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Abstract: Cement-soil composite pile is often utilized as the foundation of offshore bridges or wind turbines to resist lateral
vibrations in natural environments. A mathematical model is proposed for the coupled vibration of the cement-soil composite
pile and the soil around the pile under lateral dynamic loads through theoretical derivation. Then, the analytical expressions for
the horizontal and rocking dynamic impedances at the pile head are obtained through theoretical derivation. Finally, the
influence of cement-soil parameters on the dynamic impedance are studied through numerical calculation and parametric
analysis. The results reveal that the increase of the cement-soil radius will increase the horizontal and rocking dynamic
impedances, but it is not conducive to the horizontal dynamic impedance at high frequency vibration. The cement-soil depth

should not exceed its effective reinforcement depth. The increase of the cement-soil elastic modulus is beneficial to improve the

dynamic impedance of pile head.
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Fig. 1 Simplified model for kinematic pile-soil interaction
1.2 KRLEESHMPEN LIRS T2
2 FE7R T Euler-Bernoulli ZHiSHIAMIE 1 B
KU+ BEMAEIREL 2 Lo MITRoT. B2, bt

ORI I3 SRS LT SME R, ) MR G 535 N8
EREAEE S, AN SO 70 A A O - A AT K Y8 LA
PRI IR T -

(a) SMEFASTE BT
B2 %1 BKRELEAHER T

Fig. 2 Deformed elements for first part of cement-soil compisite

(b) A oG

pile

X2 Ca), 2 (b) 23 o) St A - A K )
IV, AT g A AR 2
6M0u _ 6F0u 62W0u

F, S f Pt AT 20, (1
oz 0z SuA S or’ M
6Min ) 6Fin . . 62Win
— Fm , _ gou + in Am — 0 . )
oz 0z Surp or’ @

A p, A, we N EE 1 BoKR L& &R AE
ME R 5 5 AT T A [ RS s oy AT R it
G RO T R AT AR (] A7
BTSN RLE AR 2 (Al R SR, RIER 1
BRI = A A 1 AN FIES AR 7= A2 0 1) 52 %% AN £f
A RN N wP=ni=pin, gP=gcu=g", H.dr wo Fl 6P 535
KoM R FEFEE £f . B Euler-Bernoulli #2E i ] #5
IR B O R 25 5 LA ey 57 % 2 TR) (1) 58 2R A
aZW()u . - azwin
oz’ M =L oz’ @
Ao BRI EM Ay RN 1 BOKYE B S AR AR
SO (P BERPEABE B 10 R 1™ 43 9] S 4 AT RSO AV (1 et T
PR o
HHF (D, (2, K 3 KRN, FHXT4 R
it L AR e, HEFOIIREE 1 BuKIELE G (0 <z
<Lw) BIORREN 755N

47
X vawpar =0 L @
Z

M()u — EOUIOU

XN Xi= B I+ET; Yi= pl A + prArs WRRLF,
359 we R £ P LR R S, AR 1 RoRZS L
XRETE 1 Bokle LE AN Bk, EB'=En, E/=E.
L'=ln, I'=Ls p=pm» pl=pe» AV=Am> A'=Aco

552 Bokle L H AW (U< z <L) MRS TT
FERTRAR RN



$ T 2

AN, SRR R SR 0 1 50 0 L R S A AL AR 2 179

a“WP

X, 222 Yo' WP +F =0 . (5

Kifi: Xo= BYIHELE, Vo= pi Ay pr AT, FHR 2 F05R

GSHTNT 2 BUKE LS A, Bk, E=E,

E'=E., I'=l, L=l pS=p, pi=pe, AY=As, A"=Aco
A A 1 38 Bl il 5 FE AT AR N

1
#(VZ——ZJ ,
r

20y, o’U

o0 a—pwU NG
20 U

= aer tHT =-po’U, - (1)

X A =2 (1R2iB)Flu=p(1+2ip) N AR ER & A
*D‘Lls ?'\j Lamé ﬁi&? ﬁs y‘jﬁﬂ}% H:u Ps y‘jj:/fzk%_:}g? & y‘j
TARRRIAE ;. U, A Up 53908 T ARAR ) AR [ A7 2 5
V2 bR E T
1.3 M-TEREGOFRFH
A AR 3 S Ak A AT SRR N
(0U, /0z)|,_, =(0U,/é2)|_,
r—oo = U’ z= :Ug
Z e - A B IESE, WA
Ul. WP 0<z<L,
VVZ N L \ VAR L
51 Bk L2 AR R % 4N
MIPLZO =M,, EPLZO =0, - (10)

Arfe M A FP RS 1 BoKE LRSS 2

r'lr—w 0

=L, = 0 o (8)

LC

)

cos 0

AT,
FEKPe L EHEE 1 BONIGS 2 B [a) () 5 I %
BernsE i, WA
a L, VVQPL:L > @lp|z:L =0, =L,
" " " " (11)
il = B =R,
Kb o8 M 6 7355 1 BONES 2 Buke L5 &4
FAIRE 5 56 A1
FI8EE 2 BUKJe LS A HERE VB i, WA
Wy P :@§|z—L =0 . (12)

2 |C]ERARE
2.1 HEREARE

5% TIHISISRAER, KRR (6), (1),
IR (8), AR-LARRRIRE

U, =Y &,B, cosh(g,z)cosf (13)
n=1

K r)-K, r
. éf_{mmi (Bor) (&U%

B [K (B.r)+K (ﬁlnr)]

— ﬁanZ(ﬁln’:n) , g
! ﬁZnKZ(ﬁanm) !

p o= [P HE —pswz—ug,f )
In /14-2 2n

Rebte B W 23 nﬁE%ﬁZKdﬁﬂmoﬁ
S5 3K 0 W 2 I DR B
BE O 1= o LT 7
F=Y¢,

n=l1

¢, == [(A+ 2B K, (B 1) + 1, B, -

_ (2n-Dmi

B, cosh(g,z) (14)

XL &,
K (By,1)] o
2.2 KRELTEAMMBRE

B 4 AR W), (5, " HmE

WP =L, sin(@,z)+ L, cos(@,z) + L, sinh(w,z) +

L, cosh(w,z) + ZOMBM cosh(g,z) » (15)

n=l1

W) =L, sin(@w,z)+ L,, cos(w,z) + L,, sinh(@,z) +

L,, cosh(w,z) + z 0,,B,

n=l1

,cosh(g,z) - (16)

¥

wlz\/(Ylwz/Xl)o's’ o :\/(Yza)Q/Xz)O'S » (17)

o, = é;n 45 Oy = é:tn 4 ° (18)
Xl(wl _gn) XQ(w2 _gn)

P, Liy~La ¥WhTie 250
Bk (15), (16) FRARK (100 ~ (12), A7

M L=%" B,f,+N (19)
T
;E\:EF" L:[Lll L12 L13 L14 LZI Lzz L23 L24] ’
_ﬂlolngj
0

(0,,—0,,)cosh(g,L,)
(1,0, - Tlloln)gn cosh(g,L,)
(7,0, _Tlloln)gs sinh(g,L,) ’

(05, —0,,)g,sinh(g,L,)

—0,,cosh(g,L,)
—0,,8, sinh(g, L)
N=[M, 0, 0 0 0 0 0 0]-
s My« NHESFIF RN 8x8 FrHifE, HFEH &IuHk
BARRIE TE W% A
gt R AR (9, il (19 #HEFHFH

fn:




180 "+ T OB % M

2023 4F

Z:c:l B‘"(Zmn - TmMS;Ian) = TmMS;ISN ° (20)
7N [:Ij ’
Zmn = éln r=ry,

OI"JOLm cosh(g,z)cosh(g,z)dz— ,

JOLC cosh(g,z)cosh(g,z)dz -

L

0,, Lm cosh(g,z)cosh(g,z)dz ,

=T

J.OLm sin(@,z) cosh(g,, z)dz
J.OLm cos(w,z) cosh(g, z)dz
J.OLm sinh(@,z) cosh(g,,z)dz

J.OL cosh(w,z)cosh(g, z)dz
T, =| ..
J.L sin(w,z)cosh(g, z)dz

J. LLC cos(@,z)cosh(g, z)dz

[ sinh(@,2) cosh(g, z)dz

J. LL° cosh(@,z)cosh(g,,z)dz

H13 (200 AIRFATE R KL Bry, BEMTA HE (19)
RAGEFE REL Lu~Loao BJm, BRI A2F% AT H1 st
(15) SKRAF. BETHIAL AR 1ea i % VS A1 W3 o 3 R 2
FERE S, S HETUK T S8 h F @ik &, Rl

{%}vaﬂqo an
M| rLer(z=0)
e, HETUE AU 2K PEBLI K 7T 36709

.S, (ALD
K, = khh +1¢y, . ’ (22)

c’3

A, SRR A 3 3l s KPS NI EEAT KPS BHJE

3 LZRIESHEGSH

2 rm=re  Lm=0, "JRARFERIRKELES
FAEAE P Sy R D T 6 R o A o 1% Novak 25U T
S8, IR RS BT, S5 RWE 3 iR, B
3 Co=(Eolpe)® NRER A Py H s, I 3 AT
5, AR B AE S Novak U G WA TE
EEAE E EYE R

AR K St A B A S B B K IE
SHCEHETUKFE BT, HAkE LS8R
ELFE IR R . I A e . IR,
FEAM - AR S HEUE N A=1=10 MPa, £=0.05, ps=1800
kg/m®; JREE LS EUE N L=10 m, 7=0.3 m, E=25
GPa, p=2500 kg/m’; 7K LZEHUEN Ln=0.4Le,
rm=0.5m, En=3 GPal'*, p,=2010 kg/m’. B4k, Fik
BEFEBF ar=oLdCy Ml ar=ora/Cs ¥ AT ENITR,

Horp C=(udlps)™ AR S Py .

0.051

ESwila
0.04L © NovakZ[7]

0.03-

Mé 0.02 Imaginary part

0.014s yop0-8
o Real part

0 0.2 0.4 0.6 0.8 1.0
oLJC,

3 K FahPEITXSEL BhZk

Fig. 3 Comparison of horizontal dynamic impedances

Kl 4 &R 1 /KPR 0 R FEAS [R) I A T K 1 3 B
PURE T BRI 2 . 1] 4 FRBA/K YR L hn i x
BETHK P ) M BRI F B B A & iR THER . H
KU 0 A7 AE — B RBOREE, 2 9 B HEAE A
40%. 7K LR R %A RORFERS, HR
BN FE RS H 2 A3 T+ F B S BRI, 5 2 R i Ak
B A B R AR TR ) BEL T

0.0064 RN
ol 0 0025 0.050
——L,=0 - - = Ly=0.2L, ‘\\
W,
-0002 | —-=+- Ly=0.4L; == Ly=0.6Lc By
------- L,=0.8L, ----Lyp=1.0L; L=10m
-0.004 1 L L L )
0 02 04 06 08 10
)
(a) KPR
0.030[

0.025}
0.020f
£ 0015}
0.010f

0.005F

0 02 04 06 08 10
a,
(b) AF LS
4 KRR EE R RETR N =)z PR O S0
Fig. 4 Influences of cement-soil depth on lateral dynamic

impedance at pile head

5 A T 7K IR AR AN R A T Bl



$ T 2

PUbE T BRI AR 2. 2 T0 & IR B AR
(0<ao=<<0.4) B, FKUg L] =45 (0 39 2> 3 Sobk
UK -F-h WL B30k, T e B R AR (0.5<
ao<<1.0) WAL B b, BETIK P ZhEHJE
WK e L AR R b e, S T ENHR T
Ko SMRTIE, ZKUE TN A7 R ARE B T AL KT~ 50
IR BIIRARRIA5E -

0.021
0.01
V]S
F-0.01 o
N
—0.02} =107 LY
- = = rm=1.5r,
re=0.3 m
608 —- = rm=2.0r¢
== r=2.51¢ N
-0.04 . . . L )
0 02 04 0.6 0.8 1.0

g
(a) KF-shRIE

0.12
—rm=1.0r¢
- = =rm=1.5r, -
0.10 m c rc=0.3 m “/
- = r=2.0r¢ e
0.08 —eme 1y=2.5r¢ &
= /'/ 7
Z 0.05 e s
0.04 A .-
0.02 e
0 02 04 0.6 0.8 1.0
a,
(b) K¥3hEA

5 KR FAZ AL =z PRS0
Fig. 5 Influences of cement-soil radius on lateral dynamic
impedance at pile head
K 6 fifiid 1 /KU L3 AR AN R I A T K 1 3 B
TUBE T BRI 2. BARTI S, K L3tk
B (KT E INHs (RIS e A URCF ShIRIEE RIS E, A
AT B K = 2 A A A ) LR IR RE
0.008[
0.006}

0.004 1

£ 0.002|

—— E,=0.05E,

- - = Ey=0.10E,
E=25 GPa
—.—. Ey=0.15E,
-0.002}
oo Ey=0.20E, N
-0.004 . : . A .
0 02 04 06 08 10

g
(a) KFzhRIEE

WIS R, &5, KU X SR A 1) 2 g v S R e AT L 43 A 181
00350 . o0k
0030} ~ " Em=0.10E E.=25 GPa .
—-—- E,=0.15E, R
0.025| -:--- En=0.20E, e

0.020

Chh

0.015

0.010

0.005

0 10

(b) ﬂ@;g’;bliﬁ}ﬁ
6 KRR E IR @ PR A R

Fig. 6 Influences of cement-soil elastic modulus on lateral

dynamic impedance at pile head
MR & 4~6 gt R, AR K e L hnE SR B
B v T VR ot - A PR KT LR BE IS, KB AN
T Y% FSE AN IS 3o R ot = B A RE PR — 0 KT
W] 2442 AR A TH h B AT AR o, —ARBL T
BURBKVE i 42 A B AF I pidRae 1. 1eoh,
AT e K e s R

4 4 18
AT PR /2301, Wi B SR T
AKVe 5 A HEMFIRA G, IR T H TR

o W HUE TSI TIHE TRV £ 280 b
TURCFE TR, R K INE R
FEAFAE—DNARUREL, LO0TREEL SRR 40%, HIK
Te L InERREEA B %A KR ] EAREok,
e LB AR RO T SR RE Sk KV B R AR
G S A TV ST, AR TR mKE LR
EHER I T HTRTE RE -

SE -

(1] FKAKWI, ZRA, XL, 5. EHK e L E A AN
BRI L], HR RS TRESAR, 2015, 11(3): 601-606.
(ZHANG Yonggang, LI Juncai, DENG Yaguang, et al. Field
test on soil compacting effect of composite pile made up of
jet-mixing cement and PHC pile[J]. Chinese Journal of
Underground Space and Engineering, 2015, 11(3): 601-606.
(in Chinese))

[2] FE2HE, FEXL, XE, & AR RSB HER
AR AP P E ALK 2=, 2018, 47(4):
853-861. (WANG Anhui, ZHANG Dingwen, LIU Songyu, et
al. Bearing capacity behavior of strength composite pipe pile

subjected to lateral loading[J]. Journal of China University of



182 N 2023 4
Mining & Technology, 2018, 47(4): 853-861. (in Chinese)) numerical ~ modeling of  stiffened deep  mixed

3] EZkE, mEX, Wtk R LhIMEE S K&
RV poy IIERHET[T]. 5 T RE2A4R, 2020, 42(2): 381-389.
(WANG Anhui, ZHANG Dingwen, XIE Jingchen. P-y curves
for lateral bearing behavior of strength composite piles in soft
clay[J]. Chinese Journal of Geotechnical Engineering, 2020,
42(2): 381-389. (in Chinese))

[4] £ #, FHE, & F A AP K
MR EUE A IT[0]. BIERE S TREZEWR, 2020, 17(6):

E=1

1382-1389. (WANG Jian, ZHU Zhihui, WANG Hongyu, et al.

Numerical analysis on lateral bearing capacity of stiffened
deep cement mixing piles in clay[J]. Journal of Railway
Science and Engineering, 2020, 17(6): 1382-1389. (in
Chinese))

[5] Fibam, T4, X%, K+ B A BT A
RERE R LRI TE[)]. RBHAEZ#4, 2022, 43(12): 353-359.
(WEI Gugqiang, HE Zirui, LIU Guangdong,

A
&,

et al
Experimental study on lateral bearing behavior of cement
composite monopiles[J]. Acta Energiae Solaris Sinica, 2022,
43(12): 353-359. (in Chinese))

KB A W, BRIEM, S SRR GBS RN ok
BOMEMPLERELN]. A+ %7, 2023, 44(12): 3577-3586.
(ZHU Rui, ZHOU Feng, CHEN Yanzhu, et al. Study on soil
squeezing effect
composite pile[J]. Rock and Soil Mechanics, 2023, 44(12):
3577-3586. (in Chinese))

[7] WONGLERT A, JONGPRADIST P. Impact of reinforced core

and bearing mechanism of strength

on performance and failure behavior of stiffened deep cement
mixing piles[J]. Computers and Geotechnics, 2015, 69:
93-104.

[8] WANG A H, ZHANG D W, DENG Y G. A simplified approach
for axial response of single precast concrete piles in

soil[J]. of Civil
Engineering, 2018, 16(10): 1491-1501.

[91 ZHANG C Z, LIU S Y, ZHANG D W, et al. A modified

cement-treated International Journal

equal-strain solution for consolidation behavior of composite
foundation reinforced by precast concrete piles improved
with cement-treated soil[J]. Computers and Geotechnics,
2022, 150: 104905.
[10] WANG A H, ZHANG D W, DENG Y G. Lateral response of
single piles in cement-improved soil: numerical and
theoretical investigation[J]. Computers and Geotechnics,
2018, 102: 164-178.

[11] ZHANG Z, YE G B, CAI Y S, et al. Centrifugal and

column-supported embankment with slab over soft clay[J].
Canadian Geotechnical Journal, 2019, 56(10): 1418-1432.

[12] ZHANG D W, WANG A H, DING X M. Seismic response of
pile groups improved with deep cement mixing columns in
liquefiable sand: shaking table tests[J]. Canadian
Geotechnical Journal, 2022, 59(6): 994-1006.

[13] F2ehf, ®oEse, skidy. wbt ke a2 &8 iR shm
NARIGHE T )], A L LR, 2021, 4338 T 2): 121-124.
(WANG Anhui, ZHANG Dingwen, ZHANG Yanfang.
Seismic responses of pipe piles improved with cement-treated
soil in sand[J]. Chinese Journal of Geotechnical Engineering,
2021, 43(S2): 121-124. (in Chinese))

[14] DAI G L, OUYANG H R, GAO L C, et al. Monotonic and
cyclic lateral behavior of semi-rigid pile in cement-improved
clay: centrifuge tests and numerical investigation[J]. Acta
Geotechnica, 2023, 18(8): 4157-4181.

[15] OUYANG H R, DAI G L, GAO L C, et al. Lateral response
of monopile reinforced by cement-improved soil in clay to
monotonic and cyclic loadings: laboratory model test and
theoretical investigation[J]. Marine Structures, 2023, 89:
103403.

[16] TIEH, KA, PEEEB) /2 EE M. b R
R AL, 2021, (DING Xuanming, ZHENG Changjie,
LUAN Lubao. Principles of Pile Dynamics[M]. Beijing:
Science Press, 2021. (in Chinese))

[17] NOVAK M, NOGAMI T. Soil-pile interaction in horizontal

S P
e,

vibration[J]. Earthquake Engineering & Structural Dynamics,
1977, 5(3): 263-281.

[18] ARXAl, NRZAR, FRlFdHE. HAHEE: K LEEE
Mg 5ok M dbat: o B g 3 0L R AL, 2017,
(SONG Yizhong, BU Fadong, CHENG Haitao. New Type
Composite Pile[M]. Beijing: China Architecture & Building
Press, 2017. (in Chinese))

B3R A
M, =M;=M;s=M;=M,,=M;;=0,
M, :_XIZUIZ » My, :XIZUIZ » My, :_Xlwf ’

M, :‘XVIZUI3 » My =My, =My =My =My, =My, =0,
M, =sin(@ L), M,, =cos(w,L), M, =sinh(@,L,) >
M,, =cosh(w,L), M, =-sin(w,L,),

M, =—cos(w,L,), M,;, =—sinh(@,L,),

My =—cosh(w,L,)), M, =-Xosin(@L,),

CFH 228 T





