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RESEARCH ON THE HORIZONTAL BEARING
PERFORMANCE AND MODAL CHARACTERISTICS OF
TAPERED PILE

ABSTRACT

Tapered pile is a kind of practical and efficient variable section pile,
which can effectively save raw materials and show good driving
performance under the premise of meeting the requirements of mechanical
properties. The lateral gradient structure changes the natural structural state
of the soil around the pile, gives full play to the interaction between the
pile and soil, and has good structural characteristics of load-carrying force
transmission. At present, the research on the similarity between the
prototype and model of tapered pile under horizontal static load and its
modes is not sufficient, and the mechanical behavior of the prototype pile
cannot be reflected by model experiments. Based on this, this paper carries
out the research.

In this paper, the tapered pile in the homogeneous sandy soil
foundation is selected as the research object, the similarity between the
prototype pile and the model pile is studied by numerical simulation, the
rationality of the scaled model is discussed, and the influence of the taper
angle on the horizontal static and modal characteristics of the tapered pile
is analyzed by model experiment. The main research contents and
conclusions are as follows:

(1) Based on the similarity theory, a scaled model of tapered pile-soil
system with geometric similarity ratio of 1:10 was designed, and the

similarity relationship between the model pile and the prototype pile was
1
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deduced. The three-dimensional solid model of pile-soil system was
established by ABAQUS finite element software, and the horizontal static
properties of model pile and prototype pile and the modal characteristics
of pile-soil system were analyzed. The results show that: The horizontal
displacement and bending moment of the pile body along the buried depth
of the model pile and the prototype pile have good similarity. Within the
allowable horizontal displacement range, the lateral stiffness of the pile top
of the model pile and the prototype pile increases first and then tends to be
gentle with the increase of the taper angle and pile length. The frequency
ratio of pile-soil systems with different sizes is concentrated between 9 and
15, which satisfies the similarity relationship. The proposed scale model
pile can reflect the horizontal static properties of the prototype pile well,
and can provide a reference for the model experiment of tapered pile.

(2) Laboratory model experiment and numerical simulation are used
to analyze the bearing capacity of pile with diameter 30mm and length-
diameter ratio 15 and tapered pile with constant volume change under
horizontal static load. Under the same load conditions, the horizontal
displacement of the top of the tapered pile is smaller than that of the pile
with equal section, which indicates that the resistance of the tapered pile to
the horizontal displacement is better than that of the pile with equal section.
Compared with the results of model experiment and numerical simulation,
the overall variation rules of the horizontal displacement of the pile top and
the bending moment of the pile body of the model pile are close to each
other, and are within the reasonable range. It is further indicated that the
designed tapered pile model can better reflect the horizontal static
characteristics of the prototype pile.

(3) Through the modal test of tapered pile, the response characteristics

and frequency variation of tapered pile with diameter 30mm and length-

v



i N 4 e R VAT

diameter ratio 10 are analyzed under horizontal harmonic excitation load.
The horizontal displacement response amplitude of tapered pile is smaller
than that of equal section pile. The acceleration response of different model
piles at the same position is different. The acceleration amplitude of CI
decreases with the increase of taper angle, and the soil at the loading side
of the pile is obviously squeezed. The frequency of equal volume model
pile changes in a certain range, and the natural frequency of tapered pile is
smaller than that of equal section pile.

Keywords: tapered pile; similarity principle; model experiment; horizontal

bearing performance; modal characteristics
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R AR AL R

(3) FZMRBCTH I R e = RS SEER BT 78, 38 7K P ] 1 Ul far 2 A
FH A IR HE A, 53 B A [ HE A HE TR A (0 A TOUA2 A% RIATE S ik 52 meg 8 KA, 3
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AR A0 J5E R PR A A 3 BT A =5 A ASE TR SIZ B0 P Bl O R AT Sz 45 A T
JERY OG5 . TEILE SRR, BEXTHETEE 0T 70 2 2k T B 0 A . BB DL K
A USRI T, AR S, HETEATEASE R I 2 PR AR B 23 A 50 R e 5 1 2 8 1
B, ARTHETAHLIES, DULAARBIEL 1:10 SrHHERAE 40 RO, 2 p
FER TG 0K 5) J1 SEI 0T 5T o 385 A BR TG 3RA  Sr R AN R AT A
- RG = AR, A R ST I HETE AR AT /KT RS TH L, BRI AN
ST T ST A0 5 2R A P AR AL
2.1 RENZITHRHERIRIR
2.1.1 1RPEIR A E AR
2.1.1.1 #8f8k

U SN ZR G AR BA SR A, TR Jo R RS TR A of S92 PR RF ] ik 1), ALK
S AR LG o 0T TGRSR, AL, 32 R 4 4 A SR B RTASE A o ) = )
A [ B L A

LR IR AN AN RGAETEA . 451 DR LR ) B i R 45 07 T A2 AE PR 6T
LG HR, IXFRSREC S AE AR B A EAEAH R Py SR, I HLRE AR A i H 7 1%
SRR . FENEILA TR, AN SRR T e A Sk, HAERZ ), &
TEAE 7 TR IR B TG
2.1.1.2 HHILEHK

MRS T, S 2 LWL Bl E AL L . 2 TR 1% R4
o, FEAARALLH B — MR BB L R R TR B PRI A AL B 54 i 284 A 2
AR E YA U RSE . #id, WRE. Aife. ). AR, AR D, sk
PiE. JARALL. BRI WIS

(1) JUATRHAL: S5 AR R AR R JEE B 2 [ ) JUART RS X6 BB A, LT RS A 4
MER. K. SEMESE. JURHALE E08:
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e (2-1)
I, h b,

p
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7 R A 2R R J5 8 o I e PR N8 A JEE A AR T TR A7 AEAH AL o 550 PSR A X
AL

=C (2-2)

m

En

E

(5)IS TRJARABA: -2 40 50 g i R, A6 R e 70 5 47 B B ot o P ) AR A PR Ry
B, WL ZIAEAEARABL, ORI T IR 8] i — € T B 50 o I TR AH AL 2

=C. (2-4)
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m_C
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(6)IL Fr 26 A A KA AE 26 A ARAEL: SO SR 2 AF R 4R A1 J 0t T AR RN I Y ) 52 4%
SR LIRS VLSO 53 075 R Bk IR SR PHIR 2 AE Bl g 1) i, A
MERYIIE ZIRE s 28 (PIAnTaahrE . . I BESE) AL

FESERREAY SR o, 01 E ARG AT DL I SE SR A B BR 1), AN WT BE =] I i 2 P
AT BIARLE A o IR R — B 7 SERPRDRIN, SRR . SRR vt
PESE R PE BB B 5 o 0 A FL b — AR RS A R O AL, UL 0 FLAth A
BUASRERE S ARLE A R, ARSI, AT AR BB R A BT IS &
ffaifl, R 32 EY BB AR LR
2.1.1.3 HE{U4EFRANFR LR

R bf i 10 AL AR R R Ji AR rp 2% N ARHABL 3 8 ) R 9K AR RIE 3o ARLLHE I 3L
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BRI TSR, SRR AL i
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2.12.1 HEE—EE
FEACAZE — & B BT R b AR AL P BRI 5, FOARAFR A s T 1 B AR LA
TIAR TR o X — 5 BB 7 AU R AR AL, [N 9P I B Je AR AE A LR
ARt TR .
2.12.2 RS EHE
FARASE B A4 o e PR, RN — MR T EH n M EAAAE
RECR &R, HAA b M ERENRATISLR, RS n-k DA
TRV RIILG, 8 2 S AR BAYEE T SRAT R I 3R A A5
MTAERE—HEI R, WERAFAE n DR T %, R
(X X0 Xm0 Xy, X%, ) =0 (2-6)
2-6)H, X, %y, Xg, o, X A& kA FAAH BT A & . ARHEARLE =
EH, I PLEAR(Q2-6) 1k r KR RAN:
F(m, 7, 75,7, ) =0 (2-7)
Horr, oy, my, g,y 700 N ek S FRAUAEI, J2alind IR & AN EHE SR
ABE 2R Ji B4R SRR BRI, S 7 AR XT I 221 PR AR/ DU O 4 (R, I HL
Frxs LR 5% R EORSFAR R, USSR i 2R 1 5% 3R s AT 3o o

{F(ﬂllﬂzlﬂsl""”nk)m =0

2-8
F (7, g, 7, ) =0 &9

S(2-8) 1, BTGRP R E IR, B

7[1m = ﬂ.lp

m= 7z—3p (2'9)

2122 HAME=FEE
FRACASE = 5 B RIAH AL g BRAR Y, T[] — A BB G v BB 2 AR AR AL,
I L FH BRLARL 2% AP 2 R R AR BL YR U/ B R — B0, WX SRR AH L. % e 3
DN R EE A A B ER A T 8 3 SR O, RIS E AR B Hh B A PR R — A R S
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JERI 14T R, BT AR ROAS . A siie i, oA RIE AT a1k

AR RRERGE R 2 AR, AR UARSE . B RERLE . ALl
SRR O AL. N, AR AL BYJy. IR mORIUEEE . MR
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X PO AKFEERATE, | bR, ¢ BT, E ABEHARI SRR, p
NEARSETE, g NIEEE, o NGO, o ANAR D), M IHESEH, Ol
PEARZBINIBT ), a JURES WS IR, fOBE, v OIaRatl, e ANAR. Hrp
T v e R TCRNR), LN P AFZE y fl e

BNAGER ARG, UAF]. [L]. [TPONEEARSN, KRR A el

M7, REXATLUEHW TR, HA A, A, A3, o, A NEFEF
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5 HEENENRANQR-11), 15:
[7]=[1] (2-12)
=[FI LT[R T (R P LT 2 (L) [FL P [FL)
[Fe[LT2 ]2 [T]*
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4R FR TR, AT LMRE] 9 MHCSIH EENSE o T

_IZE, _I“_p t’g o I’c M Q
P

v Ty =70 s =57 T =

o | ST

’

WIS TN, [FIE X C Iy RN A AT 2 18] (A ALAEL , 45t an S AH
ABLAE DU 2 <
c’c. , G'c, , c’c

’ 2—17 g:].’ &:17
C, C.C, C, C,

O
z
O

_ :1’_Q:1,
C, C.C, C,

Eégizl, CC, =1
Horbr, CONJURARLLL, Ce Bt E ARG, Co AKFE TR EARLILL, C,
NE ARG, CONBTRIAEILL, Cq IR EEARLLL, Cs AMIRARBILL, Cs N
JS2JJAHABAEE , O NS FEARALLLL , Co BT JJAHAALE , Ca A S i 2N ik FE AR ALALL ,
Cr AR AL o
2.2.2 1RIVENKRIERFZH
FESEARERI v R e, ARALHE DA LD AH A . RIARAHAE . 7 B4R R b
1) =A% A o R AR T (R IF 7 P9 25 R T 336 I AR S5 AR AR B DU ) 3 A6k
I 82 RS ) SR A AT DA RS E 5 R R R rh A R R G R
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25 5 BRI RN R YA AR G R ON
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Q2-13): P A1 Py 23 Al B BE A JE A BT, :NQ2-14)F: enFl &
Gy RSB A AN S AT B R
2.2.3 EEIBRIHIEE

SERRIT BT AR T, SRR IR B AR L, NOZARIE Y S H 1
AN BB B AR AL, I3l 2 T EARLR A . [RIB 75 LR G H SR S
W7 SRIGAS . LB R FORMEEME . TR T T EE N R, ik
Ee 2 ity vy S v £ ity v p S R S e o p S R e ey v
IRAS . BRI THIE. MERG (R BEERE) ML LR E/RE
SIS NG . BEAN, BORLANJEAY R J LT AR A LU AEAR KA BE b s T A A
(it . AEAY RO R G IE I LT ARBL LG, SRR AT ARBL LB, PR )
R DL S i 82 S 0w AR o S50 A 2% 2 e e RS VR A, DT s T 0 A 5 Je %
BRI JURTAR AL, 39 RSB0 I UASE L R I I s it A . S iz h 5
224 RENGIT

TERHAT MBI BT, 8 2 75 25 P J LT AR L EL AR R ik 3 . AR SC
R VT 1K) 32 2 AR S 0 35 B B IS A TR AT A S5 AT ) 7K P 2R R 1 A
PSRRI T JEAE IR C30 TREE-LARL, N T 2 S5 ISER R 7R, R
ERE T 5 R AU 2 (R AECE AR AL AR AR, B b B e ), LA e
EARALLIE LT Ce=1:10. [RIN 5475 [& S50 i M BT R IR O RIFE 260 528037
MR /N B S WA N R, B LA ALE B o C=1:10, H3X(2-13) T AAF HIZK
PP HIE A Cr=1:107, R4 ERAHALEN TR PLHEE Co=CeCi' Cr =111,
F A3 tH R 2-1 s 5 R AL ¥ - Y B AR BL L o
2.3 [RBRREAREBEH IR TR R

ABAQUS J& 3k K B2 A R i, 1A 32 211 8oo
KAV BB E, BeXtE5 N 7). B 15 AT K, 45 LTI HE
BAFIE Y. I ABAQUS #E57 J5 AU HE AN RYIE (4G PROGHEZY,  Hxt J5 Y Ak
ARG R NEREAT K-35 77 53 BT RS 7347, 49 30 17 5 RO RIS B £E 7K T fif 484
FBIRE . S DR AR T - RGOS IR, R JE T AR AR B 4
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®2-1 BRI R

YR B FHAR 2R FHALLEE
KE L C C=1:10
VLR E FL? Cr Ce=1:10
KA 8 P F Cp=C2Cs Cp=1:10?
B[] ¢ T C C=1:10
IEE g LT? Ce Ce=1
HRp FL*T? C, Co=1
LeNIRE O L Cs=CpCr!Cg! Cs=1
N.JJ o FL? Cs Co=1
LA M FL Cv=CpC) Cv=1:10
8710 F Co=Cr Co=1:10?
AL v | C, C~1
JAZ & 1 C=Ck C~=1:10
Wi )87 B8 @ LT C,=C/C;? C.~10:1
ES T! C~C, C=10:1

2.3.1 #EAFJLIATR ST

RO, AR B LUAEAE O 300mm. 400mm. 500mm. 600mm fit 2 A i A
e, I REBERKAALL (KRR S5 EAA R LU FIAE B HE M H 22 R 1)
HETEAE, SR A B U RS R 2-2 B BRI R R 2 2-1
F R LA L AT R 52, DABEAR 600mm [ i SR B AR A 8], 7R AR RRAE AN
RGBT, BT AT S AR e, 8 I O B HE A, RS R HE R AR
AEBOHETE R UM, R SR A T L AT RO R AR J LT AHBAEE C=1:10 15 HEBERLAE LT R
S BER RS IR 2-3 s, Hod OB, 0 bt S HEA, d OIBETREAR, da N
WIRER, dNEREZ.

®2-2  SEEII R RGE
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3000
300 4500
6000
4000
400 6000
8000
5000
500 7500
10000
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®2-3 BRBER LR

//mm s 6/° di/mm d>/mm d/mm
MZ-1 0.0 60.00 60.00 60.00

MZ-2 0.5 65.16 54.69 60.00

600 MZ-3 1.0 70.17 49.22 60.00

MZ-4 1.5 75.02 43.60 60.00

MZ-5 2.0 79.72 37.82 60.00

MZ-6 0.0 60.00 60.00 60.00

MZ-7 0.5 67.68 51.97 60.00

900 MZ-8 1.0 75.02 43.60 60.00

MZ-9 1.5 82.00 34.87 60.00

MZ-10 2.0 88.62 25.67 60.00

MZ-11 0.0 60.00 60.00 60.00

MZ-12 0.5 70.17 49.22 60.00

1200 MZ-13 1.0 79.71 37.82 60.00
MZ-14 1.5 88.61 25.77 60.00

MZ-15 2.0 96.81 13.00 60.00

232 HERBL MRS

K H ABAQUS A R TG # A G SLHE TN - LA R G0 1) =4 ST Y o bR T AR
PEAN S BE 2 (B AFAE LU OC 2R, TR B RSB O AR DL B B o S R FH e e v &
SEAETEAE A s P R A ) A A B AR AR, T B 1R AR R A
FRARRORFE M, R A A BN 5 T B O HETE R 30 FR ELAR, IR E N
TENER) 1.5 A5ERA, JERI AR5 i AL LKA A B 2 B AL B 54
HETEAE AN L AR R AT R o TS Pk BN TR HEAT A I 7, B S H AR R
C3D8R SEAR TG, HE-1 RGE =4 ST ] 2-1 FioR.

%"

V) ,/I[/ L7

.¢§.5W%%”.

i
i

=

2-1 M-+ ARG = 4E SRR
233 MRhEE

RHETEAE A ke, R 25 BB LSRR TN KT 0 P RE AR S 7k
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JEARIHEGE ] C30 VR AR, B BE I R HERA R o A B ALA0L b ] A R 2
R SCHR[64] F K T 2 N IS BT ik F I M M DX VTS, 5B RSO Ao Jo AR
H Mohr-Coulomb B HEAKGRIAY . HE JEAUNE . BERUBERI LAAMRES B i3k 2-
4 7R

F2-4  BAMEIZH

BT S J IR
EE pl(kg » m) 2500 1300
RES VRIS E/(MPa) 30000 2600
TFALL v 0.167 0.4
B FE plkg * m?) 1590 1590
VLA B E/(MPa) 10 10
SN HRALE v 0.3 0.3
WEEIEA o/(° ) 31.5 31.5
FiK 77 c/(kPa) 0.102 0.102

234 THPKRE

KV TR R 23 BT 20 2 BERAEAI UG A A L ML P o A A DL R D) 4y
B, BESEA T B QSRR T MR TP T RIS S . g
PP i) EERE AN OGRS WA ED . ORI N R AR
WIE 73 138 A IR T At BB SLI 0, AREREAT R A . ML )P4
AT RS AR B PR AT R A, TR WA R PIRAS B TAE IE, (i 4k
TRAL LR AN I S HIUE N I A o BEARAS T3 ZEFEAT HURL 73 43 A7, 456 F AR SE SR Tk
W S V8 50 AT 25 TR AR AAREA T SR S b B, R 140D R O . B
BT 20 2 TEHE TEATE A TOUGE 0 /K-35 0 A 38, G 2 7. 2 AN 00 0 W 20 SR SR P
TIHE RN BEZS W0 S ST AR AN AR GBS T8, 13 ARk ) B
B FIRA
235 HEERKRE

FEAH HAE R AR v 75 2 HEE 1 ) 1 5 T PR e, A DRAE SR TEATE 5 Ak ]
ST, S ATE L I (B ol T 60 S AH ELAE FH o DB PR AVE P40 000 T AR JES T Ay == 2% 1
AT, A 5 Ak R T A AR FIRTE - S B 2 7 A ELA P o 2k 1T ) 0 A L
TE A FRRAE R AEF o 240 b 22 [ A3 ik o) R i), SRR R BRI A 1)
R, PERERBOKLE N 0.4 UNELIEARI AL EIE R R0, PR, B
BRI
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2.3.6 HERE

TEAR SRS TR BN HE TR - Ak RT3 R AR A LA TR 3 ik
ITBERE o Kl SR TS, 1 S B A R o R, T8 A I 70 4 7 it
N x 71 ERZR, R AR BET S BN p J7 A BB ZIIR, A AR R R
Xy yv oz ZAJTIAILIRS HETEAE CREF Tl H B, FORTEHE AN AR |-
Syt EE AT R e Ja TEHE T AT TOE it KPS s A 3. S AT, R
B LR AR AT R, TR B R A RN R
2.4 HESESIEMIIE

ARTEBUE B PG M, AR 2.3 715 P R i R S R 2-5 P RRAIE
RRERpE -t = YRS AR, JEBEAT KPR N . SR IR TT i bk Thi b
B ESEINACPARTH FAE R, bl A 2k, IF 5 SCHR[6417E K- fif 2
A FH T T S5 A TR AP R TEATE (1) 3 A A L S0 5 SR AT X L

®2-5  FUEBAYRE

//mm s 6/° di/mm dr/mm d/mm
YZ-1 0.0 40.00 40.00
YZ-2 1.0 50.00 30.00

600 YZ-3 1.5 55.00 25.00 40.00
YZ-4 2.0 60.00 20.00

B 2-2 AT B BRI r B A% 1 2 55 SR Hh s P S 56 RN U AR AL R Ay
RS 2 45 RN L o G B BT ELRERS B AT, £ 7 T-r BN A 4T 46
B BL AR B SR 25 B 55 B AT far B 8 I B UL
S A5 R I REE B 22 7 o BE DL P sk A ol 26 1) 5 s & SR A B0
Wa, PR AT BAAS A 5 i ST A BB AR R B R e A AT SR
2.5 RBGER R BUAR A7k T ER SRR A

K HIRE 2-3 BRI AR AR 57 SR AR BIE FE0 RAEAT KPSt o T, AN
[ 7K P iy 48 A AR AT AT i AR (RO B 8% < 25 RE LA SZARE A PR 0 i A B2 2 AT X L
SRR AR AL .

2.5.1 S LIBEILES T

K 2-3 MR 1 95 00 MZ-1~MZ-5 1) TR AS R HE FAR R AR K HEx B s Y A A

AN 00 8T A S K RLRS o AEBE BACRUHEME T Smm. ALJEAN0 100N,

300N, 500N HJ/K-FEEpmidk, FHEJRBUHE Fitin 10kN, 30kN, SO0kN HJ/K-F4
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3.2.4 SEIRANEL

FESLE IS R, SR UGB GMEBI J7 2, ARG Aar BAS BT A 1 7K~ 45
PR AR R B fe K S AT B 1/10, MRS SEI6 26 A1 8 BT 309 255N (EARAY
PETK P78 A B I — AR AR e, BOE T 5 AR M 2B T IR/, OREF
HETRTEANA : B B (E NS, QRSN T — AT EG: & KA A
3] 10mm B BT 7 HHBLBR B, BRIl mak. nase s, Fi%

36



i N 4 e R VAT

FE 32 2 st ek 1) 7 R A 2R A
3.2.5 HIERE

%, RiARIEIE XL2118AU16 HfE KA BAF X 7 #EAT SEif ), SRE64]
IR, B FERIIR RS, B TR EN S S, IR RGE AT,
SRR AR AE AT P %« B iR A J7 i SR AR, FEREAT RAEE 1T,
TS B KA TE) )RR 1s. AR KA M I RE A, X — A 2 AEAR A A% 38
ATEAT LN, A1 057 T 47 38 P R ST T 47 R, o DRSO P A 1 5
3.3 LIRERITLE 2R

XA AN EHE A AR AU AT KPR s, 79 AR LE K P37
EAEFT, METRRAKPAL R FINE B RiAR,  AEEFE 50 AT 200 25
3.3.1 HRIUKFELLFE 340

TRRUHE (RIAETH K7 A% R i B 2 A7 F8 A% SR E AT DI, AR S8 AN ) K
ST BT A B AR B 5 A% IR B R R AT B MR SRAS M VUK A2 88, I
HIK TR M2k . B 3-9 4 A 41 5 ARBEAUAE I KT fr k- Fe i 28, MBI
ATAVE PRSI IMEAIIY, AN [F)HE A AR (10 7K P A 8- it 2 10 i
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