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ABSTRACT

Based on the field measurement data, this study,proposed an empirical procedure to
evaluate the surface settlement-induced by| shield tunneling. Peck.(1969) suggested that
the surface settlement trough due to tunneling:can be_approximated by normal
distribution curyve. The main parameters associated with the function are the trough width
parameter (i) amd" maximum surfacersettlement (Smax), Which can be calculated by the
measured groundzloss.(Gy). This.research collected:shield tunneling cases in different
countries reported from:1971 to 2005. Based on the case studies,of width parameter i and
ground loss G, the following.conclusions are drawn.

1. The settlement trough width increases with the increasing tunnel depth. This study
classified the tunneling cases into 6 categories according to the soil type encountered
and the shield machine used. The relationship between the tunnel depth Z, and the
width parameter i can be approximated by the simple empirical equation i=k-Z;.

2. In granular soils, because the compressed-air method and chemical grouting method
were commonly adopted at the cutting face of an open shield, the ground disturbance
in front of an EPB shield would be greater than that in front of an open shield. As a

result, the ground loss G, and the settlement trough width parameter i due to the EPB



shield were larger compared with those due to the open shield.

3. For tunneling with the closed EPB shield, the groundwater intrusion problems are not
encountered, and the auxiliary methods were generally not adopted. The absence of
additional measurement at the cutting face caused greater ground disturbance during
tunneling.

4. The understanding of in-situ ground properties and workmanship of the tunneling
crew are important factors to estimate the surface settlement due to tunneling.

5. Based on the 151 tunneling cases, an empirical method was proposed to evaluate the
surface settlement trough. due to shield tunneling ,with different shield machines,

tunnel depth, tunnel diameter, and soil type.

Keywords: Shield, Tunnel, Settlement, Width Parameter, Ground Loss,'Case Study
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%% 1 (Glossop and O’Reilly » 1982) % ] » &% 3P Peck-Fujita 555 = i 2. &
174 2 o
(247§ 01)
% | & # - Haycroft Relief Sewer, Array C, U.K.
BRI Y S HURR (Zp):6.5m
i 242 (2R) 48.0m
AR R (RS B
RN R
(5 54 2

(1) ¢ ¢ arz Wi oo RF (Zo=65m)-siai® & (2R=3.0m) » #3/#
z
R (Z22217) -
71 (2R )

Z
(2) #iFw (ﬁz 217) 2 & Peck(1969) #1713t 112 ¢ - v @525 2

B (364 k) 2 ;,mpanﬂ ("OW ~1.58 ~ "‘FV: =2.00 ~ “s“ =242)-
d e drz i e (R=15m) i&m f£E% R mwi T 28
B 2 low=2.37M ~ layg =3.00mM % ipjgh =3.63m ©
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P s 015 N F3SAA AP AR ERA T EI TS LB @

SR8 REF2 B AT E §ﬁ11§€§@_ .

3.25 L B M 4ok 674@.1gr}\;g£p+}ﬁta1
A2 B 4P 2 4 @ifﬁ;&@ﬁﬁm;l AT EBE 9L 2% b
2R RIS R SHE 0 2 9L TR w FATE I M R e

i =0.50-Z, (3.9)

20



j\[k\Fl7 Jfﬁ—lgf\%ﬂﬁﬁ*",{//?i ;{%\:‘ X 1 2 1%3'351;1]?‘[ 9_/_1:‘_'/;;-;{5‘_“1?%‘

Vil FARF A

g\x'i

%P i 0190 B 36T N BLEFFL B

2 EO THERAGI RN L i EEF KL EHELBH A BT i d BT

)

PEEN S R AR ZN R SRR S EERRERE S S EE SRR R R A A
BRP RSB RG TR ISR RS 1A FE R
s TR RFRIBLYFFE AL RIGNEARLTFIARLZ AR
PTORABERG > R A R SR G TR B T
EREHE R EE S EFRA TS I RR0E R B F R TR

K%
= °

326 AEMHIEI IR @r;\;gapg_;%@,

YRR Y 2 BRI e 1 ATy e g 18 X1 2% b
2. F R et R - HeiE 0 4o 3.7 Hronir A i %N 4T

i=044-7, (3.10)

A2 B RNRAE 1 AT R B R H S R e 2 AR Y 0.260 %
P fidci 023 WIS AT s (310) & F 547 1 B % 2R W Y #F R 54 (3.10)
A3 B KR LB

B3 FEFWAN 2R R IR T LS S e Ak TR Sk B
BREGS G F6 L RS FTdrd 32

WEM Y AR B AR Y CHUFR Zoc BAPPINERRL L KX
BT A 3279 2 5% 05 REGERRE AR Y LAl TR
i@ o

9

3.3 ¥ 4 /Ffi IJ}IJ A 3T

ST RERIIRLIM RS B AL H 2 106 RS i

21



ﬁlﬁ#%%ﬁ%%i%%@ﬁ@ﬁ’%%wag%?#iI%%&M%WBB
om0 #1060 £ F Pl B ERA B kIR (G) BIFE ( )Lﬁ_rﬂ
ﬁwﬁ@’?u?iﬁﬁ%ﬁﬁliﬁ+ﬁﬁwwﬁﬁ)ﬁykﬁ4@xmmf
B) APRAR > 4oF) 38477 0 aB T2 082 BRI A 33 AP M-
Sk RO PR AN R R A S T4 g (1) 2R
B 2 BN 5 (2) BRI Y 2 BN s 5 (3) R
BAagd 2 IRIGHSCEGHF L 5 (4) REMLLHY 2 I RIGHSVEG S

oo MR GRORSBEFPE L L K BIRT § A AR AR TR

\w

FIEP I K H|EES LR g HEF4 i Bz & TR A
A 3o FlERGIRRHES Y o AR K2 5 A 4T

4o @] 3.9 55RO KA 18 20 X G| P R 4B G EiE s ( ) i
LRl o HW IR IR BRIREL A D FEFES %»gglgi%}f}l]ﬁftiéﬁé»?/}%ﬁ 5%
EOARRE AR blEcz 20% 0 & 5 B ERTA 4ok 3.4 S o

VU 4 S R R S RE IR TR R A% b A AR AT o

3.3.1 LR A 2 B B e
R R Y 2 BN D AT R B @121 4250

2 BEEAE R3O H HIREL TS RY orarbcrdrefe

AR T A 33 BARNEG W H T LMY w1 i & he R4

Ao HRET i hew otk 1420 ARG GrRRAY AR B 125 8

FEREEE WL > P E B Mp AR 2 T o
K ¥

332 FENEL P 2 B 5 1

AR RY 2 BN E AR A B9 3L

(e
[t
o
W
=
(w

22



PARAE B30T H HAEL TS B BRI T A 33
LR F 6T BRI E KB THR AL K R BN EG

BAZ P HIRAEEF o d N ERG CARP A E R RIEDR R T
B EFI AT FIRA oA RiE DA R AR ERL R

Hip F] o

333 2L B M4 E 674@l@§@E%%

b o B 5 A PR st S P BTG AT
ATHIE R B AR hd B4 T ontE M AL 0 GUEATR R i Ao

FOAEPERFE AL TR T A R T L R R L R - A

23



s 2
4 %
B R AR
AR

g L
~ /e
#l,—flj’i’r t;’;_:_

>

3

ARER TR FP P R R 2 B R 1 i i T, BRI
a2 G ER E k

TR 0 R KA RS

L

s s
L 23

PR LAEE 1 i N B AT AE
#\g"w Y 7 2
AEPNF :
Bk
R

% o 12 o

RRiE P S SRR (Zo) 124 m

003) > 4 H#= o
oA $#318 CN258 £ (346 %1% ) » % i) %% EC13
i 242 (2R) 1 6.04m

Bm Al

2 RT fSEE
B3 HAEAT © A

(=% 2%)
@) ¢

-

e

TeHmRE P o HURR (Zo=124m) BuiE E T (2R=6.04m) > #F5H

24



vy Y iy ( =2.05)-

(2) M2 drz g Y S HURR > R RAEAWA (2 RIG) 2B KRR

(A2 K)o d 2322 68% TP @FF R $8ci @ (i=044Z,=5.46

m) e

(3)53;,%%?&%7@ AN (2RI ) B agiE e (F2 ) d ¢ RiF2
YR ( =205) 4 ® 312 F3[+ EE2 48 Gas = 0.92% ~ Gigc =
1.34% ~ Gy cp = 2.43%% Gipe = 3.18% -

(4) d #7823 iK% Gag Ggc¥Gicp & Gipe &2 % & $#ci @ (i=546m)>
orN(217) > VEE & B ITHAE | Snaxas =495 mm ~ Spaxec = 28.4 mm ~
Smaxcp = 51.5 MM Spape = 67.5 MM ¢

(5) d & REATR S8 i B8 B IIEE Smaxas ® Stiax,8C Y Smax.cp & Smax,pE E
RrNQR2TF EBAGES AT AR A4oBl 41 #F o - CN258 £ 346
P TRIEESE > B 4le H SRR 61 g a2 0 L NIARTEE W B ¥® o

o7 3B SRR 5 1 e 2RI Y R R

AR BV R e
P 2R R AR BRI TN e 2 H 4
Mha AT R REED S L1 E 6] 0 A BEE F 6T AT
(1) %6/ 0OS1: Hi=t 2% 4@ 42 977 » PHFRAFZIL L E3 B F 0 Hsf
WS F hok2 oo Eadie (1977) 40 1 ARB R 0 S BB TORRE

i 3

34
R-)Q'

B RFIACLHE  MESERTBRG YRS E
f,’_‘/%%’ °
%

(2) % 4] OS2 : 3T 2k hof] 43 5 » HIBW 2R E 3 B o A% 6| m 4w

179
‘r

FF B TORR s ] hl R4 B AT IR e

<

N

(3) %25 0S3: Hz &% 4@ 4.4 911 » Himt 2% %3 B % - O'Reilly et al.

25



[«
&
Ex
N
-
.|
.7“_
E
_i
F_&
“mR
s
I
pos
B

(1980) 45 > Ak bl A g1 ®

PEERRRRRS R S EW BT oA KRR
(4) 2] 0S4 Hzmit 28 U@ 45 977 > B P VAP Atk % e T E
% o O’Reilly et al. (1980) # % - B2 A& & b7 A %ip 5 1 o % M T oKz

fe X mpk* TR o P g AR L EHRAE

(5) % 1] OS5: H 3™t & % 4o 4.6 #777 > H Pt B 5% E0 R - SKEDHBF -

F A SR (1989) g > AR G| R AHER > PR R 122

CEERRRELH o LS EP B EhaniEr T ondrd|s
KA -

¥

%&I}IJ'_"J]"}}R,’ ﬁ_,{’/?ﬁ‘4i§t‘7}m%{ ’%E ’ﬁ“ﬁ"gl r#;» @SFE\‘?L
B HRE R e TR A R

%]ﬁ]}?\ o

FAFNED P ANy 5 1
AT L QB E e 1 R B T A B E 1 R BT AT
(1) % 61 OCL: 3 8% holfl 47 #177 » ¥ 7 3 MBS 1 36+ 23 20l

FH DR o b OG- MRIE L ¢ A FR AR RTINS o

‘W Eéz

(2) % ] OC2: Hi=1t &% 4o 48 85 » AR 2 whtf 544 A-B-C D %

>

I'I'I

FRE2 {%f’f/ x G f"’ £ S ;{ismax%‘f%"“ ’ ”i/ﬁ]‘?ﬂﬁ%
7.8

R RECATEA c AR GIME B R S8k 5 3.0M & Sp i

o

o4

(3) %61 OC3: 3324+ & % 4ol 49 “7 B ¥4 I+ R iRl fesly TR P 474
WhHEEEEERT 2SR EE L BB P RER S
13.1% -

(4) 5] 0OC4: Himt 2% 4@ 4.10 #7571 > F Bl 2iwkal v E>E % > 82 H

26



e BRE S AT md WA M AIaE 0 REHBELFREF S
14.8% -
db T AR G T IR BRSNS F 1 0 R W R i

EAD ARG E RN DR G B 2@ > ¥ Bl FHRA T FEAR

44 PRRALL S 3R G R 0
AP R EEE AL IR LR b2 B R AT

(1) 26 ESL: Heml S % 4cB 411 277 > TR IR % %W E R e
FROF o BEA X B G TR %@vﬁ%‘iéﬁ (Jetgrouting ) » fe d 3t

25 9F35MEAwEI E ke T AR SEA BB L S #T

2T 2w B (Abdrabbo 2 1999) ) da il v F] 2 A& £idc® » T2 5
3 o ki B 2 B ARRL o

P

(2) % ] ES2 il 3710 2 & 4o §] 4.12 S5m0 BiRs 2T HE EAE 0 A& b

% o] ESL pfh » 175 o Boad 09 il F 2

s
-
(\x
'+
-}
>
b
Ju
(2
‘.p‘
£

A=
(\x
'+

i

M

o

PN

(3) % 6| ES3: H it % 4@ 413 517 > H T R LAE KR ET > 2% 02 %

B ESL % 4p fe 3= BRI > 27 i FlAUK 2 SRR 355 i A iE S 2 B

5

B o
(4) % 6] ESA: H3mit & % 4o 414 757 » mKaE BlEE S AR 0 8 AR
FRAEHER2Z IR ARkl n2zw L %2 k2K (Tertiary layer)
A GEBRTA CBRERBZEE > ABFIPELEIRY - THLIHL K
(Gonzalez and Sagaseta > 2001 ) > % e K ix 2 5 Ak b2 2 & R F] o
d P ABEGTRERFEI DAL T RRE RS RS FRRIET S

Faee end B - oo

27



FRALL S 2R R
PAULEFREE I LG AL S RF 16 LR 6 ¢ R
AT L

(1) % 6] ECL: H =1t 5 % 4o 4.15 577 » B¢ 7 5 > B3t & % IR %

B %o fywheh BRFA A CTIRITOW 1 AR AL I L ARHOIIALD

Be b B UTG o5 (F Al 8 Br R 0t (Kitamuraetal. > 1981) > gt # 5 #7% i<
Bodomhny %12 PFERD RS T

(2) 6] EC2: Hymit % 4ol 4.16 “757 > H Rl KA 3 3 HAET 305 TN E

®oo Ak b2 4R E 2 A A2 ((Makine clay ) » £ ¢ %5 1

(Balasubramanians » 1987 ) » ®if B 251 3R 2 S R@P g 4] - B¢ 7
FRE A2 25 A FHHO PR & 2 AR A I G2 R Fl4e R

(3) % ] EC3 ipl 21t 2 S de Bl 417 #15r » 5 plTRAE &5 E % ¥ F B2 T
R AR AT E o A% bR A gcds afpdkd & % 1 (Balasubramanian >
1987) > toaldeii & e 43 ik 470G = 3.9% -

(4) % 5| EC4: il 2 S Y418 #rF » R 8% ¢ %N E®R - BY 7 ¥ e
MU B R ARE TR > Ll NiE L 2k HIRA G 2T2% 0 T Al
RREHR G BRE o

(5) % &) EC5: 3=t 2 5 4oB] 4090055 b Bl¥ I F RInIiE: B X 0 gt 2
FIF LR BRG]k 200 ft 124 9508 > kL phacit s Bt B R
B F ARG W2 1 554 X 152 b & &% s haE i B 115 mm (llsley et
al. » 1991) > FiEARZ IR FER -

(6) % &) EC6 : H 320t & % 4o 4.20 #7157 - £ KA E % 0 R 0|7 FIER
Wi BRI 8 Pl A TSR ,é (llsley et al. » 1991 ) 5 i 173 45 5 % $i2
s BE -

(7) % 6| ECT : H3mit 2 % Jol) 4.21 5757 > B 4wl F 0 E T o A2 6]2 1 4t

28



A2 PP A R M2 AR K (Sy=20~60kPa) ¥ ¢ A - tmEATZL
ﬁi%ﬁi"ﬁ’?.??i Ak ER I RE - MR T o R A PR R T

(Roweand Lee»1993) ¥ sc X g% 22 = R iF 2 B Em g S+ 2+ %k

(8) 2| EC8: H:mbt 5 4B 4.22 777 » TRIE S E A ® o 2% 0|1 o 23
THARY K At R (Ledesmaand Romero » 1997 ) > il % e s ik

A Z BB AR &R T

PHL R R Rl 423 47 0 ERIE R ENB R o TKHAR B R -

ok B2 1Rk o AKBEEEASRIIE &2 T ARY K o RIBRFHP 2

LLIE % (Screw auger) gtz v 4] 3 i B Rk S ﬁs?l EdhER O ERER

oo % 2 e R e AR BRI R 2 2 e B e w i

P R R RS (EAT Tf ;‘E% ( Compensation grouting ) * Ejﬁi

(Leeetals 1999)» % & 48> 1 j2 @ Bk & b= BB 574 245 -

(10) % & EC10°: 3=t & & o] 4.24 657 » fw AT 715 %

rTSé‘g

D %o - Aok
B2 T o A K 5| K BLECOEieranfieendet P2 %1 2V H
e A B o B Bk Thm 5% (Lee et al. > 1999) #u i 2 1 (e 4
(Workmanship ) @& 18 &k 63 47 j0 find T T & e

(11) % & EC11: H 3=t 2 % 4o 4.25 %777 > & & % 75 »° E % - Wannipa and Supot
(1999) 4 > 1AM W * H 5 M % - e + 2 2 B2 B4 £2d R Y
&%’@éﬁﬂj%ﬁmimﬁiﬁo?ufwvy’ﬁiﬁwgim%i
BAREL o

(12) % 6 EC12 1 H =1t & % 4o§ 4.26 577 » 3 £ CKE " B % - B ® 7 R
i Hat ¢ Rl IR AR 0 T e e B A EEE R

(13) % 6] EC13: H3™t 2% 4rM 415757 > RIS HFH B F > A 56|12 ¥ 4
SRR TR o

(14) % 6] EC14: H = % 4o Bl 427 %77 » TRIZF 23 CF o 226061 i3

29



F 2 kAR & - Bk
(15) % 5] EC15: # =1t %% 4r® 428 ¥77 » Zpl% %54 C-D2 E% > B*
F ORI TRAN R X NI BT I9E o

(16) % 5] EC16 : H =it 2 % 4o 4.29 #77 > Z BB % K3 B %> &% 0|2 o

40 &G A APECTRE 2 BN A 2 RIS S
PR MHEFIEA o MR R RS L EE T R B LB RN L
o1 2 K2 B2 A B2 ERETELLFF -

P}

ES
11k 5 Sk R R e LRI IR B R TR > < B TR s L A

fRL 3 x 2 iRak BED o g (f e idl g S el R B A NS S S g 2 2 I8 Ak BE L

(1) 7= G B v fb 0 B a2 &7 2 %a L | %}
PR RN BT A EETF 0 R a0 A2
RN R SR 1 AR K ) (L AT A A AR B 1 i S

2B EREA TR B L R L R e TR S R &

(2) EAzff & - 7R~ HEOLE TV RGP R LTS E AR
FH > RF TRSETTEIFREGE o 23 2 HEITFE > 23 TR
RHE - BT ETT R

@) " FRA HNFABRLLEG LA BB WEREET P 2N 2T 2
WLEFE R A 1Ko AT ¥ vzl H

s
ORES EREER 2 RE Y S S &

W R R R T e B -



By Akirw @ * W IR BPTES o I TAE RS TR A

Bl 0 ARV RERE LSBT HENEFAZIZ2ZB R AT
P {

Q) A2 a2 - 2k #2052 EPIRZ TR -

(2) 72 Wiy £ UKo R0 FWER TS KT B R RR R

24t

Wi

B 5 B ATkl S R T R R E R

31



~2

5
=4 4 + =
COR < B E S

!

4k
3\‘

AR RE T IR R A AT LR - Lg% T
¥ o: yis;g;ljfb:rf; li#%’Tjéf -lir"'f""‘é:

e “%.3;@ ol & H

WBER o

5.1 B

i# S AF 3 B

A
BT
(2) B A 5N ,gi"ﬁ

B FF R AR R
B 1k RIERE We1zlhgr ERETUE
FSE R A .

() BN AW AR K %1 o d NE RN PEL G @ AT
o F G AR RIEL G Rt o

@) Ao S 2 BB E s DRI ENEFREY RPAERG L 0 %
3LV M F)

TR G b2 2 RA o HARTe B2 fRR] 0 T G

LR
A2 2 /'%% °
(5) b R E e oy 1R T}r—\,gb 25 1 51&&%]‘&’}% TR AE B

32



@@4§$¢ﬁii@;«ogvnd*i@iﬁ$%%%1%$$%%a
B TR O 2 BAL o g b TR G HTER Y B 1k 0 B e
GRS EEEE 12 S8
(m%ﬁﬁﬁﬁ%%ﬁ%ﬁ%“’ﬂ?4ﬁ*ﬁlﬁi@7ﬂwﬁi%ﬁ?’l

W AR 2 HAKE S L MR B TIaA R 2 E R FE .
(7) » 55 % EH B oo I EGIEREHEY R g IRR 2
REE LN ARIRFEERRE G AL r A B EEL R

/31 2
x%lg_o

5.2 1%

(1) & eric e 2 10 ERAKY
4B R s

AR KRR

W S maE
(4) & THEH b 4R 2 2

17 47 "R & 175

33



10.

11.

12.

\\\?’;r

3

B (1984) "Hawa i AR RF 2FT ¢ W2 ARfIFEE -+
ZEEEHE F1%¥> %5169F » AET3E 1L o
Btz (1988) 0 4R ;%Ep&m%uéw Fimle BE o mLmz o
il ~ 4 A2 T %70 37 o
B4 (1989) “EAHAINZEHET e 1 PR F 2380 % 55-71
290 o

EFA o ARRE (1989) “Ha R SRS 1 R0k 0 ¢ PIRE R
1AL € o
Abdrabbo, F. M., EI-Nahhas, F. ‘M. and Abd .El-Lateef, H. A. (1999). “Field
Measurements during:Construction of a Sewerage Tunnel.” Geo-Engineering for
Underground Facilities: * Proceedings of the 3™ International Conference,
University of.Illinois at Urbana-Champaign, ASCE, pp. 879-887.
Attewell, P/B. and Farmer, 1. W. (2974)-“Ground Deformations Resulting from
Shield Tunnelling in London Clay.” Canadian,Geotechnical Journal, Vol. 11, No.
3, pp. 380-395.
Attewell,“P. B. (1978). “Ground Movements Caused by Tunnelling in Soil.”
Proceedings of International Cenference on Large Movements and Structures,
Pentech Press, London, pp.-812-948.
Attewell, P."B., Glossop, N.-H. and Farmer, I. W. (1978): “Ground Deformations
Caused by Tunnelling in a Silty Alluvial Clay.” Ground Engineering, Vol. 11, No.
8, pp. 32-41.
Attewell, P. B. (1981). “Engineering-Contract, Site Investigation and Surface
Movements in  Tunneling® Works, = Soft-Ground Tunneling-Failures and
Displacement.” A. A. Balkema, pp. 5-12.
Attewell, P. B., Yeates, J. and Selby, A. R. (1986). “Soil Movements Induced by
Tunnelling and Their Effects in Pipelines and Structures.” Blackie and Son Ltd.,
London.
Balasubramanian, K. (1987). “Construction of Effluent Outfall Pipeline in
Tunnel, Using Earth Pressure Balance Shield.” Proceedings of 5 International
Geotechnical Seminar on Case History in Soft Clay, Nanyang Technological
Institute, Singapore, pp. 17-36.
Barratt, D. A. and Tyler, R. G. (1976). “Measurements of Ground Movement and
Lining Behavior on the London Underground at Regents Park.” Laboratory
Report 684, Transport and Road Research Laboratory, Department of the

34



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Environment, Department of Transport, London.

Boden, J. B. and McCaul, C. (1974). “Measurement of Ground Movements
during a Bentonite Tunnelling Experiment.” Laboratory Report 653, Transport
and Road Research Laboratory, Department of the Environment, Department of
Transport, London.

Butler, R. A. and Hampton, D. (1975). “Subsidence over Soft Ground Tunnel.”
Journal of Geotechnical Engineering Division, ASCE, Vol. 101, No. 1, pp. 35-49.
Chambosse, G. (1972). “Das Verformungsverhalten des Frankfurter Tons biem
Tunnel. (In German.)” Mitt. Versuchanstalt Bodenmech. Grundbau, Tech.
Hochschule Darmstadt, No. 10, pp. 103.

Chen, C. T. (1988). “Ground Settlements in Taipei Basin due to Shield
Tunneling.” Master’s Thesis, National Chiao Tung University, Hsinchu.

Chi, S. Y., Chern, J. S. and Lin, C. C. (2001). “Optimized Back-Analysis for
Tunneling-Induced. Ground Movement Using Equivalent Ground Loss Model.”
Tunnelling and Underground Space Technology, Elsevier Science Ltd., Vol. 16,
No. 3, pp. 159-165.

Clough, G. W. and Schmidt, B. (1981). “Design -and,Performance of Excavations
and Tunnels in Soft| Clay.” Soft Clay Engineering, Elsevier Science Ltd.,
Amsterdam, pp: 569-634.

Cording, ‘E. J. and 'Hansmire, W. H.(1975). “Displacement around Soft Ground
Tunnels.” Proceedings of 6™ Pan-American Conference of Seil Mechanics and
Foundation'Engineering,.Buenos.Aires, pp..571-633.

Eadie, H. S*(1977). “Settlement Observed-above a Tunnel in Sand.” Tunnels and
Tunnelling, Vol: 9, No. 5, pp. 93-94.

El-Nahhas, F. M.; Ahmed; A. A. and Esmail, K. A:7(1997). “Prediction of Ground
Subsidence above “Tunnels “in+-Cairo:” Proceedings of 14" International
Conference on Soil Mechanics and Foundation Engineering, Hamburg, A. A.
Balkema, Vol. 3, pp. 1453-1456.

Fang, Y. S, Lin, J. Sand Su, C. S. (1994). “An Estimation of Ground Settlement
due to Shield Tunnelling by the Peck-Fujita Method.” Canadian Geotechnical
Journal, Vol. 31, No. 3, pp. 431-443.

Fujita, K. (1982). “Prediction of Settlements by Shield Tunnelling.” Proceedings
of International Conference on Soil Mechanics, Vol. 1, pp. 239-246.

Gonzalez, C. and Sagaseta, C. (2001). “Patterns of Soil Deformations around
Tunnels: Application to the Extension of Madrid Metro.” Computers and
Geotechnics, Elsevir Science Ltd., Vol. 28, No. 6-7, pp. 445-468.

Glossop, N. H. and O’Reilly, M. P. (1982). “Settlement Caused by Tunnelling
through Soft Marine Silty Clay.” Tunnels and Tunnelling, Vol. 14, No. 9, pp.

35



26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

13-16.

Hanya, T. (1977). “Ground Movements due to Construction of Shield-Driven
Tunnel.” Proceedings of the 9™ International Conference on Soil Mechanics and
Foundation Engineering, Tokyo, A. A. Balkema, pp. 759-789.

Hitachi Zosen Corporation, (1990). Shield Tunneling Menu, Japan.

llsley, R. C., Hunt, S. H., Komurka, V. E., Doyle, B. R. and Ramage, J. (1991).
“Ground Movements around Tunnels Excavated in Milwaukee, U.S.A., Using
Slurry Shield and Earth Pressure Balance Methods.” Proceedings of 4™
International Conference on Ground Movements and Structures, Cardiff, Wales,
Pentech Press, London, pp. 714-737.

Kanji, M. A. (1979). “Surface Displacement as a Consequence of Excavation
Activities.” General Report of International Congress in Rock Mechanics,
Montreal, Vol. 3.

Kawamura, N. (1997): “Shield Tunnelling in-‘Chicago Clay.” Research Proposal,
University of Illinois.

Kitamura, My, 1to, S. and Fujiwara, T. (1981). ““Shield Tunneling Performance
and Behavior of Soft Ground.” Proceedings of Rapid Excavation and Tunnelling
Conference, Osaka, Japan, Vol. 1, pp. 201-220.

Lake, L. M., Rankin, W. J. and Hawley,J. (1992). “Prediction and Effects of
Ground Mavements: Caused by Tunnelling in Soft Ground' beneath Urban
Areas.” Project Report 30, Censtruction Industry Research._and Information
Association; London.

Ledesma, A._and Romero; E. (1997) “Systematic Back-Analysis in Tunnel
Excavation Probléms as™a Monitoring Technigué.” Proceedings of 14"
International Conference on Soil Mechanics_.and ‘Foundation Engineering,
Hamburg, A. A. Balkema, Vol. 3; pp.-1425-1428.

Lee, K. M., Ji, H. W,, Shen, C. K., Liu, J. H. and Bai, T. H. (1999). “Ground
Response to the Construction of Shanghai Metro Tunnel-Line 2.” Soils and
Foundations, Japanese Society of Soil Mechanics and Foundation Engineering,
\ol. 39, No. 3, pp. 113-134.

Loganathan, N. and Poulos, H. G. (1998) “Analytical Prediction for
Tunneling-Induced Ground Movements in Clays.” Journal of Geotechnical and
Geoenvironmental Engineering, ASCE, Vol. 124, No. 9, pp. 846-856.
MacPherson, H. H. (1978). “Settlements around Tunnels in Soils: Three Case
Histories.” Final Report by University of Illinois to Department of
Transportation, Washington D.C., Report No. UMTA-IL-06-0043-78-1.

Mair, R. J., Taylor, R. N., and Bracegirdle, A. (1993). “Subsurface Settlement
Profiles above Tunnels in Clays.” Geotechnique, Thomas Telford, Vol. 43, No. 2,

36



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

pp. 315-320.

Maynar, M. M., Rodriguez, L. M. (2005). “Predicted versus Measured Soil
Movements Induced by Shield Tunnnelling in the Madrid Metro Extension.”
Canadian Geotechnical Journal, Vol. 42, No. 4, pp. 1160-1172.

McCaul, C. (1978). “Settlements Caused by Tunnelling in Weak Ground at
Stockton-on-Tees.” Transport and Road Research Laboratory Supplementary
Report 383: Crowthorne, Department of the Environment, Department of
Transport, London.

Melis, M., Arnaiz, M., Mendana, F., Reyes, R. F. and Oteo, C. S. (1999).
“Experience Gained in Madrid during the Construction of Tunnels Crossing
Urban Fills with T.B.M..” Geotechnical Engineering for Transportation
Infrastructure: Proceedings of 12" European Conference on Soil Mechanics and
Geotechnical Engineering;A. A. Balkema, Amsterdam, Vol. 3, pp. 2065-2071.
Moh, Z. C., Ju, D. H. and Hwang, R. N. (1996). “Ground Movements around
Tunnels in Soft. Ground.” Proceedings of “International Symposium on
Geotechnical Aspects of Underground Construction in"Soft Ground, London, pp.
36-42.

Mori, A. and Akagi, H. (1985). “Effects of Backfilling at Shield Work in Soft
Cohesive Sail.”t Proceedings of 11" International Conference on Soil Mechanics
and Foundation Engineering, San.Francisco, A. ‘A. Balkema, \Vol. 3, pp.
1667-1670.

Murad, Y.#A. F. and George,.Z...\..(1999). “Computational Model for the
Simulation ‘of. the Shield Tunneling Process 4n Cohesive Soils.” International
Journal for Numerical and ‘Analytical Methods in Geomechanics, Vol. 23, No. 1,
pp. 23-44.

Muir Wood, A. M."and Gibb, F..R..(1971). “Design and Construction of the
Cargo Tunnel at Heathrow" Airport.” ‘Proceedings of the Institution of Civil
Engineers, London, Vol. 48, Paper7357, pp. 11-34.

New, B. M., Wild, P. T. and Bishop, C. J. (1980). “Bentonite Tunnelling beneath
Major Services in Loose Sand.” Tunnels and Tunnelling, Vol. 12, No. 5, pp.
14-16.

Norgrove, W. B., Cooper, I. and Attewell, P. B. (1979). “Site Investigation
Procedures adopted for the Northumbrian Water Authority Tyneside Sewerage
Scheme, with Special Reference to Settlement Prediction When Tunnelling
through Urban Areas.” Proceedings of Tunnelling “79, Institution of Mining and
Metallurgy, London, London, pp. 79-184.

O’Reilly, M. P.,, Riley, M. D., Barratt, D. A. and Johnson, P. E. (1980).
“Comparison of Settlements Resulting from Three Methods of Tunnelling in

37



48.

49.

50.

51.

52.

53.

54,

55.

56.

S7.

58.

Loose Cohesionless Soil.” Proceedings of 2™ International Conference on
Ground Movements and Structures, Cardiff, Wales, Pentech Press, London, pp.
359-376.

O’Reilly, M. P. and New, G. M. (1982). “Settlements above Tunnels in the United
Kingdom: Their Magnitude and Prediction.” Proceedings of Tunnelling ’82,
Institution of Mining and Metallurgy, London, pp. 173-181.

Ou, C. Y., Hwang, R. N. and Lai, W. J. (1998). “Surface Settlement during Shield
Tunnelling at CH218 in Taipei.” Canadian Geotechnical Journal, Vol. 35, No. 1,
pp. 159-168.

Peck, R. B. (1969). “Deep Excavation and Tunnelling in Soft Ground.”
(State-of-the-Art Report), Proceedings of 7" International Conference on Soil
Mechanics and Foundation Engineering, Mexico City, A. A. Balkema, pp.
225-290.

Palmer, J. H. L. and'Belshaw, D. J. (1979). “Long-Term Performance of
Machine-Bored «Tunnel “with use of an unreinforced, Precast, Segmented
Concrete Lining In Soft Clay.” Proceedings of Tunnelling °79, Institution of
Mining and‘Metallurgy, London, pp: 165-170.

Romo, M. P. (1997). “Soil Movements. Induced by Slurry Shield Tunneling.”
Proceedings of 114™ International Conference on Soil Mechanies and Foundation
Engineering, Hamburg, A. A. Balkema, \ol. 3, pp. 1473-1481.

Schmidt, B. (1974). “Prediction:of Settlements due to Tunnelling in Soil: Three
Case Histories.” Proceedings of .2™ Rapid._Excavation Tunnelling Conference,
San Franciseo, Vol. 2, pp. 1179-1199.

Sugiyama, T.,#Hagiwara, T., Nomoto, T., Masaaki, N., Ano, Y., Mair, R. J.,
Bolton, M. D. and.Soga, K. (1999). “Observations'of Ground Movements during
Tunnel Construction”by Slurry Shield.Method at'the Docklands Light Railway
Lewisham Extension-East London.” Soils‘and Foundations, Japanese Society of
Soil Mechanics and Foundation Engineering, Vol. 39, No. 3, pp. 99-112.
Thongyot, T. (1995). “Ground Movement Sssociated with 11km Water
Transmission Bored Tunnel in Bangkok Subsoil.” Master’s Thesis, Asian
Institute of Technology, Thailand.

Tsai, M. S., (1985). “The Treatment Methods of Underground Water during
Performing the Shield Tunneling Works. (In Chinese.)” Sino-Geotechnics, Taipei,
Taiwan, Vol. 12, September, pp. 68-79.

Tsai, M. S. (1989). “The Selection of Shield Machine. (In Chinese.)”
Sino-Geotechnics, Taipei, Taiwan, Vol. 23, September, pp. 55-71.

Tsai, M. S. and Lin, G. J. (1989). “Case Study for Shield Tunneling in Taipei
Area. (In Chinese.)” Proceedings of Sino-Japan Metropolitan Area Geotechnical

38



59.

60.

61.

62.

63.

Technology Workshop, Taipei, Taiwan.

Toombs, A. F. (1980). “Settlement Caused by Tunnelling beneath a Motorway
Embankment.” Supplementary Report 547. Transport and Road Research
Laboratory, Department of the Environment, Department of Transport, London.
Wannipa, T. and Supot, T. (1999). “Prediction of Settlement in Bangkok Ground
due to Tunnel Excavation.” Geo-Engineering for Underground Facilities:
Proceedings of the 3™ International Conference, University of Illinois at
Urbana-Champaign, ASCE, pp. 1070-1079.

Wu, B. R. and Lee, C. J. (2003), “Ground Movements and Collapse Mechanisms
Induced by Tunneling in Clayey Soil.” International Journal of Physical
Modelling in Geotechnics, Tokyo, Vol. 4, No. 4, pp. 15-29.

Yi, X. Rowe, R. K. and Lee, K. M. (1993). “Observed and Calculated Pore
Pressures and Deformations Induced by an' Earth Pressure Balance Shield.”
Canadian Geotechnical Journal, Vol. 30, No. 3, pp. 476-490.

Yoshikoshi, W.,sWatanabe, O. and Takagi, N."(1978):Prediction of Ground
Settlements Associated with Shield Tunnelling.” Soils and Foundations, Japanese
Society of “Seil Mechanics and Foundation Engineering, Vol. 18, No. 4, pp.
47-59.

39



NN ED

P

Y

=

3

A a2

T

21 BEssspa gl (B

=+
~

- e aooe LR |
m ° i B W 3‘;41&» ! ] ] ﬁiv
Wik . g= wlE - T e R ¥
eew| ~ 3o 2N | s =
o~y ELS sk x . " E’% v Bt !
3.;_%&\ = ¥ . % = B | s - ey
koI IV - ) R p
B el AR AT it B 2 =
o Wreawd gl #) mome | 8 g o &l
<48 el {= LSS - ) HgxD, s o ‘“3 -
= A2 - Koy Lo Rl ]
w2 B . o R o B T & A i e
O T R O B T e o B g
Sl VA A 2w He B | fFRe ) e s
NV Y B g el N R ~ S ap
o 49 Wl M ) wp PEBR IR - B L gl
S i Bty 3o Sl v B Y e | 4
WEE o 4y - % ,‘fl ~ 55 N NS ig R _—{\3:{ E\’E‘@"-&F
B ~ VB el Sy | g B =ob X B -
o . Tt 8y, | S-S | =l oS
SO e b 2 S T | DY sl BV A =N |
o R a3 @ N
= 2 —. S
i Trv © ) it
- o™ -
’ . %= SC . ool
e 5 # i by oo
EN B gl 4~ Al e =+
N 2 m A B o b=
pe o 4 T 23 i ®
tlae . 2 &3 Sk il :
R 2 | 209 g Ay S
. & e nf T - ENR=3
PO i -l i = 2
= m e RN e 3 N 2,
ol ) Wl B 278 T
*t B& N b 8 -~ Bp b 8 3
G + Mo o L5 & T e
" b = e 8 2 K g BE )
- By T s B et w2
it e :—;8 T =~ 4D Ty el "J e
Ny pe Za e N S ) Ry
€| G S e 53
ht it L« 4 e R g o >
- # 3 o NE ™ B =L
k=] & %, ey 40 (EH EARIN SN 4t
2y - cF g S 2N W ==
| o R ®o Sagd | %o
¥ e TR s SR £ B 2
B ® :,S_Tu T 2 YA E“—Epgg D 2 X M
i # g . A Al 2 bk S owd S
oy W N _ X ST ) At
i o o E X FxS4 By
R =1 e S e G -2 &
B ® SRe £ E=gE L s - e
" ® < = D K302 T
Y—'ﬁﬁ - RN 9_3,\_ = - BR N B
o 2 O s | ) A
1—1&‘ A = = “é\% ﬁ‘&&‘_‘t&,m RN
Nalipcl $e o Lok b RS- Eorde -
v > el &) 3, L o Bzl o) A S vy o
REE | S e I P E L - gt
B 2 AR g o Pt e o Zldlas
K -rrl 3 & B §F o~ 2
s ")3&?‘. “}« :KTU \{ﬁ.ﬁ% . ,
D y = B | e o[B8 @ B s &
2 o w <o &) AL R
oA | B, | R, e B
A
E& \’\\H J"_\_ ‘\\}}Eb \ey

40




(@)

100
2R st

g

A A O

B A O

C O ©

D © ©

E 4 # A O O

F 4 % A
QA FEGET o OFF@ET o ARFHEF LI HH

41




% 2.3 "/Eﬁ’ﬁ%}ﬁﬂ'li“l;’i’i&* 2 %fr‘jlp“E4:L;§iF£fﬁ% (%ﬁﬁ pAd lﬁg » 1987)
PPETETES e [ E R | ESE IREGNEAE | kRS
i A ERNERB PR S " P R B
N Ly - Wn (3 #es 1k #esa gk A ﬁgeléé @byléé gﬁ-gz,l;-;% '
T 2 0 [3o0m]| X| X x| x X | X x|AalAlX|AalAlX|[AalA]lX|A]A
i
f# |42 s 22| 0~2 [100-300] X | A x| x x| x ol - x[alalalolalalola
Tlores | o |s0ns | x x| x x | x A A A
| PEE ~2 |80 A ol-| |alo|alalo|Aalalo
L3 S
#‘ﬂ%:/f 0~5 |50t f A O X|af Afajo]l AlalOf [O AlO|A|A
Ry =
# s
~ - - - x| x _ _
| (Load) - 10~20| >50 | O O A O o o
TIE | w0 O] - ol # |k x| x| ol-| [o]-| [o]-
k wiﬁﬁ‘zmu» >50 | A = of= o= X [x ol - ol - ol -
Ry =
Z ] 50 ¢ <20 X | — A Ol - X | X —| = = _
U A ETST Al-o aliola |alo] A x| x & - ol - ol -
B a2 we)
Iy <20
i | ## |10~30 X A~BlX| X Xl A X Apa|AlO] - Alol A
EEZ2 MR OfA~Bl A O O XX Al AlO| - Of -
2E K 10~40 X|IAIA-Bl X|AJA-B]l X|{AJA-B| X | X AlAlAlO] - Alol A
;gm 4011 1 AlOTASBlA|OAsBlA[O|A B X | X Ala|AlO| - ol -
P‘Ha.ﬁwi X AABIAJOJASBL XX X | X AlAlA|O] - A A
A #i K
w ek X | AJASBL X AJABf X |1 X X | X AlAl Al A| = A A
Ot RRIFg &z it BUAR A G AP LS DRSS RRSRA BRI S R
A FReEgr G oA R
X DRRPILEERE A g RD
B

DRI

D T OREE L g

42




# 24 fwrE R (I2R) &g 77 vt (Zo/2R) B 2 k~n & (after Attewell, 1981)

Type of Soil Ground Loss k n Remark
(V5! Vy)
Clay 1.3% ~ 2.5% 1 1
0.82 0.36 Above GWT
Sand 0.15% ~ 13% 0.74 0.90 Below GWT
0.63 0.97 Neglect Groundwater

V; @ Volume of surface settlement trough per unit length
V. : Volume of tunnel per unit length
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