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Abstract

It is important to design tunnel support system considering the various loads acting on
the tunnel because they have a direct impact on the stability of tunnels. In Korea,
standardized support patterns are defined based on the rock mass classification system
depending on the project, and it is stated that it should be modified appropriately
considering the behavior of tunnel during construction. In this study, the tunnel support
pattern optimization method is suggested based on the convergence-confinement
method, earth pressure, axial force of rock bolt, and moment acting on the shotcrete.
The length and spacing of the rock bolts and the thickness of the shotcrete were
optimized by using the differential evolution algorithm (DEA) and the results were
compared to the standard support pattern III for railway tunnel. Rock bolt length can
be reduced and the installation interval can be widened for shallow tunnel. As the
depth of tunnel increases, the thickness of shotcrete increases linearly. Therefore, the
thickness of shotcrete should be thicker than the standard support pattern as the depth
of tunnel increases to secure the stability of tunnel.

Keywords: Tunnel support pattern, Optimization, Differential evolution algorithm
(DEA)
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Table 1. Support patterns (Park and Kang, 2010)

Support patterns
P1 P2 P3 P4 P5 P6
Upper and | Upper and | Upper and

Excavation method Full section | Full section | Full section lower split | lower split | lower split
RMR 100~81 80~61 60~41 40~21 Below 20 | Below 20
Q-system More than 60 |  60~10 10~1 1~0.1 Below 0.1 | Below 0.1
Upper excavation length (m) 3.5 2.5 2.0 1.5 1.2 1.0

. 5 5 8 12 16 20
Thickness of shotcrete (cm) (general) | (steel fiber) | (steel fiber) | (steel fiber) | (steel fiber) | (steel fiber)
Length of rockbolt (m) 3.0 3.0 4.0 4.0 4.0 4.0
Longitudinal interval of rockbolt (m) | Random 2.5 2.0 1.5 1.2 1.0
Transversal interval of rockbolt (m) Random 2.0 2.0 1.5 1.5 1.5
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Table 2. Properties of rock mass (Park and Kang, 2010)

Support patterns
P1 P2 P3 P4 P35

Unit weight (kN/m®) 28 26 25 22 20
Deformation Modulus (MPa) 20,000 12,000 8,000 1,000 300
Cohesion (MPa) 5.0 2.0 0.8 0.15 0.03
Friction angle (°) 47.0 42.0 38.0 34.0 31.0
Poisson’s ratio 0.2 0.22 0.23 0.25 0.3
Table 3. Properties of supports (Park and Kang, 2010)

Soft shotcrete Hard shotcrete Rock bolt
Unit weight (kN/m?) 25 25 78.5
Elastic modulus (MPa) 5,000 15,000 200,000
Poisson’s ratio 0.2 0.2 -
Specification - - D25

{

¢

Park and Kang (2010)-2 A3 2 @AI5-S 11213 NATM E'd2] x5 of] thgt A7 5=4513
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M
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v, IS RN/m®)
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design
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Fig. 1. Schematic representation of sections of shotcrete or concrete rings (a) and Representation of an
ungrouted mechanical anchored bolt (b) (Carranza-Torres and Fairhurst, 2000)
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shotcrete

max __ —cc N
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Fig. 2. Schematic representation of the convergence-confinement method (Carranza-Torres and Fairhurst, 2000)
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Fig. 3. Schematic representation of Ground Reaction Curve (GRC) and Support Characteristic Curve (SCC) for
Factor of Safety (p™™/p/™)

Fig. 3-2 GRC2}FSCCE 0185t pl * @} pl "' -& 4ol WS HolFaL ek 4] (5) 248 21 HA7Hd]
| B S W eAlol 7oz AR 4= Sl

max

com _ Ps
F‘gdes’i,y'n, ~ final = FSI,[I{I}(I})ZH (5)

S

A7, pi®*: HHAEA(kN/m?)
plmel: RFAHMEN/m?)

S

FSallowable: 8]%‘?1’@2%(15~3.0)

2.4 2[oliMo]| 2ft QRE

F

AN, B A A] QREE 0 2 ARSE| T gl A T2 T3S o] 8ot £l o] AR T 2| BA| ] oFdE
S APge 4= 9l 2 Aol Bl A EA Fof| SEE 58 9 92| E BHlE tgh Qhdgo] tialiA] At
£ FaoHlh A AT Y] HEdAZR E HE(KR, 2012), [KR CODE 2012]9] "2 A #A|(KR C-
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Fig. 4. The procedure of differential evolution algorithm in 2D space (Storn and Price, 1997)
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Model definition : (FLAC3D)
Tunnel Shape, Scil and Support Parameters

M

Definition of optimal design parameters
and intervals for random vector generation

(e.g: length of rockbelt - 3, 4, 5Sm < 0~0.33: 3m,
0.24~0.66: 4m, 0.67~1.0: 5m}

v

Size of population, IDEA Parameters (NP, F, CR}

Initial design conditions
(R/B length, R/B intervals, Shotcrete thickness)

¥

Initial vector creation

v

FOS calculation for Rock Loads

FS > FSallowatls

Yes

FOS calculation for Support pressure (CCM)

FLAC 3D Numerical Analysis

y

FOS calculation for R/B axial force and Shotcrete
shear force from FLAC 3D results compared with
Allowable forces

No

FS > FSsliowsols

Yes

Fig. 5. Flowchart of DEA-based numerical analysis for optimal tunnel support design

Table 4. Conditions of design variables for tunnel reinforcement optimization

Support type Conditions

Length (m) 3.0,4.0,5.0

Rock bolt ) Longitudinal 1.0, 2.0, 3.0
Spacing (m)

Transversal 1.0,2.0, 3.0

Shotcrete Thickness (cm) 5,10, 15,20

DEA°IA ARESh= 271 BElE fE 02 0~179] WioflA] AAstaL, eiitstael] ofet oFe, wiarieiA|of
Riol] oft Qbrhe B sl A= AE 2t 2| HAR 0] P e-g ARt 2 Aol A= sl ofet or
&, U ol 5’43& OL{%, FEEQ Sl et oxdg Bl 32 E0] o] et &2 242}
1.5, 1.5,2.0, 1.0 2-83}o], Wi Whols 2 082 ePAS $aoklrt. P TEotA] 2 3¢ 271 4
BE wHl, EAo] IS AR o Aol Pdes ohA] ARt 2 o] e B R izt

A o] T g vrEFI
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AN o 11
-2 Mohr-Coulomb 2&-& AF&51 11, EHIAISHE)= 8 GPa, TH1ETH(~, )2 25 kN/m?, TOlEH](v)=0.23,

HE2(e)2 0.8 MPa, LIFEHZY(0) 2 38%, K102 4 §5H1ck DEAS] 83t stelol el o4 Sl
o e} 7R 2 2 5HIEk, AHAANPY 10-50, SRR FY 0-2, VIHCRYE 0-1, Fc]
I(Itermax)= 10~1002] H 92 -85t

.

FLAC3D 5.01 FLAC3D 5.01
82017 tasca Consutting Group, Inc. ©2017 tasca Consutting Group, Inc.
Step0 Step0
2018-01-04 27 10:48:48 2018-01-04 2T 10:47:31
Zone Zone

Colorby: Uniform Colorby: Uniform

B zone B zone
Cable

Cable
Shell

Shell

Tunnel face

Excavation

Len I Pre- excavati
9N =M Length = ity

(a) Section of modeling (b) Concept of numerical analysis

Fig. 6. Numerical model for optimization of tunnel support

Table 5. Rock mass and DEA parameters used in the feasibility numerical analysis

P3 DEA
E (elastic modulus) 8 GPa
7; (unit weight) 25 kN/m? Condition of support pattern
¢ (cohesion) 0.8 MPa Please refer Table 1 and 2
¢ (friction angle) 38°
v (poisson’s ratio) 0.23 F (mutant constant) 0.8~1.0 (0~2)
K (bulk modulus) ?,(TE2V) CR (crossover constant) 0.8 (0~1)
G (shear modulus) £ NP (number of population) 10~50
2(1+v)
Model/Analysis type Mohr-Coulomb Itermax (max iteration) 10~100
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5. M Z2t

FLAC3DOf| W& FISH{IOJE 0]-8-51¢q Table 52] 27107 A& ¥isK(10, 15,23, 25, 27)011 w2 2] H el
H s}l taf A siA] Rt ATHE Table 601 HFERH AT B4 271 0 2= 7} QFdg 7= o ehdgo| WA, &
E9| ot £ 2| EO] AP X 41 2705 2= 2 0 = St

l

Table 6. Optimized tunnel support system depending on the depth of tunnel

Depth of tunnel (m) 10 15 23 25 27 Standard

Length (m) 3 3 3 4 4 4

Rock bolt Longitudinal (m) 3 3 3 2
Transversal (m) 3 3 3 2 2 2

Shotcrete Thickness (cm) 5 8 10 10 15 8
Rock load (£S5} ) 2.72 5.99 7.46 7.51 11.09 1.5
Factor of CCM (FSLM ) 1.89 2.00 1.62 1.50 2.05 1.5
safety Axial force (£S,,;,) 38.21 38.21 25.14 15.63 18.25 2.0
Bending moment (£, 4i,,) 1.41 1.34 1.78 2.06 1.85 1.0

Fig. 722 #|2{o} g1 2j5c = ie| 250t Bd Ao mbE SE2E 0] o] 517 714 2 Hisks viEhd 17
Zoltt. & Aol A -8t 35w ARt -9, HE S A7 A9+ Liﬁ‘r RS 2EEL
Hgde Stk Qe A o' w4 glon, E2E o] TR H
AE7F20 m o0 2 o2 = ¢
o] e o] tisii= 2 2elE Soll 22l ¢l SEEL| A Hajee mEsord ZiO]E]:

A
r
]
kel
N
)
id
£

ul

5 4
E E
Sa oo %3 ® ® @ o o
e
>
G G
< 00
£3 t ° ° ) g2 - Sha®
c © ® Llongitudinal Spacing
Q9 Q
- [ O  Transversal Spacing
®  Length of Rockbolt Standard Standard
2 1
6 9 12 15 18 21 24 27 30 6 9 12 15 18 21 24 27 30
Depth of tunnel (m) Depth of tunnel (m)
(a) Length of rock bolt (b) Spacing of rock bolt

Fig. 7. The variation of rock bolt length and spacing depending on the tunnel depth
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Fig. 8. Change of shotcrete thickness depending on the tunnel depth
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