHXAER 1.9m MEH, [EIE2. om; ATHEXAER 2. om MEH, [EE
6m, FHE 3:1, WA S5-6. fEAETEH, HIhAE B HANE PEBE R T 2 B
W 3 RA TG LR ERRERRRLE TEHNREE. R4 LUME
RS 7 m = A M B AR X RS L A MM Ve R, g T RA R e 4
PR FER MBS RIS L LR W R, 7] KK R &R
M TR, ARETRFRFTREIERFHENE. BRENE. BK. B
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WERSSWNHRERYPRATE, KA R F I RS ERT TS
RRISCRIAHELEE, XA TR A & S A XN A BAR RBE AT, 3
GG B RS AR IEA T LA EERBTHE DR, AR
ATHENDRRRRZER.

5.5.2 i+ HiRE

A TR A S SHTANE RuEEsfRE: (1) BRmELRS
BHER. BR&RRENEEMR: (2) BRELREZMHL RS &M,
RERUMAZETY: ()T, TAREAERK, IR I A A AR,
114 & Mohr-Coulomb Ji ARAE R BB ¥EAL KL .

AR A 6 S5 L AR RER A ZRIBSRKIE, BT =420
&, (B8R AR & & A A R AORE, AR FHNRAFFE,
PR SR P — 4 TR A AR iR B AT LU BR B AR, KEBHERRCLE
. FHEHNZERRICTEEED TEYAE T ARAONA. BERU+PLER
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5.5.3 itHSH

(1) +ESPHETKIERETHERSE, LESHERME 5-2(). G)FIR.

£+ 520 tESH
Table 5-2(a) Soil properties.

% LEMR LEAK Y8 o RRIRE EgME b-Fv 324 EX
5 ik % Y 1kNm™ E/MPa v m
1 ., AR-RERR 590 16.5 1.6 0.35 115
2 |\ Eiﬁf BE 20 193 6.7 035 6
3 V., kg&ﬁiﬁ” 258 19.7 7.7 0.35 24
4 v, KK if‘”” 287 19.2 12.6 0.3 L6
5 N, K-EEEHL 354 18.7 8.0 0.35 8
6 v, *EHL 262 19.7 1.7 0.35 55
7 Vs *;;iﬁ%# 20.0 20.1 7.5 03 15
8 VI, A F 26.5 6.7¢4 0.22 10.11
£+ 520) LEBH
Table 5-2(b) Soil properties.
IRBK LEAK AR N ). 3.3 LGRS ¥ 34 BaBELENK
¥tk c/kPa el k,/ (wd) k,/ (wd)
1 ., AR-KERR 12 14 7.77e4 4.5¢4
2 V., *iﬁf* A 19.0 24 1.31e-3 1.0e-3
3 V., ”Eg&fﬁ__ﬁ” 39 2 1313 1.0e3
4 v, X'Ki;‘”g 2.5 35
5 N, A-KREHL 325 15
6 Vi EXL 58 20
KR-BRER

Ty, PR e 4 B
8 VI, M # 7.18 3s

(2) BHmE kM MENESHK
FLUBE—PRRTEMETRE, MELHERE 10 ZREEAETZHR
LA, EKEBEO%EA, HH%EHIRERE, RHIRERBEEHG AR
RIRREME, MiXLE#T T HME. RIEFERAENMEL R, XnESH8,
BHER 1m, BREREN 25%. JETHFRETHAE, BA, PHH
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REHIE 53
R 53 PHMBEGENEARENNFER
TRER  EHERE, Mpa WX, chpar REHA 0, ()
Wi mE R4 2.8 18 16

(3) REW. FE. RERGRANNZESH
- REW. RBE. LERENARE. TEREMGRENDENESER
& 5-4.
XS54 RED. T RERGRAENN¥ 5K

AR RREE &R MRS AL
¥ 1kNm™ E/MPa e v
REW 20 8.5 35 0.2
WA 20 8.5 37 0.2
T ERENA Bk 20 150 40 0.2
TREERAH& 22 150 40 0.2

(4) ZREIEMORER R, HEPHERAERAER, &TXAFENE
BRGEATHEAR AL, B, XA 4% R R RS B R U A U S R
BESRBATIRES), ERMRIEHSHRNE 5-5 Fir.

RS-SHEMUBMHEHESHR
EA(kN/m) EI (kNm’[m)  wAtbv
U, MEMTFTRARRERL  5.42x 710‘ 2.65x10: 020
MERLEREREL 1.54x10 6.01x10
RERTRAREREL  149x10 7.20x10%

Bt 7 7 0.20
PERLRRREL 4.27x10 1.38x10
MERTERARREL  4.05x10° 1.10x10%

©OSIRHE P p 0.20

MENW ERERRL 9.55x10 1.83x10

5.5.4 HRAFEREIILR

BEAFFHHRORROBAT: BHUERKFRAAEEMBEE;: £.
B FIIREIAKF R . TR TR S 5 R E G R 4R & mE,
BBEEUTHRE S BB =M TRRBFET R E RN (FLRK
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BX T RER AR RIRAGE B AR &SR0 T T TR,
IR: WIEMAHAEEE+5.0m(2005.5.13), 72 THRELEHE S, BN
HERBREME, E—THREMBRR G HEDT—TRAVIEN R R
ﬁo

5.5.5 &A. BHUBMZIHMILSH

RS G A REMGBAER B +5m (20054 5 A 14 A) i, AEHAR
BRI ERABL 90mm, THHEEN 85mm, IHEERESLNYERE. BE
BAMAE+Sm TR THEEEHH  SEAFENTRENNEERLTER.

% 5-6 XHHERATE. A HHENTRMEXT

5-E: 3,13 ERE WHEE
BATHE 6605 (kN.m) 5330 (kN.m)
g AET 28 (m) AET 27(m)
BK#hh 6478 (kN) 5170 (kN)
& A& TF 51(m) AET 44 (m)
RSTBRERKEE. #AHEAEAMLRER
B ERIE WHEE
BRREE 7107(kN.m) 5780 (kN.m)
YA 4 AET 20 (m) A& T 24(m)
BAH N 1271 (kN) 1660 (kN)
LA AETF 25 (m) AET 21(m)
# 58 AR RTIE. $HHHEMZREST
ik LWE WHE
BREE 4105 (kN.m) . 6250 (kN.m)
L0A ¥ AETF 20(m) AEF 21(m)
BN 9148(kN) 7010 (kN)
(A~ X AAT 25(m) AEBTF 21(m)

MERHHHERRE, HHLERSXMERENGBH LREZYE, K
BUARRKNTER, TUETERHXA.
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Figure 5-8 Bending moment of Pile Z at +5m Figure 5-9 Bending moment of Pile B at +5m
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Figure 5-10 Bending moment of Pile S at +5m Figure 5-11 Axial load of Pile Z at +5m
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Figure 5-12 Axial load of Pile B at +5m Figure 5-13 Axial load of Pile S at +5m
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Figure 5-14 Lateral displacement of pile-cap with respect to various vertical load.
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Figure 6-1 Layout of two types of pile group: (a) Circle pile group; (b) Square pile group.
B 61 BREHTEAER: () A (b) ERXml
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@ (b)
Figure 6-2 Circle layout finite Element Model: (a) A Three dimensional view; (b) Close-up View
of the Piles and Cap.
i 62 MEAAHARTHLY: QBE=FFRTEY: o) #-REHBRKERTET

(a)
Figure 6-3 Square layout finite Element Model: (a) A Three dimensional view; (b) Close-up
View of the Piles and Cap.
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0 02 04 06 08 1 0 0 02 04 06 08 1
0 T - ’
’g 50 E 30 +
7 100 | %
§150 § 7
= 200 -
8o L -é' 1o
% 250 V=120MN 3 H=30MN
8300 [ -*-St.lmrer’ilesmwcap 5150 [ —— Square pile group cap
= 350 | —+ Circle pile group cap ~+ Circk pile group cap
400 - 190 -

@ ®
Figure 6-4 Comparison of P-S curves between square pile group and circle pile group:
(a) U1-Normalized lateral loads curves; (b) U3-Normalized vertical loads curves.
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(a) Square piles (b) Circle piles

Figure 6-5 Comparison of bending moment diagram at loads of H=6MN,V=120MN
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Figure 6-6 Comparison of bending moment diagram at loads of H=30MN, V=120MN
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Figure 6-7 Comparison of bending moment diagram at loads of H=6MN ,V=120MN
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Figure 6-8 Comparison of bending moment diagram at loads of H=30MN ,V=120MN
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Figure 6-9 Variations of maximum My taken by each pile of the two pile groups.
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Figure 6-10 Comparison of bending moment diagram at loads of V=24MN,H=30MN.
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Figure 6-11 Comparison of bending moment diagram at loads of V=120MN,H=30MN.
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Figure 6-12 Comparison of bending moment diagram at loads of V=24MN,H=30MN
6-12 V=24MN,H=30MN {EfI F Mx BEAHE: (a) ERAH; b) BBmHE
B 6-12 ZE 6-13 AXRBEMHEEATEEMy 248, 1l 6-12 (a)
(b) XFEEaT4n, EMFANR-BRBESHERERAT, BEAE My RXELT
KAt My B K{E /) 3800kN.m; i1/ 6-13 (a). (b) XTHLAT4N, ZEAHRIM
B-BRESHRERT, BEAE My BEXELFRARE My BXME/D
3500kN.m. i/ 6-12 FIE 6-13 3ttbal4n, - FRFMAETXMBHEER, B

62



| ERAEBLEAIB X

EFERFRAMA, My BMEKERHRE/D, BEMAE My HEH 13100kN.m
/NE| 10500kN.m, 1B K 19.8%; AN 16900kN.m #k /M| 14000kN.m,
WIE R 20.7%.

My(kN.m) My(kN.m)
20000  -10000 0 10000 20000 -10000 0 10000 20000
g Hoo 2
€  v=i20MN
§ ~pie1 W}
~—Piell
~—Piklll 40 ¢
0k 50
6 & 60
(a) Square piles (b) Circle piles

Figure 6-13 Comparison of bending moment diagram at loads of V=120MN,H=30MN
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Figure 6-14 Comparison of Axial loads diagram at loads of V=120MN,H=6MN
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Figure 6-16 Comparison of Axial loads diagram at loads of V=120MN,H=30MN.
Bl 6-16 V=120MN,H=30MN fEH TR h 4/ B: (a) A, (b) EEHH

Axial o Axial loads(MN)
0 5 1015 20 25 30 0 S 10 15 20" 25 30

3

(a) Square piles (b) Circle piles
Figure 6-17 Comparison of Axial loads diagram at loads of V=24MN, H=30MN.
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Figure 6-18 Variations of maximum Fx taken by each pile of the two pile groups.
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Figure 6-19 Variations of maximum Fx taken by each pile and the pile cap of the two pile groups.
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