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The response of a single pile to open face tunnelling
Cheol-Ju, Lee

ABSTRACT Three-dimensional (3D) finite element analyses have been performed to study the behaviour of a
single pile to open face tunnelling in stiff clay. Several key factors such as tunnelling-induced ground and pile
settlement, and shear transfer mechanism have been studied in detail. Tunnelling resulted in the development of
pile settlement larger than the Greenfield soil surface settlement. In addition, due to changes in the shear transfer
between the pile and the soil next to the pile with tunnel advancement, axial force distributions along the pile
change drastically. The apparent allowable pile capacity was reduced up to about 30% due to the development
of tunnelling-induced pile head settlement. The skin friction on the pile was increased with tunnel advancement
associated with the changes of soil stresses and ground deformation and hence axial pile force distribution was
reduced. Maximum tunnelling-induced tensile force on the pile was about 21% of the designed pile capacity.
The zone of influence on the pile behaviour in the longitudinal direction may be identified as +£1-2D (D: tunnel
diameter) from the pile centre (behind and ahead of the pile axis in the longitudinal direction) based on the
analysis conditions assumed in the current study. Negative excess pore pressure was mobilised near the pile tip,
while positive excess pore pressure was computed at the upper part of the pile. It has been found that the
serviceability of a pile experiencing adjacent tunnelling is more affected by pile settlement than axial pile force
changes.

Keywords: Coupled analysis, numerical modelling and analysis, piles, stiff clay, Soil-structure interaction, tunnel
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2T =AR]OIA AAEE BEZHATl 23l 7] AR Q1 AITEERY AR L Ao
AstEl= AR7F A sk 9ok 1Y 1S Jacobsz(2003)7]- H 3% vF Q= A33F London
clayollA 7] AlgE o] Qe wfe] shtolla HAIE BdgAre] g =S HojF=al QIth Jacobsz
(2003) of] J}ul o]z <8 LS Woliz AxEme] Fok: 2sHe oF 8 mm W7 WA
st o, WEATES o] 7FASIITE $HH Selemetas(2005)+= 7A33F London clayofA]
AAE BdZ2te] sl Rt A wE st B SElEE sl digt AAAS] dES
A3E 233} v} Q) Selemetas(2005) ©f Qlehd Elde] Z2Fo g 9lto] EUAlE o)A ZHEo
2Hget AAlskgol ofsll Bt I sl A sk RS TSk o, ERE
wEZee] dEd HEsh HEABIY 59 ASHon wERidch 53] gaEel o
WEO| Ard ZE B HIlE 243 A8 Selemetas(2005)2] AT7F U Ao AeA Qlrk.
ole} o] Bdmzto] WA HAIE= A9 ATl A3EE0] EAEHA] = Greentield
}—Zﬂgl AR Hols A 2dshs WA WAYsh, Eoh WS QITANE Afo]of Hdt

SHAo|RE Q) WEQ =Ry} Holk= Aoz deA QlthJacobsz 2002).

d

Jd2 1, London clay OlA &A=l D27 SHE BHYZTA|Z JHEE(Jacobsz 2002)
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Open face E{EAEORZ OISt HH=AEO| HE
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Devriendt and Williamson(2011)+= Greenfield =704 AAJH gE=Z2Lo 2 Ql3f HHAYSH 2|4
st 5 o] o] Bk A9 EEBA ot wEe] FURRG o|gsto] HEEHOR
Q8] Wagshs WEo) ok AWAOR Bolsks oA WS ANt IY 2 22 (203
depth approach, 2/3L WO 2 X|A5} L 2 WE2] Zlo| 9 Neutral axis approach). 2/3L B0l A=
Bl dZzte] gt HWEFR XSh= Greenfield o)A A= 2/3L9JA|o|4 AT X535kt
TYstttal 7Pdst). 38t Neutral axis approach BHol| A= Greenfield Z79)| 4] 2] Neutral axis
(FHH) oI ASHshe a2l o3t WEFT 3ske] 2719t sdsitial 7grit) ojuf 53
2 Hdzako| ofal] w5e] S3o] Ad=EolA o r WHek= SRS IR 1E 2 =),

B d Al o3t 7|ET=0] Asy) wE 7|E Ao it BlEo] wEe] oA
Al e A2 AgtEo] gl AA o]t Loganathan and Poulos, 1998; Loganathan et al., 2001;
Xu and Poulos, 2001; Mroueh and Shahrour, 2002; Jacobsz, 2002 and 2003; Kitiyodom et al.,
2005, Lee and Ng 2005; Selemetas 2005; Pang 2006; Cheng et al., 2007; Lee and Bassett 2007
0]-8== 2008; Huang et al., 2009; Lee et al., 2010; Z31Y 5 2011; ©]&3F 2012). 184 EGA|50]
PSR UHEAIRke] ulR ofefollA] AX|she 79 ukE] Ao thek G Lee(2004), Kaalberg
5(2005), Selemetas(2005) % Devriendt and Williamson(2011)2] A5 A|Llelal= vfi-$- Aghzjo]m,
B ofgh WEe] %S ofX7iA] WekehA ek et Yl Aolt). ukH oz
WEo] slRol A EURAS XTI e WEe] ZRolA EYo] AFE A9 Hjs] Wke

o] Sl o] WAIFICIL 2ejA] Qo] o] Sl tigt A7t ARSI L YUkJacobsz 2002)

23L

A Neutral axis —

Greenfield ZZ10{|M A X|HQ| £I5

EH2Z20| 2et A=FF2| Es

(a) 2/3 L Ht¥(2/3 depth approach) (b) =2= HlH(Neutral axis)

= Greenfield 20| B X|&HQ| &5t =
t

Efig 220 olet LEFRo| A

ol

a8 2. HEZE0| 2lst HERIGHE T@IVsH7| e 2 (Devriendt & Williamson 2011)
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ol ¥ Ghel A et HEe] 2eIEl W] ShEA A open face HAALZ Oft
Ees 4 1% R el FERLA AAplo] olte] Aol Bl 7l
5 SAstoich. eld@ael] ofg ARaEe] A5

= =
‘?4%94 s, Xl‘ﬂu s, XI@ dE(volume loss) 5 W=50] S Fof| il AJAIRE 102
Soto] argskglon, ohA AdEdt R Heks Bk 4 e 7 FHEA 2 Selemetas
(2005)7} Hagh WE0] &8 RiE a4 Ao} vlastyich =3 AAEAEe} wERIEke]

L 83t 4ai4] g 138e] Plaxis 3D(Plaxis 2011)E o]8-3t0] A< thEHEQ]
sHRollA 3 B I2ke RALSHo] o]® QIFE WO AFS EASHITE 1F 32 dfj4ofA
2gH F3A A meshE HoS glom, T8 4= 20 dHES HoSa oy 2
Ao A= Lee(2003) I Lee and Ng(2005)0] 283t sz AS #xsle] AAZA 9 7)€
xS 7Hdskeick BEel AAHE (D) 6 mon, HESAT= AEHA 25 m SHo
AL Qlek & Hd AR WEATA] 2 m o]AEo] Qlr}k W] Zol= (L) 20 mo]H
71 A7 0.8 motk & AtolA= F 3319 siAe AAlsle 2 a4 542 3 19
foFxlo] ik Blde] F2RS Aekx]Hlof|A] AAEl= SCL -3+(sprayed concrete lining) &2 | Z| ==
open face E|'G-FH(CE, 1996; Thomas, 2009; Chapman, 2010)S. 2 AA|E= Ao & 71T
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Open face HEAZOZ st HEYEO| HE
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Interface 24 — L=20m
2m
Z [ @ 15m
e gy D=6m

a8 4, ReAGHMOIM 7HYS s HHE

3ff 4] E A
G Greenfield 27 a| A (H5=4 df4)
L Pile loading test(E]'d =2} ¥1-2) (effective coupled consolidation 3 4])
P A Z=o]| wHEZ 7Y (effective coupled consolidation 3 4])

a4 2= vpeke ¥ dgjn SHe SR ARH 276kl s AAE a4 LS
AQJst sl G W P Uz AsoA A ow, BldZzho g QIgt x5S Aste] 7MsAlL
HES] 54& Wrgstol s otk

Olt

_4

2.2 X4t 3 Mzo| SHX|

3 2% Lee(2003) 2 Lee and Ng(2005)2] G-ATE a2 sfo] 2 3ljao)| 4] 2831 2yt 2
A7z EARE HojFal Q) HEQ| 79 Lee(2003) X Lee and Ng(2005)0] ¥ 113} London
clay®] 7348 9 A== st HES S AEHE 76k A& 1Leste] E (MPa) =

7.5+ 3.92m) 2 7PE1%ITh o714 7= XaEol 2loje] simHe] Zlejolrh W 9 feme|Eo)
Superguelo] 4491, FRols vesE WY 9 Mohr-Coulomb ©] 7437128 mj2i
wetel) 21517 Sfsled Rt QXL interface

Sy mee Hgsllck WE AFS
R4E 2g3le] FAMN 2450 S S vlmege] W 4 UES Sk HEY
5L WG] Slste] uipRze] AMREAAE 1

ANstgom, RS ERARE 1 x 107 ms2 /Pskeh 2 Bd@el] et FEe] e
WS OIS TRfeks BAlo] WEI QA ABATS GRS ofs) AUk

3} effective coupled consolidation a}j44-S

ol

Vol. 14, No. 5, September 2012 533



H 2. &X|sfM0lA 7HH8t EMX|(Lee 2003; Lee and Ng 2005)

A = g Ko v E’ (MPa) 5 (KN/m’) | ¢ (kPa) | ¢ (°)
AE Mohr-Coulomb 1.0 0.125 75 + 3.9z 20 5 22
fig: . 0.20 30,000 25
Elastic 5,000 (S#
AR E ol ' 0-20 15,000 ((H;) =

i Ko (BAEGAS), v (EEokEH), B (FAAS), v (F915%), ¢ (H2HE), ¢ (HEehEz), JE 9 dilation angle:
11°, AE ] 27]7+21]: 1.0

Note *: z | Ewo] 4 9ol 917k42] Aelm)

Note #: S (A =3 E), H (FA +£3YE)

2.3 F#XshM 2HY

FASA M= D= LA 9l o]z Igh AWke] GeRish= AHSHA] oRt7] wiel &
Aol 7P W AU EE] AT fABICRL 7 4 olek Edo) B
(¥)oll tl510] -5.0DIA] 5.0D(30 m ~ +30 m) 7k AololA] AAESATK Y 3). HEL] x5
Y/D = 0.0, XD = 00 $IX313 9k, 27] BRA B oF WEFHAL 4 LS FalA
A AR 2,100 KNS SRR AISlOIA S AIZNG ol ). olFe] EdEaRe
OFA] 9133t effective coupled consolidation 27102 3|43 AAEIT) EdQ] Z2FS 7} A
3m A AAEE 2oz 7St F 20 SAlo] ARA AAIESCH, Bdasis 3 m/iday=
2851t Lee 2003). B2} ©AZF FRE o]F =2 3 mofl= F7 250 mme] £AYES
EpaIgiE] Eld3a 2 Fols A4 4] =2 71510l 5,000 MPac] SHIAE K galgion)
oI5 thy =Rl P £ ES F4A2 HEsl] 15,000 MPal] BHATE 7=
Ao 7Psilt) s dne] £42 fisto] Poof Amolld TR 57 P= P = 0n)uXAp

Hoz ASIA o7 st SAAECIN BE £1820] he B Aol Ak

3.1 Lo MAK|K|Y B

T S W] AAXA S 2] Astel ANIa BESEATAIY ZAES Fal A
HHEO] S USAS Hola QrkalA L), A L T3 3o ekt Ziak Bt saea
slell i AAEIGlo B @zte 23 A goton], WESEASAEE BASE] 9Iste] wE
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Open face E{ASOE Qlot HEYE| HE

Elastic compression .

% 4,200 kKN
~ .
= »
3 .
=
) Davisson (1972)
=
2 2,950 kN
=
£ 2,600 kN
E ® 2,100kN
-

0 10 20 30 40 50 60

Pile head settlement (mm)

Ol HAME R ASEE S7MIZT 9 5o oshH R 5150] 2,500 kN A 01] =g
7R WS R Afeloll A2 A9l TAE Wolil k. TRy ol 2=
3150l A8t A9 Wl S sk WAL Slnk she-He) WAl R ) “7% AE=
A5 Qste] detd o g de] AREEl= Davisson(1972)9] WS Z85to] 18] 5o LEht
5ol WLl SRS 4,200 KN 2 APFSIGIE] of7jefl Q& 2,05 #-8sto] W5e] 24
2|21 PE 2,100 KNO2 AA3I O H(P, = 4,200/2.0 = 2,100 kN), o]ufl LEFE-2] 510,
4.06 mmo|c}.

3.2 U=, XEH Hst U X5 Hst 2=
a9 6% S4 G 9 PE Ea) ANE EuEEol o) waE A7t BEmsel )
Ay | Ay o D ATAL] S A5,/ A5 )] B RolZT Itk o174 As, L 9]
o

AT EAA Bdzatold wo 283 Akl ot Hst A6 E AlLfRt &St

Elgdzzto] osA WA WEFRO 5L Adp s w0l EldEZZol| oJsfiA At
WEZHO] M) AH6.34 mm), Ad,= Greenfield Z713lolA @lo]o] Bl YA FTHA oA 2Agsh

WEERZoo| K9] 5], Adms Greenfield 2481014 WEERZo| M) Hefstolc)
(2.66 mm). 1% 62 A57skE WE W AEAY] Pl €] B AWH4E AR} F7ks)a

RUeS HolFT Slek Z Aol Wio] ZASH: A9 wgsh Ede] BRoR qlstol WA

A=75-2] H3ke Greenfield 2719] |30 3sle} vlalsto] of 238% ¢ 2 Zo2 24 =T
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Greenfield 2719] 2| Hate] Z7lo] Hla] WEERO] Hole F2 YD = 2 ~ 2 A
s B7lke Aee moln glrh e WEAsE 7k Al Hlstel Azmwel
ke vlad AT veR HuEt W 4K Sk 4% Holn gtk =
Eld=alo s WHol Hshes WHO FAolA FWFeR dARE Rl A WS
AR she A0 WS & 4 ek 9] o] AT sk Beslge
W(Y/D = 0) SEAM NS oF 5%t welelch S WES FA0R FHFOR 41D
T e AAHSIES oF 65.6%, FWFOR 2D FroAs AAHs ] oF 83.6%7)
Aslel FdEE] ofsl WHo Fshh T AISHs WSl WEFA Yo 42D
oyl ¢l AS & 4= 3}tk o] 7]&9f Mroueh and Shahrour(2002) X Lee and Ng(2005)°] 113}
BoIRTRE ok We wolt). kil wEe] FAlol A FUREOR 22D uze] P04 AAE
o hEo] Aol Ao e FA Eahe Aow & 4 ok

Lol A AR AAlsks W Ed =Rl ofeh W] AR sk Y/D

1 59 w] Z}ZF 7.68 mm L 10.40 mm=Z AAE]QIch walA] Lee and Ng(2005)0] -85t
WAL o)g3te] 19 59) st WA BAsk BUBOR Q) WhERe] ARslsol
288 wjo} LS Aup} frEER o5 FR7] WSS (apparent axial pile load) 2= 2T

1= =

7%= 3152 AIS 0] 83 Y/D = 0 2 52 uff zkzF oF 2,600 kN 2 2,950 kN=

0.0 -
0.2 1
y :
z :
) :
w M
o 0.4 :
5
P ;
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g 0.0
g A
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0.8 1 : .
@ Greenfield
—O— with pile
1.0 T

6 4 2 0 2 4 6

YD
a3 6. Ed2#t0| 2 HPstE YESHY gl Greenfield 2719 X|[EH Zl5t

(48,),,,,=6.34mm, 4,),,,,=2.66mm

p/max max
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QLA gt 23L WS BajA WrhE o] Waks Greenfield 2714 A 133 moflA
) 23}2 o] @3lo] A Y/D = 0 2 591 AL 72k 2.62 mm @ 4.64 mm<eld], o=
SRS BoA AP T TR0 H5Ek0] 3.62 mm W 634 mmETHs T jo]S Kol

t}. 31 Neutral axis approach 7-$- 2 ¢ Lo A= gl o] F2lo] ola) wWiEo] o1 o] Hhys}A]

,u -l

pass

247] wzoll -8 4= k3.5 Aol dW). = Neutral axis approach HH-> B'd 9] =2}of| o]
AR o] Whisolt gtk AA|R710] atEHR AH-gof A7} e &
At

3.3 2utst x|gH Z5t ZM(Surface Settlement Troughs)
9 82 Hdzzto] TR T A AarshE Sk XEH A} 6/6,)ma wXEE HojFAL

b =

Utk 714 6= siAl G 2 PollA] AP RS RSHE ofn|sh=t a4l POl A¢- HWEFRL
ol o710l TR, o141 Pe] 49 E19B2} ofHol WARE At W W) Hsj

R whEel sl EdEAeE SuEl Ay 9 Wshe] Wslehe Telstich YA E
AshE ol-8sto] AAELES AL 23} Greenfiel
Mair and Taylor(1997), Bakker and Bezuijen(2008) 2 Chapman 5(2010) S©o| 2313t HE2lo]L}
e x|HtofA] AAJE Ed=2te] s WAysh= %“?ﬂio AAELES] 27190 0.5-2.0%2F
SABIeE. T B4 Po] A% EEEE olo] MR 283 AAEOR 2lsle] 0.11%2)
Azl APHGlon, W] A48T AASEOR AT AALAEE Aelsha L5

Efgz=2to] sl gt AlAELES 0.573%= APYE U )= Greenfield Z2710) A4 Ayt
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Open face HHEASCR QIgt HELE| AT

A g 7o) vistd) T sofl Lkt 9k AEre] WS UEATS Aola
Greenid 2134 710l QASI7] WESIch Teht WES) AU AWAIE e 2
sk wsted) ok Bde) BateR Qe Aol MokE A s e st
SPYa) o]t % Greenfield 719) x| HahErg olGa|uL EdEae] o)
it UEAS 18 Sk GRS 008 O & S UR) S AR

o Hahrael g8 A AL o

o,
N
A

=29
A EHAFIEELE X/D = 2.0D HLo| A5 E Greenfiel

71 9= HEER R 5 Aske SRR 15t Aoy / A dp e D XEHHT A6,/ A6t
AHEAB(V) L] ABTAZS BojZT QIrk Greenfield 2710] 79~ AFHL] Hak= Vizt 2]
A2l IAS Ho|il Qlof njg] WEFRO k= 27|l Wslrt Az} Vio] 0.2-0.4%

J7toll A 22| Z7kska 9tk 3 0.4% o]TRL Vi okt Z7elA|qt 1o HE| THEo]
Aok AL S7FHA] et & U5 AdsltsE WE3h ol AEH| ol A&EHoR

(]

MRS Al A0 o] QIR WEe] Hahs AthAlom A RoR Bk oleidh BEAs]
AP b AFT 1Y 69 Aujel AXFIck olefat HFS Jacobsz(2002) 7t PHRHAFS
sol BAgh At jS SARITE Lei Vio] 04%E 2SI 4$ olFo] WEo| s}

-
7152 Jacobsz(2002)8] AT Thi ol S Holit] of UMBFUHLY HP HdY] FHo]
2249 A0 HASE Sl ZelE Ao® SRk

0.0

0.2

g
£
,.\Bl\
L 04
29
5
g
~£
B 0.6
o
<
0.8 3
—O— Greenfield .
.- @ with pile .

1.0 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Volume loss (%)

o2t

a8 9. HE2=Z=0| e et o= A XEH| Hst
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19 10a= Do ok s FalA ARt Aatele SEe] (PP 2325 7 Hd=H T
tisted gatelel o] AmZm)of diste] HefFal Itk AR A, YD =2, -1, 0, 1, 2, 5
(HE225R), 9714 P= 9] AwolAe] W] S8, Pz BEd=2} o3l
AABIEOIEH2,100 kN). 9hA] bRt Hle} o] ©o] Fe2 91oje] Aol dfsio] %‘L*—J%Eﬂ%
Abgsto] Altstint. Bld@zto| Mol FHupdee] Mo R Qi WHESY WEo| HE}
7R E HRF o haskar ek oF 78.3%2] AABlE o] k] o 2]=w utetA
AR 4] 21.7% o slgwto] A8 o 4= ek HEe] &3] AlFE o] YD
= -1of] e wf) 7pR)= o] ol vlast wshte] HhAiRich et de] w2fo] o]
wpe} wEe] Zele A} 7hashs A oA 0.08P, F=O] 2R
o] oslf A== slso] Hde Sl FRE &
F20% S7Rke & 5= ltk mebAl EdER} ool W] A ofsfiA A|x|=d sl5e] 4Rt

(03
o
ro
o
|
ol
mﬂ
HE
o

QIEElo] WA ik % WE Fuin

-
(

Egd=2ko =2 92l3) Jacobsz(2002)0] R i1gt ulel 7o) soil arching % Ak o] EizHslel
welsl Z71E FRnko) ol AT 98-

2l = &+ ok

I% 10b= Bd=zte] o3t W] SHSE Bl sl flste] sl Eld =t
ofslf e Aatehd T SH(AP/P)S HoFal Sl 04711\1 AP = =535 HE
=2t oA AR W] SEolnk HE=Ee] YD = -1 B A Es S99

AR v} o] WES=Eo| 719 Wsh) glv ey Bd=2te] YD = 15 Ay 3w A

fil

0.0 Y 0.0
---@--- Pile loading
—o0— VD=2
024 ®m- YD=-1 0.2 -
—0— Y/D=0 .
A Y/D=41 7
0.4 1 0.4 1 .
2 o :
N S ;
0.6 1 0.6 ®- YD=2%.
—O0— YD=-1
R YD=0
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