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Abstract

Recently, the limit state design method in the design of the structure is in global trend,
but it is limited to a few structures in Korea. Since the introduction of the limit state
design method has recently been attempted for tunnels, which are the main underground
structures, it is surely necessary to understand the latest limit state design method.
Therefore, based on the recently published AASHTO LRFD Road Tunnel Design and
Construction Guide Specification (2017), structural load factors and load combinations
were reviewed, and various factors which should be applied for the review of
structures have been analyzed. In this study, utility tunnel section and subway tunnel
sections used in Korea were analyzed by the limit state design method, and we have
analyzed the direction of application of limit state design method through studying the
tendency of member force by various influential factors such as ground conditions,
load modifier and joint stiffness.
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Ft B ZEZ0) A Lol RHAVSEVEAM A8l AIAIZ Q1 FAlo L, Ulolal= Ao FaEmol =Rt of ARE-
S0 et 8 ASTEER) Bl dishA= gk ]% Bl dAM o] gjo] el Al EAL QLo B e 2410] HAVSH]
Aol iz olali7 REEA] E @ oty & Aql= i AASHTO LRFD Road Tunnel Design and Construction
Guide Specification (2017)& EiZ A THE ejdzto|d AA| A| 125 SlsAlr, sk 23 6= 1&skal o]9]of
TZ HE A HHgE]ojoR o TRt GaFeitel] sl 41613t 2 Aol A= =uiell 28511 Q= 8+, #|6kd
Bl DS TV o =2 SHA|TTHE 2ol o] FE5AE Fote], ARt sks g Al ol R T rdRt
FEMIAFE] FAG e nl2l= ke 24 - Bkl

F201: SHAVIE A, AASHTO LRFD, A -IHE 2lo]'d, TBM
1.ME

2T =] ERVleE vlofA o g e ghom, S APgollA AlA -2 1A Yol 52t A5k 9L
o} ofof Ygkso] s EEFEE0 7411:-— AIAIZ QT FAIQ1 fAVSE AR o] A= o) 7kl Qlet. kxR 2
g EEo M= 71220kl =3t o] Ql1, S8 AFTEES] HE-2 AITIHE 2toldof tis H|=4 &
= AlEskal Sle Aol GHﬂOM—t— AASHTO LRFD, Eurocode, JSCE 59| 7|58 5l €l 2ol dol]
AVFEEAE S 2-8(Kim et al., 2014)5F1L Hebol| U7kl Qlom, o] 7[EE2 U] Bl'd 220 SHAVSH
A EQlo] Hatm 2 SREE ok Z 7 AASHTO LRFD Road Tunnel Design and Construction
Guide Specification (2017, ©|5} AASHTO LRFD Road Tunnel Design Specification®|2} gtct.)2 SHAA EA
Al B4 ol 2183 A 7]EolH, o] & AdAIS] A ste] E-8otd =] B HAVSEVEAM 8
2o 2t = A 02 ZdiEh

TBME'JelA] Al THE= o] o] AR == H- A1y Rdo] q]uﬁ__e,_ ARSI Qlo™, AT
E 9] o] Zof| tisixl= 37 e d 2705 ol-8ste] siARit. o= 2 217 e A Eshs
"S- AR8-51A]9E, AASHTO LRFD Road Tunnel Design Specification (2017)°ﬂ =Hizzlo] glo]2le] %
A= SRS g JHFol S H A0 E X HES A2 Aokl )11, T =K Kim et al., 2017)
O] A= o9 3177t S et 1-8 REle] LEoA Aol & Zfol7t glo] B
W27 220 B ARgo] ZhsRt A o 2 BAE QI e o] A-8-2 Ao A o] Zafie]] 8ol 71
stal ZHRSEA| RSP0l o 85 = -F- e EHIE(Muir Wood, 1975)= ZRIEL] I HHIE 112 of &7
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o} o} g2.0] Aol GIS W H|EE MARfe) wglo] Fastct
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@A Sl ol AHGELIL Gl o] &0 Bl S Tefel et S-S Tele Bel] ol aA

100 Journal of Korean Tunnelling and Underground Space Association



An evaluation of influence factors based on the limit state design-AASHTO LRFD for structural analysis of shield tunnel segment lining

EAARS 2183t 4] slAdS aeRiste] vl - FASISI) shAlERE BE ] 7] =5

AASHTO LRFD Road Tunnel Design Specification (2017)°]| 7|23} o523, sksrdA-E 283 124
EE pofoto] 7t ehdof thet HAE Bl E Fofl 2P A8 RS AASk, o Uolrt AV HVEAR 2]
Qan

gake MaelaLA

2. AASHTO LRFD Road Tunnel Design Specification (2017)2] M]I1HE 2jo|
__II.

ZT AASHTO LRFD Road Tunnel Design Specification (2017)°] A&7 7 =] HA] 7|2 FHWA Technical
Manual (2009)< Bebsto] Bl'd L2290 SHAVIE AR o] A al=l= Al o] = iet 2 Fellid= 91 71
O] T8-S A5k 2] 7|2 vl o| 2ol thislf foFstairt.

2.1 SHAKSEN 4]

AASHTO LRFD Road Tunnel Design Specification (2017)°]| W2H BE12322] 2+ 14 94 AHL
A O] YA} gl g 2 StAPS ol Tisl] 4] (1) THESlof 5hH, LRFD WHE9] 7127} == H”ﬁ@.% =7
sk A, 6]‘374]—r, SteatE % FRtE oo AlpAldde] AR A7} Eojok gttt ARERH|
AFEll(Service Limit State)2t =AM E(Extreme Limit State) 4= A4 (Resistance Factors) 1.0= 2]
st

J

==

4714, ~; : o5 AlA(Load factor, a multiplier applied to force effects)
¢ : A A Resistance factor: a multiplier applied to nominal resistance, as specified herein)
ni: oFs5A15(Load modifier, a factor relating to ductility, redundancy, operational classification)
Qi: 5% &K Force effect)
R,: 543 (Nominal resistance)

R;: A=A & (Factored resistance, ¢ R,,)

21 (1)9] s AIG( n )= D (Ductility), ©1-8d(Redundancy)} =% F-5H{Operational classification)
2, Q447 o882 s o] ZR|A Rl Aot wRlo] YA FEF 5, 92 T8 k= EE o w4
of A== = A (1) YAY 471 ek 99 =] -, IUlollxs IET 2 WgollA] 1.00e A&
SIS Sk =2]7}F Q1% 2™, AASHTO LRFD Road Tunnel Design Specification (2017)0l4= =2 E'd 2] -2
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Foll DAt ARt & G0l Q= @A fedsto] Hote = AAEofqlt. o= B'E o] 2 FFA|7F skt
of mjet F R w5 e o 2 vhedsfof gttf= ojn|= Zo |k

2HH, AASHTO LRFD Road Tunnel Design Specification (2017)°14+= 2] (1)9] 23} &, 250l 2F-85h=
A 2182 G 3(Total factored force effect)ll tisliA] Skar78 A1, St Ste a7t alef == 7 ofs}
1 Qlek o714 sks Rk B E R Eol 285k A8 0 FRE A, Fots, et 5ol Ao A
of whet thetsiA Hstke 4= i}, Tt sl A= 21810 SR (2F8-E9] avhof wet thaA| 2185 = A2
Z}¥7} 0] ZSFAEN(Limit state)of] e o2 Al4~E A-8-51H, AASHTO LRFD Road Tunnel Design Specification
(2017)°llA AR stEAlT<} SHE -2 Table 13 £k

Table 1. Load combinations and load factors (AASHTO LRFD Road Tunnel Design Specification, 2017)

Use one of these

IS\I;V’,I])EE BR, CE at a time
oo SR AN | || e e | 0]

SE,, s| FL BL | WA

SS

Strength T-1 Yp 1.75 1.0 1.0 Y16 | 0.5/1.2 - - - -
Strength T-I1 Yp - 1.0 - - - 1.3 - - -
Extreme Event T-1 Yp 0.5 1.0 0.5 - - - 1.0 - -
Extreme Event T-II Yp 0.5 1.0 0.5 - - - - 1.0 -
Extreme Event T-I1I 0.9 - - - - - - - - 1.1
Serveice T-1 1.0 1.0 1.0 1.0 Y16 | 1.0/1.2 - - - -
Serveice T-1IA Yp - 1.1 - - - - - - -
Serveice T-I1 1.0 - 1.0 - - - 1.0 - - -
Fatigue T-I
LL, IM&IAonly ) 1.5 ) I ) ) ) ) ) )

AASHTO LRFD Road Tunnel Design Specification (2017)< 7|2 FHWA Technical Manual (2009)]] A|
A1 AV Bk EA1 A 0 2 SEAVSEN(Strength 2case, Service 3case, Extreme Event 3case, Fatigue 1case)

7ot L, =2K(Mined), TBM (Bored), F"li(Immersed), 7H&K(Cut-and-cover)s T3 B' 9] o153 H]
aefste] Zhzko] 7o Al9kel sk A2t sk & AlAISEAL itk Table 10114 1514 B2 B2 9] 2HA|
Jefjoll thet A2 2, Strength Limit State (<+%%, 5AF%), Extreme Event Limit State (3=, 24|, 2F -5),
Service Limit State (G4Q] 295, 5AF), Fatigue and Fracture Limit State (7]7], 27152 BFEs515) 02
T2k 2514 B2 F7515(Permanent Loads)]1l, U] G2 &sts, ¢, 371, 2ksks o= ¥
Bl 02 FAJE 0] lom AR AR T 1A 37l A E] o At

o i
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2.2 €= JAHE 2}0|'d 0|3 52| 2
=UlelA B AITIHE 2lo|d o] FRHE A 85 = A IHE glold Rl iAoz Yl Aus] nd
o A4 A 2el’t Design Standard for
=

FEARSE AL e o] Llef|e o] 52 21

= 3
B0 it A& BE o M TIHE glo|d-> FLE5A A o] 55-0] 7] Z2710] A7l et etolid el o] i
7¥7} 27 2284 4= 9l AASHTO LRFD Road Tunnel Design Specification (2017)-= ¥F5AEe] Q- 1Qjofl=
g A THE glo]y o] LR AE A] G834 U E(Effective moment of inertia) 2] -8 AAISH glom,
o= AITTHE 2fo]id o] £RIE| ofjt 2o]id o] e 2]6HE 1125t e/ d& T Eof HEdshe= 21 on]
S}, G a T B E= Muir Wood (1975)2] A0 &2 AP wm A1 (2)9} 2t

al @

o714, I : -8 IR HIE(Effective moment of inertia, in®)
I;: ZR1E YW HHIE(Movement of inertia of the joint , in* )
9] Z ¥HJ W E(Gross moment of inertia of the lining section, in*)

O] ZQ1E Z=(Number of joint in the lining ring)

Y

A1 (2)0lA Fra WIHHE= ZRIE Q| =0} ZRIE PJHHE O] JFS W= A3 & 4 itk ZRIE9] &=
= E'E9] A7]of et Eeprl= figrolw, 2RIE IR E= B-21Q1 A A] 0 (zeroy= FISHALHFHWA-
Technical Manual, 2009) A A|2L0] TS @517 e jict, o] & -Fof Folix] faid RHlE= U A
Zh= et o s FHE=T), 2RIE 40 ZRIE I RHIE 9 i3 ofFlof wie} Hi o] F77F deiint. Al
JHE golido] Z2RIE I Hde] F7]of wiet thEXT, 3.4 m ©[5te] - 570, 3.5~6.0 m 671, -+,
7.3~8.3 m 87| 5 H| WA 1143} Ho|Ql= B, ZR1E ¥ B E 9] 1Tejoli= HAR}e] mtte] =7 =2
H AA7E E a5tk

8]

[t

2 Fej2iel 2

[
re
Im
L]
°
oC
lo
P
Wi
o
i2A

3. SHA|EH EA|%M-AASHTO LRFDE 8¢t A

=
B agelae Fe] AT 5 ATvEeeld AAe A A Y] 9a 9o Ao s
AASHTO LRFD Road Tunnel Design Specification (2017)& #=oto] H'E A|1THE glo|dof -8 4= 9l=
sksze sl Al, sk A& RE Rt 210l A& a8st et ERE, A9 A-7HKim et al., 2017)0f14] ©]
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% 7Pz T ST B A 7Rs e A0 2 BARG oLk SR A ()] Bl
i} o] A IHE elo]d o] HEset £l T RUE ] akg who 02 shipAo] 4 goit AL E Siet
F7149) Y2 SashAr)

¢l Midas Civil 2017 (v1.6)& AF8okal, Hl-ATE ks
5} 1-2 z) o7 JAE ke Ang] o g YAl o Al IHE
gloly o] FHx|uk} AL atS 133 4= = Muir Wood (1975)9) A& ARSI 1-34] o] AA|Z=A
7} 5152 digt R Ee)-8 Kim et al. (2017)9] 75 %5190t T3t el 9] 37] o Wt A 1THE 2oy

o] Fekrt A B 2 Aol A AR E]T Q=27 ]7}‘3}2 E'd Al 7EX](Fig. 1)E H42 ol Al TIHE o]
S50] 79 A-gH-2 3177 (Fig. 2(a)) 2 2H A (Fig. 2(b))= A8t

- ]
,[ ju J]
Joint Joint
a) Type 1 (D3.4m) (b) Type 2 (D 4.8 m) (©Type3(D7.2m)

Fig. 1. Dimension of tunnel sections and number of segment joint

)

(a) Rotational stiffness (b) Equivalent stiffness

Fig. 2. Consideration of Joint stiffness conditions of segment joint
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3.1.1 AgtxA

TR S IRt AR A TTHE eo]d o] xuhite, B AITITHE gto|do] 2kgsh= Eofat WAet
o] Ql=tl, 5] B ARt o o] ol ot Fofl whet o tela-S Aok i e il TSt
™ 7|&2}o] wto]| wet Ao 2851 S otal ITHAASHTO LRFD Road Tunnel Design Specification,
2017). &, E1]117}2.0D (D: Tunnel diameter) ©]5Fe] 27191 74-9-oll= M E 1] 6l5-3 A-goh= 712 F45lL
90,2 27 IS A1) o 1) ik 20120008 sl e o

O] A8 E=E SIGIH A[ska 202 Alskr9] -, F= skl AskE alesfiok sk 789 o =917t
A o] 2485k A o= 7HsHIthFig. 3). A5 WHQVH%FQZ$7Pﬂ>JE?HC’TﬂMeZQ}%h4.

N 2.0D
T T 2.0D |
2.0D
| N
O /)
7 el
(a) Type 1 (b) Type 2

Fig. 3. Geometric condition of each section

Table 2. Material properties of ground

Classification Unit weight Cohesion Internal friction Poisson’s ratio Elastic modulus
(kN/m?) (kPa) angle (°) (MPa)
Soil 19 20 30 0.33 33
Weathered rock 21 30 30 0.33 100
Weak rock 23 180 34 0.27 350

Qo] ATHER 0192 SRS AEAL TAPIS HETT olg e 7
S0 o it Q0L 55 A0 U FE 4 A
= Aoz BAstet, maba] 2 Aol A= ol Al =2 AM8-%]= Design Standard
for Railway Structures (Shield tunnel, 2003)°ll4] A|QFeH -2 o] 851K 11, SHEFA 0] A-8-2 Muir Wood
(1975)2] 2] (2)& ©-85to] 2821t Table 337} 4= A oA o] ARG THAA| A} o] 37 73S HERdTt. o]

734 AHA

o
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270 S BB A8 dolic A THE] B, oo]do] 7, o} go] Harheizlo] mefsliy,
ZQ1E P RUIE 2o} so] nfe} gl o] S7]7} eItk Table 4).

Table 3. Dimensions and mechanical parameters for segment lining

Classification | Diameter (m) Width (m) Thickness (m) Nl;r:il;: of SES:;’ ;e(sl\s/gz) Elastz;/[r;l;))d ulus
Type 1 3.4 1.2 0.20 5
Type 2 4.8 1.2 0.25 6 42.0 30,500
Type 3 7.2 1.2 0.30 8
Table 4. Results of application of joint stiffness
. . Rotational stiffness Equivalent stiffness (Section thickness, m)
Classification
(kN - m/rad) L#0 =0

Type 1 22,959 0.18 (0.20) 0.17 (0.20)

Type 2 32,933 0.21 (0.25) 0.19 (0.25)

Type 3 44,141 0.26 (0.30) 0.19 (0.30)

SAPA A g A %

o
st
i)
i
)

fojiof wet Rl T = 270 7H Aal Bkt A2
Type 19114 10~14%, 273 ]7}%31%@}#7}‘3%—8— Type 32 15~37%2] THHS| 7+4-71 25Tt Table
4). ‘FYgF Section typeol A& [ ShAHA O] A= 5.5~27%2] 2fol& HEHIH.

1o
l
kY
)
I
2
)
K
;%

231 Y siE2

7} elg o R85 515-0] F7= AS(DCO), YREJEV), THE/MNEH), TUWA) = A5}, o}
FAT X 5FSE 2 Table 1= -85t 2154 o]l 282t SHAV S Hl= =7t $FAVSH(Strength limit state)
@} AF- SHAEN(Service limit state) @] ohg- XS AFEGESI O™, YAIA Q1 5FSAFERS] Strength T-II, Service
T-IA, IIE A5} 295 27121 Service T-I, Strength T-15 A5t AESIL 5282 Ad0k=theF
3okl tisl], ks Al+= AASHTO LRFD Road Tunnel Design Specification (2017)2] X3S w211 7} 5}
T 40| 240} Fdighs T Rt skeete] tis] HEStoiof i, 6kl Aks, B A T
A3 Hiel| A Aeistod 7‘43’5}04‘3][ Sith. o5 Z3oHH Table 59+ 22 9712 9] slg-z-gto] 'UAsHA Eoh. g,
HE w701, 7574 Al BAIA, ARelA] nhgo] A4, tiAletto] gl 8- = dx ko] 270l whet
B T2 ) S SYE i A U B9 001053
= HE2oIA. obg4"dAl5= Table 59] skgxgtoll Z¥2t 7Hitsto] Aliteict
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Table 5. Load combinations (Load Modifier x1.05)

Load combination DC EH EV WA

Comb. 1 1.25(1.31) 1.35(1.42) 1.35(1.42) 1.0 (1.05)
Comb. 2 1.25(1.31) 1.35(1.42) 0.75 1.0 (1.05)
Comb. 3 1.25(1.31) 0.9 1.35(1.42) 1.0 (1.05)
Comb. 4 1.25(1.31) 0.9 0.75 1.0 (1.05)

Strength T-1
Comb. 5 0.9 1.35(1.42) 1.35(1.42) 1.0 (1.05)
Comb. 6 0.9 1.35(1.42) 0.75 1.0 (1.05)
Comb. 7 0.9 0.9 1.35(1.42) 1.0 (1.05)
Comb. 8 0.9 0.9 0.75 1.0 (1.05)

Service T-1 Comb. 9 1.0 1.0 1.0 1.0

3.3 5i|M CASE

H AT A= AASHTO LRFD Road Tunnel Design Specification (2017)= 2-85H = B A| 1R E=}O]
3] FE A, FEE] I PR FFIAREN Higt B7HE sl theft 2ol Al AdE -askal
t}. 2o A of] A8 AlF 8- 3.1~3.25 FH=5ta, siACASE= Th Table 63+ 2t

Table 6. Cases of structural numerical analysis

Classification | Tunnel section | Joint stiffness | Ground condition | Ground water condition | Load combination
CASES 3 3 3 2 16

4. AASHTO LRFDE 225t H|QAHE 2}o| o] XM AEM

dE HE AT E oY o FHE A] alEsfiofd ISl tist 4= #lsl 22 1 AASHTO
LRFD Road Tunnel Design Specification (2017)& 3=
I 27371 Midas Civil 20172 ARSI 1K Ay HEls 2851910, 3.3 9] 54 CASE®E 74
B EAS Y,

4.1 SIS2Eof| wpE FAH =4

2l CASES El'd 9] T3 57t ARl 7495 71gstod © A (n,) 1.00S H4sta, ATIHE
7k o5& =ulollA] gol ARSE AL Sli= 217 4o tisl e oPOﬂE} Fig. 4~6-2 El'd FHAFO] EARY
o] ] g 37]0] w2 51523 (Load combination)d o] FA12-S veRd Zlo|ct,
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600

—-D34m —A—D4Em —o0-D7.2m

Moment Max{kMm)

4 5
Load Combinations{Comb.)

Fig. 4. Bending moment

| —0-D34m -A-D48m —o0-D7.2m

1500

1000

axial Force Max(lh)

L
j=]
=

4 5
Load Combinations{Comb.)

Fig. 5. Axial force

600

| —0-D34m —A-D48m —0—D7.2m

ShearForce Max{kM )
{75}
(=1
=

4 3
Load Combinations{Comb.)

Fig. 6. Shear force

Szl e Al 1THE gloldof HA = Xt RHE: 2E THEA(D 3.4 m, D4.8 m, D 7.2 m)°llA]
h5Z %t Comb. 3L W HHAY5HATE Comb. 3-2 AR EQO] ZHH(EV max)©|1, THESQ] 2 A(EH min)$l oF
Zgtog, Hutx o g Az gEto] ZY wf RAEY} T 1, AZEQ0] |49l slE5ZglolA RHE} 2|
A= S UERth(Fig. 4). B8 Z71E2 2t RAES| YR =D 3.4 m, D 4.8 m=ZHF, D 7.2
me Ao ST, o] 22 B AITIHE o] ZR oA HHIEZ} Zobx| 4, Fig. 33 o] @ F7]
of wheh Al THE o] Z 0] 91217} DefA]7] wiZ o= wEr;
o

Zo] g4t Et%uaoﬂﬁ%g@s}%ﬁw A WS, BRIESK= 22 Comb. 194 7Pg 2 o] T
AE| QI S5 23 Comb. 12 AYEYT SHEY mF o) wlo]o], Bl o] 42, 43 Wgko 2 ZEe 7
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oto] g Elis 20| Z2lo] 7h 2 202 HARITkFig. 5). 2T Z20] MASIAE ATHE o]
=]
u

%, HRIE TA37d o] RE ThHolA dZESRte] o], g ERfe] 24Ql slexst

1 i A o AN = ool A AT Al ERtolid o] 5}
Sl whE FAE A8, ARtz o] wheh Ay FAjEo] DR, Bl 25o] A5 Al Hel =
o] A= S EthFig. 7). B9 D 3.4 moli= EARRES 7108 HUE 12-25%, 59
13~26%, A2 3~8%7} ®iglotal, €d 3717t 7F4 & D 7.2 m= RHIE 21~39%, 53 13~26%, At
11~20%7+ #H4 Bam 27 Fob AT,

W

| —x-D3.4m —O-D4sm —A—D72m ‘ ‘
200 2500

400
= —
£ 2000 b/A
300 5 300
s
1500

1000 D———’—M—J

—X-D34m —-D48m —&—D7.2m | ‘ —%—D34m —-0-D4.8m —A—D7.2m |

Moment Max{kNm)
ShearForce Max(kN

L_M
o 0 0
Soil Weathered Rock weak Rock Soil Weathered Rock Weak Rock Soil Weathered Rock Weak Rock
(a) Bending moment (b) Axial force (¢) Shear force

Fig. 7. Section forces according to tunnel size and ground conditions

[t

o =

—_

Ir
w,
[e]

1514 270] 242 Az a0 e BAee] Wsl} 7171 S, mrlEe} drkeo] Jake 27
S o 4 9lek, E5191} A9k XA 2] mAlE e} Artele Az g o] Aol 1, 4 EGto] 24
%% Comb. 3014 271, 2] 2L 51525 Comb. 1014 AL,

[¢)
[e]

ro nk
;
2

ot
o\

i

4.2 stk )2 SEFEH

AASHTO LRFD Road Tunnel Design Specification (2017)2 =2 ¢1 3 el(Strength limit state) o1 4] 515
A 2 FB(AA, 0184, F05) S Z3510] 1.0 oS F5T ol Sk A (1)2) el Tefets
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Fig. 8. Tunnel design force according to load modifier at each ground conditions (D 3.4 m)
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Fig. 9. Tunnel design force according to load modifier at each ground conditions (D 4.8 m)
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Fig. 10. Tunnel design force according to load modifier at each ground conditions (D 7.2 m)
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4.3.1 Axial force
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Fig. 11. Design force of tunnel member according to joint stiffness conditions (axial force)

Table 7. Axial force ratio of tunnel member according to joint stiffness conditions, (%)

Ground condition Soil Weathered rock Weak rock
Tunnel dia. (m) 34 4.8 7.2 34 4.8 7.2 34 4.8 7.2
Rotational stiffness 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Equivalent stiffness (I # 0) 100.1 100.0 99.8 99.9 99.4 99.8 100.0 99.1 100.2
Equivalent stiffness (Ij = 0) 100.4 100.9 102.5 100.2 100.3 102.1 100.4 99.9 102.4
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4.3.2 Bending moment
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Fig. 12. Design force of tunnel member according to joint stiffness conditions (bending moment)

Table 8. Bending moment ratio of tunnel member according to joint stiffness conditions, (%)

Ground condition Soil Weathered rock Weak rock
Tunnel dia. (m) 3.4 4.8 7.2 3.4 4.8 7.2 34 4.8 7.2
Rotational stiffness 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Equivalent stiffness (I + 0) 101.7 105.0 107.2 104.0 113.0 107.1 100.2 110.8 102.2
Equivalent stiffness (I = 0) 100.0 97.8 80.6 100.0 101.7 75.1 94.8 97.5 67.7
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4.3.3 Shear force
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Fig. 13. Design force of tunnel member according to joint stiffness conditions (shear force)

Table 9. Shear force ratio of tunnel member according to joint stiffness conditions, (%)

Ground condition Soil Weathered rock Weak rock
Tunnel dia. (m) 34 4.8 7.2 34 4.8 7.2 34 4.8 7.2
Rotational stiffness 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Equivalent stiffness (Ij +0) 108.1 104.9 101.7 108.2 108.1 100.9 106.6 108.8 97.3
Equivalent stiffness (I = 0) 106.8 100.0 84.4 106.2 101.3 81.2 104.0 101.4 77.1
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Fig. 14. Stress of tunnel member according to joint stiffness conditions (D 3.4 m)
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Fig. 15. Stress of tunnel member according to joint stiffness conditions (D 4.8 m)
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Fig. 16. Stress of tunnel member according to joint stiffness conditions (D 7.2 m)
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Fig. 17. Stress of tunnel member according to joint stiffness conditions and tunnel size
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Table 10. Stress of tunnel member according to joint stiffness conditions and tunnel size, (%)

Ground condition Soil Weathered rock Weak rock
Tunnel dia. (m) 34 4.8 7.2 34 4.8 7.2 34 4.8 7.2
Rotational stiffness 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Equivalent stiffness (I # 0) 98.3 98.6 99.6 96.6 | 102.3 98.3 93.5 98.5 93.4
Equivalent stiffness (Ij = 0) 96.6 91.9 71.9 93.7 92.9 73.8 89.7 89.9 69.3
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