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Abstract: In order to explore the horizontal deformation law of adjacent pile foundation under tunnel excavation,
an analytical method of horizontal deformation response of adjacent pile foundation is proposed. Firstly, the free—
soil displacements induced by tunneling can be calculated by Loganathan formula. The Euler—Bernoulli beam
was applied to simulate pile and the Kerr foundation model was used to simulate soil—pile interaction, Then, the

horizontal force equilibrium of the existing pile can be established, and the analytical solution of horizontal de-
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formation of pile can be obtained. Compared with existing finite element GEPAN data, the calculating result of
the proposed method can be verified. Compared with existing theory solution, this method is closer to finite ele-
ment GEPAN data. The parameters results show that the depth of horizontal maximum deformation position of
pile increases with increment with buried depth of tunnel and the maximum displacement of pile is increasing.
The horizontal deformation of adjacent pile increases with the increment of ground lose rate. Horizontal displace-
ment of pile foundation decreases with the increase of horizontal distance between pile foundation and tunnel,
but the depth of horizontal maximum deformation position of pile decreases with the increment of tunnel-pile
horizontal distance.

Key words: tunneling engineering; Euler—Bernoulli beam; Kerr foundation; horizontal displacement; analytical
solution

Citation format:FAN X J,FENG G H,XUE F F,et al. Study of horizontal deformation of adjacent single pile
foundation induced by tunneling[J]. Journal of East China Jiaotong University,2023,40(3) :17-23.

ARG TR ABEFE Y 2 NSRRI FROTR A,
B gk AT 4 7 1 ke A0 A6 Ak S AR TR 42 5 R B
A BERE K- 1] B g B AR 2 . R Z T P B A
Beo BB By A R E A2 SR JE 3 R A i
ANl = ST RO RSV LR S TR NN o
SRS B B A A L A2 I8 w367 R s AF AL T
Winkler Hb J A5 A F1 B /NS4 G J5E B ik A 2045 4 1 Ak
BETE R TE IF 42T 0y 28 I Wi B 5 7] S S5 EE T Win-
Kler 31 1 bR 230 Ik AR AT R AE 88 1) LR AR 25, A
HF Winkler #4578 | Pasternak ! JE 45 5 GE 1% %
J R BY IR, T A8 o TN 5 5 R AR R
o AR 1 E AR T B2 8 Winkler FI 2 4L
Pasternak Hb 5E 0/ 57 1 B 25 A5 0] sk /N JE A4 B8 1 5 1R
WEA 55 AT 7K -7 #8 s Zhang 555 T Pasternak
by JEASE TR K A A R 52 e R S T A — - A BLAE A
58, IERAT T PIRNAS [F45 00 B — - AR AR B ] 25
O3t 5 B2 2 A O T IR R RN OB S Bk A5 31 R
A AEFETE QBT FF 2T B 7 1 722 e 7 5 R B A
T AR ERLZE N Pasternak M FAR A 345 T BE A B
FEAEARIT BB T2 T A 505k . 17 SN dE
1 S W 5 454 19 AH BAE ], Zhang S5 1VF1 5 [
SEUOEL T Kerr M BEAEARIERAG b T 25 [A] 42 5 41
VT H R A FU I AT

g5 P TIR BRI AZ 5 R AR R R 2 S AR B Y
RS i BT 23 JE F Winkler 1 Pasternak Hb JE 5
A 2 R F Kerr b AR ASTLI A - 1 AH B4R
o A SCHE T AN BEFE 0 B Al 1 2R I B B ik 3R A
Tk BE A 0] BT e . A BE AT A FR T BOdE B IR S

(€)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

TIZIT B IERR T
1 FEthdiE

11 BB KR
H1 Loganathan 55°] J1 L4k [{ (2 #37 S, 2B
AR I % 3 T 42 14 52 e oy

138 0.69:
(HR) H

S.=g,R*e

1 N -4 4z(z+H) (1)
P+ (z-H)* " 2+ (H+z)*> (2 (H+z)*)?

K e WHZ IR L ;R N BRIE A8 0 9 BE-FE K
ST I R H O BEIEIEYR 2 AT R AR 0 At
LSIEL/N =
1.2 #EEKFEABETTRE

WEIE T2 )5, 51 B R A B B BN 1 ¢ 1t
i, 2T Kerr MR AE- A EAE R ILIE 1,

o

Tunnel

kG ¢ Pile

Bl 1 Kerr i EREREE
Fig.1 The Kerr foundation model

http://www.cnki.net



53 4

ST A R T 425 5 1 Ak 408 3T PR A K P i) A8 T figt A7 0T 52 19

1.3 it&EiLE
1 Kerr i BEA5 R 4P n] 1
w (%) =w, (x)+w,(x) (2)
Ko, B FZHERN I 0, I LIRETE, T2
S K BTYIE NI g0 5 g, 5300k

q1(x)=cw=c (w-w,) (3)
q>(x)=kw, 4)
XPie, bk 0l B2, FIZ PRI,
SR URAIPY S 2 R |
ql(x)z—G%#ﬁwz (5)
#45X3),:(5), 771
w:(l+%)w2—% ng:)zz (6)

K. G BT DIZENIE .,
BEIE B TTARAZ J) A an i 2 s

M+dM
Q dQ

B2 #HEMETZAREE
Fig.2 The force of pile element

VLR i)
qdx+Q=q dx+dQ (7)

5 54
M+dM+%dx2=de+%dx2M (8)

2 Q A M 73 IS BT T MV A 5 e S A 25 ol A
TUIG 5 dQ H AM ) A T N 1w D5 1) 5 KA
FERY I

4ia(7),X(8), 1"

=g 9
{7257
L (10)

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

FH WE AR 7K SF- 1] 52 77 -l ] 61
N (i
A E AP W
453X (5),2(6) X (11)7]15
dw, c+k dw, ¢ dw, ke c
& T 6 TE de EIC TR 9 (12
K g FHEFEZ BN KM 2k, T RN

dsS.
dx?

q=kS,—G

14 HESHEE
AR Tanahashi'™Fl Vesic™Hg H i) 2256 23 2, it
W kAR R BTYINIE G aT BCh

1
0.65 (Ep4 )” E.
D E| 1—1)2 (14)

_ Eu
T6(1+v)

B N AR v g AR RA L 50 D AR BT
JRIRJE T R SR B D B B AR

Z: AT AL 3 25 [R] A Kerr 1Y 33 2288 ¢ HX
3 ML S R
L5 HEKFZNFETERR

K (12) K 6 Bir oo 75 2, il T HBOE SR AT i A
figp , AN ORI 22 0 i AR AT FLRUEL e o K B A 2R
BN n+7 A5 CHerP WS 715 6 /1> HE A3 ) A AT R
Z IR N 1, B I=Lin, o L 9 WEAT HERESEIR , #k
SR A 3,

(13)

k=

G

n—1
n

n+1
n+2
n+3

B3 #EBEHL
Fig.3 The pile discretization

http://www.cnki.net



T
St
b
&

20

s
5

7 i 2023 4

BeR 20 (12) A5 AR £k ik,

(02) 1536 (w2) o+ 15 (w2) i1=20 (w3) 415 (w2) i-1—6 (w3) it (w2) i3 _

l()

(w2)in=2(wa) it (wa) iy

etk (W) io—4(w2) 46 (w) =4 () iy (w2) i i c
4 El

G l

e, 3 0(15) n] A 46 A
t(6)+X1t(4)+X2t(2)+X3t=X4 (16)
o :t<")ﬁ% Wy 1 n IKJ/I\TEJEﬁ, Xis X25 X3» )(4%%”%3

__ctk
X1=— G
_ C
X gl
(17)
_ck
X=TEIG
___¢
X g1 1
[ x-19 19 -1 -1 0
5-2vt: Sa—Zvty-14 14-4y14x> xi=6 1
xi—4 14-4y,~x» 6x1—2¢ty:-20 154y x> X1—6
Ko 1 X1—6 15-4y+x> =20+6vi-2v>xs  15-4vitxe
- 0 '.' ‘. '.. '..
0 1 xi=6 15-4y1+x2
0 0 1 xi=6
0 0 0 1
0 0 0 0

WIS 75 B 2R w, () 57 7% 1 i BT i, 38 3 X (6)
RO T A5 B BEFE AR AL w (o) o [V AP 25 5 A 5
J7t ] 38 3 BB R RE A A

EATEENE, M Kerr ML p S5 c=0
B, A — 4= 2 (8] AH B A KRR A B Pasternak b S A5
T (E-P BEHL ) 24 B8 =0 BT PI R G=0 i, A<
SO BB AR A Winkler Hb BEAR AL (E-W A% A ) fig
B it .

2 HGIEHE

SCHR[21]% >R F R F A R34 50 1 72 7 GEPAN
GHT T 2 RN [R] ) L2 45 % FRE T B G T AE 5
RS &8 3T A 5 114 A8 T 1, L2 B8 B ) FH 5l E B
A SR I A HES T A AR AR S R
MPE A+, B AR N 24 MPa; BABEREFE 4 0.5 m, BE
JEHRTR A 25 m, HERERLHE Ty 30 GPaj Bk 18 il 4 31 IR
25 m, BEIE TFAZ 4800 3 m, Bk 18 fl 26 5 0 Sl
KT HE R 4.5 m, BT 55 A AR X7 A E 4
PR o R T S uEAS SO 0 A B IO b 2 45
R 1% R SRS LS AT L

ARICTT AL A H A SR 5 CEPAN %4

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

!
f g =g (15

ARG S5 s A g 120 5 2 PR 2R AT AT A, IR R A
5L P i ] A B A Ll ) TR AR T 2 A
P 6 A~ HE AU 0T, HH I 00

t=K''F (18)
KX e, F Rt
t= [thtl ,tZ’ o ’t/hZ’t/lfl ,tn, -‘T
F=|_—c c . c  _c |
- ]G qo, E[G qi1, ’ E[G G, E[G qn
(19)
K AIR N
0 0 0
0 0 0
1 0 0
Xi—6 1 0
A : - 0 (20)
—20+6y1—2¢2Hx3 15-4y1x xX1—6 1
15-4y x> Ox1—2¢2x3 14-4y1+x> x4
X1—6 14-4y+x SYi—20t-20  5-2x1txe
1 —1 19 X—-19 (n+1)x(n+1)

XFE 2o B WLIEL S Rl 6, H GEPAN %4 ok A
SCHR[21], FE S FIE 6 BT UL AR SO Ik FAR SC O vk
BALf# (E-P B ALFT E-W #2741 ) 5 GEPAN (¥ 45
RSB R E I IZ M 0T BEA AF 3 2w
W& T8 4% 14 7 1) RS | 5 EL R 5 i RS AN 25 6
R M AN B AT W T4 T R M R SR AR SOy
B4 BN e KA #4 9.1 mm, BE B d5c K
A 56.9 kN -m; A& SCIRfb E-P #5574 (R1H BE
A % 18 T4 46 % Euler—Bemoulli %2 ¥4 & 7F Pastemak

x=4.5 m

Pile

Tunnel
x

D

E4 BESHECEREE
Fig.4 Location diagram between tunnel and pile

http://www.cnki.net



ST A R T 425 5 1 Ak 408 3T PR A K P i) A8 T figt A7 0T 52 21

%5 3 1
0
E-W model
E-P model
=5 Proposed method
GEPAN
= -10}
=
5
a-15f
=20}

—|16 —114 —1|2 —|10 —|8 —|6 —I4 -2 0
Horizontal dispalcement/mm

B 5 #HEMFES GEPAN H#Ex7LLE

Fig.5 The comparison between calculated results of pile

displacemont and GEPAN data

0
E-W model
5k E-P model
Proposed method
GEPAN
E-10[
=
£
~-15}
20 -

5—100 -80 -60 -40 -20 O 20 40
Bending moment/(kN-m)
6 MEELTI S GEPAN HUEXTLLE
Fig.6 The comparison between calculated bending
moment and GEPAN data

Hby B AY B ) T A SRR TR/ 5 FL TR 45 R A K
M Az % 4 7.3 mm, RN 44.0 kN-m;E-W
AR (RKE B AT B% 18 1) £k B Euler—Bernoulli %2 fi# &
1E Winkler M FEARAY ) 155 28 BLHH I fl R, A kg
ENIF2 4 16.4 mm, BHIEE S 77.7 kN-m, H A
TE T A SCR Y Kerr M B4R AU 0T 68 Sz i 52 s T 7%
HRE— A B I HLEE 5 b Ah , Winkler b B4R Y 6l
ZZE LR UMER, it aBE S B, 5
A SCTT IR AR AR R AR LU B, GEPAN B8 191 fe K
BE B KA F K 9.0 mm, Fe KA HA 57.8 kN-m,
R ARA IR 45 R N5 & MR GEPAN
B

i &1 5 38 AT LUE H 2 ik B K F 7 7 A48 Ak it 2
A T R 2 B ST 8 DR R / Y o3 A T 20 o R
BLAEAE i IAE AL T & T TF A2 2 B R B O . 18] 6 7]
DL M o A7 B R A b i 2 T RS R R B
S 40 A 2K He e K B0 2 A (L AR AL T %

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

I TFZ Rl 2 S TR B O, B R T B R A R AR AR
{E o A B A AR 8 R 214 1 T J3E I e Ak i
J7ETEH I I, LORAIE A 6 AT ) 4 4

3 SHOWN

S SRR RN R Sl S Y R AP
MRS Z MR @ N TR . pRE
MY H=20 m, BEIEF4E R=3 m, M2 1K FK g=
1%; MR A SH.D=1 m,L=25 m,E,=30 GPa;
BE-BE K V- HE S x=5 m; T ARAN S50 AL 0=
0.33; 5 E=24 MPa, T ik TR 647 A A
HE— B A XAV B G R b2 R I R G A
Z SR AT ST
31 HE-BEEXME

Ak — R A7 5 el A B B A A R 52 3 I AL 42 A
Ja KRS AR AL 2R DL I 7, H 7 R B A A
e B R A RETE A B B KUK N 7.23 mm B 20 #
3.12 mm H 2 IR AR RN R, K7
R AEL 5 A A7 B8 S AP — I 7K P 85 3 Rl A ik
TR 3R R A A e B R T R A T4 R
e A NN TN NN N SR o
PETTAR (1) A 1 i AL B oK, 8 AR Bk T Ak 7K 1132 7%

M 7 5 K o
0
x=5m
x=7 m
-5 =9 m
x=11 m
= _10}- x=13 m
=
B
= -15
20
=25 1 1 1 1
-8 -6 -4 -2 0

Horizontal dispalcement/mm

B 7 #-BEKFEEETAREREXTEER
Fig.7 The pile horizontal deflection in different horizontal
distance between pile and tunnel

32 HWE#HKL

HiJZ % HE A TS R T AR S R AR AR AR
R ATZ G, T HE— AR R b 2 5 R Hx
BRI AR B, ] 8 S i 2K L ks
B WA i 35 22 20 G 44 T 320 S 7K A0 % 42 4k il
2. MK AT, M2 K 0.5%34 N F] 2.5% (1) ik

http://www.cnki.net



” Y FEXE" 2023
0 0
£0=0.5%
st £=1.0% -5
e=1.5%
_ B 6‘0:2.0% \E —10}
£-10 £=2.5% =
3 2 H=17 m
5) 15k 215k H=18 m
H=19 m
H=20 m
20k 20} H=21m
1 L 1 I 1 1 1 1 =25 ! L ;
-25 : -8 -6 4 2 0

-20-18 -16 -14 -12 -10 -8 -6 -4 -2 0

Horizontal dispalcement/mm

B8 MEHMALTUMEREKFER

Fig.8 The pile horizontal deflection in different volume loss

T BEEE A #8 B T R, N—TFF 46 1Y 3.60 mm
MG K% 18.01 mm, Hi Loganathan'®/y =X A] 1, #E
FEAE AR E 7 Bt 2400 % S 3 2 R
BE S A B e A7 3% 23 e A BRI vz g e I 7 B A7
HERE b MR A A B e 52 3 2 1 14 DR A BRI sz g 4
H B ZAT A S AT B s Bl et
33 BEEMZIER

ik 1 i 2 M VR A AR B B A A S A7 B R T 42
YERE AP AR AR AL WL IR 9, fH KL 9 mT, Bk
EHZRM 17 m B3] 21 m B, ALK FE
6.83 mm N 7.72 mm, AT ULAE 3L K P AR JE i i
23 i o 49 3 R T

4 it

1) AHLE T BEAT BEIE 09 i Mg a5 25 51 AR S
I AT & A FROT R

2) B RE H BE E AY B TR 23 5] A SR AR ROKF
(LRI R, [ I 2 (1 A5 Ak e 7K S 1] e KA A 8 TR
JEE IR 5 98 DRl 22 408 2 3R 4 A T A R K P
LRI R B 7K Y- BB A3 R 22 5 R AR A7
R i/ | Ho2x 5 BO0E 5 7 A i R AS HL TR

S E WK

[1] LOGANATHAN N,POULOS H G,STEWART D P. Cen-
trifuge model testing of tunneling—induced ground and pile
deformations|J]. Géotechnique,2000,50(3):283-294.

[2] XIANG Y Z,LIU H L,ZHANG W G,et al. Application of
transparent soil model test and DEM simulation in study of

tunnel failure mechanism[J]. Tunneling and Underground

(€)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

Horizontal dispalcement/mm
9 BREERTAMEEKTEETE
Fig.9 The pile horizontal deflection in different depth of
tunnel axis
Space Technology,2018,74:178-184.

[3] LIU C,ZHANG Z X,REGUEIRO R A. Pile and pile group
response to tunneling using a large diameter slurry shield([J].
Computers and Geotechnics,2014,59 :21-43.

[4] SOOMRO M A,HONG Y,NG C W W,et al. Load transfer
mechanism in pile group due to single tunnel advancement
in stiff clay[J]. Tunneling and Underground Space Technol-
ogy,2015,45:63-72.

[5] LOGANATHAN N,POULOS H G. Analytical prediction for
tunneling—induced ground movements in clays[J]. Journal of
Geotechnical & Geoenvironmental Engineering, 1998, 124
(9) :846-856.

[6] BRI, Bk | SRR R G 4 B8 38 42 5| R 4 408 20T A Ak

K BN 4 43 BT[], PR R AR R (B AR ) L2017,
48(2):473-483.
ZHANG R F,LIANG R Z,ZHANG X M, et al. Analysis on
lateral additional loads on adjacent pile induced by shield
advancing[J]. Journal of Central South University (Science
Technology),2017,48(2) :473-483.

[7] 7% 5B S HS . R T8 T 42 60 E A 18 1) (52 8% R P 3 2 10 43 AT
[J]. & = THFE A4 ,2007,29(3) : 398-402.

LI Z,HUANG M S. Analysis of settlement and internal
forces of group pile due to tunneling[J]. Chinese Journal of
Geotechnical Engineering,2007,29(3) :398-402.

(8] WAz, 3. THZ LM RS AE FI T Bl sl 5 e 4t A2 53 73

BT k)]. A+ TR, 2012,34(S1) : 19-23.
LIANG F Y,ZHANG H. Variational solution of single pas-
sive pile subjected to lateral soil movement induced by ad-
jacent excavation[J]. Chinese Journal of Geotechnical Engi-
neering,2012,34(S1):19-23.

(9] WISCHfE B T, fE ST AT G R R T8 F 25 S 1 408 1T A A 1
LA WFFE(I]. T R R 24 4 (B AR 01R),2020,51(8)

http://www.cnki.net



53 4

ST A R T 425 5 1 Ak 408 3T PR A K P i) A8 T figt A7 0T 52 23

312-319.

KE W H,GUAN L X,XUE Q,et al. Study on vertical dis-
placement of adjacent pile group caused by shield tunnel-
ing[J]. Journal of Central South University (Science Technol-
ogy),2020,51(8):312-319.

[10] PASTERNAK P L. On a new method of analysis of an e-
lastic foundation by means of two—constants|[M]. Moscow :
Gosudarstvennoe Izdatelstvo  Literaturi  Po  Stroitelstou
Arkhitekture , 1954.

(1] 77 [, Jod dgh S5, fof R5 , 45 R 8 A7 X I A B T 42 5

L &R AT i AR ATE K L A% B2 M 23 AT )], 2R 5 BRI
4 ,2020(4) - 28-35.
FENG G H,ZHOU X Q,HE Q L,et al. Analysis on the
influence of isolation pile on horizontal displacement of
adjacent pile under high-speed railway caused by shield
driving|[J]. Journal of Civil and Environmental Engineering,
2020(4) :28-35.

[12] ZHANG Z G,HUANG M S,XU C,et al. Simplified solu-
tion for tunnel—soil-pile interaction in Pasternak’s founda-
tion model[J]. Tunneling and Underground Space Technol-
ogy,2018,78:146-158.

[13] k=, ZFER, B K. 3T Pasternak B2 £ Hh BE AR

RUKHE R AL 20 AT 7 R, = TR %442, 2013,35(S1)
300-304.
LIANG F Y,LI Y C,HUANG M S,et al. Simplified
method for laterally loaded piles based on Pasternak dou-
ble—parameter spring model for foundations[J]. Chinese
Journal of Geotechnical Engineering,2013,35(S1):300-
304.

[14] AR ERE, AW, FRoR AL 5. 25 JEONE 5L 5 V180N 11 Ji 1 oF 428 X

A AT A HE K S 1 AR T A0 AT )], A L AR AR iR, 2018,40
(S2):178-182.
CHENG K,YU F,LIANG R Z,et al. Horizontal deforma-
tion of adjacent single pile under tunneling considering
shearing effect of piles|]J]. Chinese Journal of Geotechnical
Engineering,2018,40(S2) : 178-182.

[15] ZHANG D M,HUANG Z K,LI Z L,et al. Analytical solu-
tion for the response of an existing tunnel to a new tunnel
excavation underneath[J]. Computers and Geotechnics,2019,
108:197-211.

[16] R, ST, 5k B, 55 BRGH T 42 5 IR 7K T ) 0 8% 4

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

SHERY AT ST )] EAR SRR T AR 2R ,2021(2)
10-18.

FENG G H,DOU B J,ZHANG G F et al. Simplified cal-
culation method for lateral displacement of passive pile
caused by tunneling.[J]. Journal of Civil and Environmental
Engineering,2021(2) :10-18.

[17] KERR A D. A study of a new foundation model[J]. Acta
Mechanica,1965,1(2):135-147.

[18] TANAHASHI H. Formulas for an infinitely long Bernoulli-
Euler beam on the Pasternak model[J]. Journal of the
Japanese Geotechnical Society,2004,44(5):109-118

[19] VESIC A S. Bending of beams resting on isotropic elastic
solids[J]. Journal of Soil Mechanics and Foundation Engi-
neering , ASCE,1961,87(2) :35-53.

[20] MORFIDIS K. Research and development of methods for
the modeling of foundation structural elements and soil[D].
Thessaloniki : Aristotle University of Thessaloniki,2003

[21] XU K J,POULOS H G. 3-D elastic analysis of vertical
piles subjected to “passive” loadings[J]. Computers and

Geotechnics,2001,28:349-375.

FE—1EE JUFIL(1984—), J M ST RN, 6fF 52 O 1i)
EAZH , E-mail: 2781736979@qq.com.,

BREMEE ARK (1972—), 5 #U42  +  JE KL
HURI R MR ARR R G EANNE RS RGE
FEOT W R g Sy HE T AR KRR TARAE . E-mail :xucj@

zju.edu.cn,

LG £ 45T)

http://www.cnki.net



