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Abstract: The analysis of behaviors of pile-column piers in layered soils under inclined loads is extremely complicated. An
improved Pasternak foundation reaction model considering the plastic yield characteristics of soils is proposed. Considering the
influences of ‘P-4 effect’, shear deformation and axial force distribution of piles, the governing equations for displacements of
free section, elastic section and plastic section of the pile-column pier are respectively established based on the Timoshenko
beam theory. Then, the semi-analytical solutions to the internal forces and deformations of the pier in the layered foundation
under inclined loads are obtained by using the Laplace transform and the matrix transfer method. On this basis, the influences of
shear stiffnesses and foundation stratification are discussed and analyzed in a parametric study. It can be concluded as follows:
(1) For the cases with different length-diameter ratios, the horizontal displacement of the piles increases with the increasing
shear stiffness of the piles, but the tendency is opposite for the results of bending moment, and the influences of shear stiffness
reaches the maximum when the length-diameter ratio reaches approximately 5. (2) Unlike the influences of the ‘P — A4 effect’,
the shear modulus of the soils significantly inhibits the horizontal displacement and the bending moment of the piles. (3) In a
multi-layer foundation, the strength of upper soil layers has the greatest influences on the horizontal displacement and the
bending moment of the piles, and increasing their strength will significantly reduce the horizontal displacement and bending
moment.
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Fig. 1 Model for pile-column bridge pier
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L=10 m, XN AWM ER do=1.6 m, #¥EEE
Ex>=1.9333X10° MPa; BN LIRE L=30 m, BEfE
dy=1.6 m, FAMEREE E,=1.8X10* MPa; HEAEZEHIAMA
tv, =025, BETI. Ao B 1, BETE K1 i 3
Q0=400 kN, B[] 175, Vo=4000 kN, Z5%41 Mo=0 kN -m;
2 e B 1 E DL SR BEREAE Y, BRI EE y =
25 kN/m?, HEAEEFH 77 =25 kPal?); MBS m=5%10°
kN/m*, zg=0 m, [ RALFE x=10 mm.
4.1 TEFIEE G, SHEIEH no BN

TEBUIE G, M EEFREL no Je AR SRR
PPN EE SR, MO E SR G B no X & 52
JIBTERIREA o BRIP4 2RI 70 T 8 I 5 T
SEMEE R, A no BEIRFETE 0.1~0.6 IXTTHGK,
MM AT FESRE no N2~ 0, 0.5, 1.0, 2.017, %F
e, ASCH ng=0.2~1.2, T G=0~40X10° kN/m. /4
[F] L FEAR L no T, HUTHIAL FRIAE B 7KV Ximax i AS [
TR VIR E G AR 7 R R E RN AT
B, G =GJ(Epdp)s Xmax =Xmax/Xdmo=15 2 =Z/dys Xdyno=1
N no=1 IS SR PR T R 2 A E £ 7K SRS

7
6 —=—ny=0.2—0—n(=0.3—a—ny=0.4
—v—np=0.5——n(=0.6—a—n(=0.7
5F —%—ng=0.8—e—np=1.0—%—n(=1.2
“‘—0\‘_\‘\.
41
]
*E ‘H—A—A\‘\‘
" 3L
M -V
2 *> - - .
1] 7 v
1 1 1 ]
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Gno=

7 TE G TRIE LK FALF

Fig. 7 Lateral deflections on ground under different Gs"

H1 P& 7 7T A (R BT TN EE R, B 3 e
REL no 8K, AT A AR TERE DU 4G 5, DR &
I B2 WL/ s HO T [F) — R E no, 31
TP R 2 AL FRIE B AL RS B G IR S KM
H AR R BT U HO L bt 5 A Re A ok B 7 b,
Y no=1 (RN m ), LRI, T4 ne=0.5
(B €0, LA AEBMATE, S0 m 5T
FAHRLRAE AN T C AR o

B 8 45 AR EAEEL no T 11 Momax B G5™ A2 1K
B (Minax =Miax/Mmaxono=1) - BB 8 AI %1, [Fl— G§*
T, B no 38K, Muax BB/ o 3T [ — nos Minax:
FAR LB G RN, BRI B U R A BY
FUMES A, H2 =1, 1.2 5, My XI2HE
Gs RIS E R, BlUY ne=1 B, HEKT G =0
KN/m, Gs=40 kKN/m 5 B[] Mimax 8K T 0.17%.

—u—1p=0.2—e—n(=0.3—a—np=0.4
—y—np=0.5—e—n(=0.6—a—n(=0.7

6 0=0.8—e—ng=1.0—%—no=12
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.
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Fig. 8 Maximum bending moments under different Gs"
NBE B HTRRFIELER, AT miEXT LT L
P LOLHEAT TOH5E, e 1 Jo A B RIEETA T
W%, THEZHUE A A APt R 2 LR
grs ME 2 BEAE SR, BT ER 1.

R 1 FEIILRT Mmnax
Table 1 Mmax under different working conditions (10° kN-m)

1 bR M 1 M2 ME2 ME2
(& Vo) (B Vo) (Votytr) (6 Vo) (B Vo) (Votytr)

1.0606 1.0468 1.0469 6.06584 7.1708 7.2339

i B L0

G=0
/(KN"m’)
G=10
/(KN"m’)

Gs=20
J(KN-m') 1.0551 1.0434 1.0435 6.06568 7.1740 7.2368

Gs=40
/(KN"m ) 1.0495 1.0400 1.0401 6.06549 7.1770 7.2396

1.0578 1.0451 1.0452 6.06575 7.1724 7.2354

MR 1A%, SEFHE 1 CEE BB, TitH
ToAE R B I far 2 Vo LA RE REAE B H B L AR EERH, ik
B M B2 BEE LRSI IR G, (9350
/N e TRETAE 2 CHEAE ORS00 75 it 5% i i 25
VoG s Mumax RIM2BE%E LRSI UIRE G, (3G hITiM %
TR, A] 0 AR R BT DD S B AT UM S 1 52
W5 “P-A 8" Mo

AN 8 v, m AR T C VA B i K AR A L
WS 5.12%, [T, m it ST 2 A A
T CiEmmN. GEE 7, 8 WA, bRt EAE S AL
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4.2 HBHEYIRE G, SKR&RL L/d, 5N

AR B B DRI S AR L e, WA 454
MK L=20 m, HP Li+l=4 m, #MEHE E=
1.8 X10* MPa; LT fR¥f{#EE E~5 MPa, JHIALL
v,=0.3; HAMIFESEAZ . Bk S BTN I R0 f
f“ﬁ‘)‘% BUIEE G, I, G, (4L TEH]: 1~40 GPa,
Gy, =Gp/Es; K12l Lid, 7RG R 3~20.

9 4 T AFKARL Lidy, &, 2T Timoshenko
ZEHRR FITSAE & 5 KK PR Xrmax 5 EB R HLIR TS
A B 5t K IK RS pman (19 EEAEL o FH P 9 WA, 7E L/d=5
BT, Xtmax 5 XEmax 22 RIE B K 2 Lidy<5 BT,
BYIRIBE X AT B K08 I RE IR BE Lid, (3G K4
K, BERERIVERERAE, BE & B Y) AR T AENE S AT
RO 2 Lidy>5 B, BEEKATLLIE R, bS]

I FSE 6 7K P S 2 PR s M B T a0 AV S P AT A
PE, B By S 25 il A % 5| A RO HE B K PALRS & g,

MBIV TE 51 R bk B K PALRS 5 LA AR . BEAb,
Mﬁ BYUDINIEE RN, Xmax 5 Xemax HIZE SRR . 51200
™ Gy =200 Bf 5 XTmax U XEmax B¢ KT H 21.45%, 11124
Gy =8000 B}, i KA &t 0.55%.

251
—=— G5=200

—e— Gp=1000

20 —a— G3=2000

—¥— G3=4000
—e— G;=8000

-
W
T

XTmax/XEmax

—_
(=4
T

3 6 9 12 15 18 21
Lid

9 TRENKIRLL THES K FALFBEE
Fig. 9 Lateral deflections ratio of piles under different ratios of
length to diameter
10 25 T AN[AKAZR L L/d, B, Timoshenko %%
BRSPS HE S I KB HE Mrnax 5 EB R T4 5
KT Memax FIHAE o B Memax KT Mrmaxs AL
5 A (M Emax/Mimax) 27 o FHE] 10 751, (MEmax/Mtmax)
B Lid, A F LR Oormax/Xema) FIZAL RS,
XFRNAE — BE & BT U)W EE, M AE Lid=5 B i
(Mema/Mrma) PRI B K. BEAL, AE 5 BTUIRIRE
BN, Mpmax 5 Mrmax RS RAAZBOR HI0, [F2

LIdy=5, 24 G,"=200 It ; Mimax Fo Mrrmax K 1 H 2.67%:
M4 Gp'=1600 B}, Mimax [ H Mrmax KR H 0.07%

1.030

—=—G=200
—e—G=1000
1.024 "
—a— G=2000
—— G;=4000
E 1.018 _’_G;=8000
2
E 1.012
=
1.006
A
1.000 3
3
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Lid

10 FEHKREELE THESEFELL
Fig. 10 Ratios of bending moment of piles under different ratios of
length to diameter

4.3 TR EXIHE S KL AB LR TS HRE RSN

RN L RUR VRIS, HEAE S5 B £=25
m, Hif Li+L=5 m, dy=1.5 m, HERFEIERE E=
2.5X10* MPa, HEZHMEK 2. K2+ Thla. b oy
MERUME R L IR ER LR, THl al~a4
TR LEOUIOER, TR M E R £ T bl~bd RZ .

®2 EXEHESH

Table 2 Parameters of soil layers

T al a2 a3 a4 bl b2 b3 b4
FELEE
0 1 3 5 0 1 3 5
L3/m
HEM L E
m =6 MN/m*, v, =0.35, Es=7 kPa, r =120 kPa

WHRESH m =60 MN/m?, v, =0.25, Es =70 kPa, 7 =30 kPa

11, 12 545 TR THF, B KA
BIFSHEE, B x"=/Xmabls M =M/Mpap1, FH
Xmaxpls Mmaxpt 2678 L0 b1 XJ B [ e K KA RS Rl
KIS S5

E] RTP P S Y P b ) sy v L 1 = VA
FIRBIEOR, T 7EH R B 2/3d, IR IRI, fx
RICERLRE Il 44.6%, BEAS RO TR 2 B R L R3S 0,
BE S KL 2o — 35800 , AR/ R FEE AR A PR
- BB ERERS, BES PRI RN, TS AE
HRAFAE 2/3d, TRIREE Ry I, BRI RS A X
B RbERZ G0 32.7%, Bl T Ek IR B 3G,
PEE AR gt — IR, HIE KRMIREECR, M
i LURFERN 10/3d, 1, B RSP AR XS 3 SR bR 2
Hn 95.3%; &5 LA AIHE S AL RS B K/N — 2 IR I
R Z L EAERR A O, RZME LR G Bs ME S .
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Fig. 11 Lateral deflections of piles under double-layer soils
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Fig. 12 Bending moments of piles under double-layer soils
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