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Ground Deformation Due to Underground Tunnelling

i.  Construction methods ii. Modes of ground deformation. ii.  Analysis Approach. iv.  Tunnel Lining Design Approach
« NATM « Longitudinal Settlements. +  Empirical » Forces acting on lining
* Bored Tunnels. » Transverse Settlements. « Analytical * Analytical design solution.
> Vertical deformations. « Computer Applications * The beam-bedded model.

» Horizontal deformations

- Primary state of stress
— Earth pressure approach

Fig. 1: 3D settlement profile (Attewell et al. 1986) Fig. 2: Schematic illustration of forces acting on tunnel and analytical solutions.
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VERTICAL SETTLEMENT

Peck (1969) ---- Gaussian Distribution Curve (Figure 3)

(—ﬁ) Equation 1
Sv(y) Smaxe 2i? q9
ArV, V,R?

S = % =1.252 -=— Equation 2
Sy 2> Vertical settlement at any point
S 2 Maximum settlement at tunnel crest

v, Volume loss (Ground Loss Ratio)

Inflection point

9
9
X - Distance from tunnel center line
= Tunnel radius

9

Tunnel Area

1960
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Distance to tunnel centreline, x

Maximum
settlement, S

e max|

v

Tunnel depth, Z

Inflection point, i

| ¢ » | Tunnel cover, C

X

Tunnel diameter, D

Fig. 3: Gaussian Settlement Curve
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VOLUME LOSS:

Table 1: Closed face machines volume loss factors (Ahmed and Iskander, 2011)

_ o

Ve =Vir+Vis+Vie+ Ve Equation 3 Lases Vi (%)
wood practice in stable ground. 0.5

Vs =2 Tunnel face volume loss. Usual practice in slowly ravelling ground. 1.0

Vis 2 Volume loss along the shield. Poor practice in the poor ravelling ground. 2.0

Vie > Volumeloss at tail Poor practice in the poor fast ravelling ground. 3.0

V.. =2 Volume loss due to consolidation. _ o _ _

’ Poor practice with little face control in running ground. 24.0

2C 2C C
Ne=2+2In F-I_l (For 0 < N¢ = 4in F-l_l (ForlSBSLS)

DETAILED VOLUME LOSS

ANALYSIS
Equations. 4 — 12 (Saeed & Uygar, 2021)
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INFLECTION POINT

Table 2: Inflection point estimation equations.

Inflection Point (Homogenous Ground ):

Ground Equation Reference Ground Equation Reference
. . Condition Condition
i=KZ Equation 13
i Z\" Peck, 1969 i Z\°® Clough and
5 R = (ﬁ) [n=0.8—1.0] R (ﬁ) Schmidt, 1981
K Trough width parameter.
9 P i 7 Attewell and i c\%® Sugiyama et al.,
Z > Depth to tunnel centerline. R~ (ﬁ) Farmer, 1974 R (B) 7999
S 7008 Cording and Cohesive soll . _ 147 +06 Arioglu, 1992
o (_) Hansmire,
Mair and Taylor (1997) b \D 1975
All soil .
_ - . Herzog, 1985 i =043Z + 11 O'Reilly and
K => 04-06 K,.,,=05 types i =047 +1.92 New, 1982
K 2> 025-045 K,,,=0.35 o 03867 + 284 Arioglu, 1992 i = 0287-0.1 O'Reilly and
e ' . New, 1982
Cohesionless
' Kimura and soil i c\%’ Sugiyama et al.,
i=1057 Mair, 1981 i (5) 1999
0.88 1009 Nt een ey --_-----------------------' -----------
Inflection Point (Lavered Ground ): o D\ (Z Arioglu, 1992 Loose sand i = 0.25(Z + 0.5R) Atkinson and
(Lay ) i=09(3)(5 Potts, 1977
i =K, Z, +K,7Z, Equation 14 Densesand i = 0.25(1.5Z + 0.5R) Atkinson and
Potts, 1977
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2. Methodology

FEM MODELLING

Parameters Definition
I

Dense Sand

Loose Sand Stiff Clay

Soft Clay

Depth, Diameter and Volume Loss
Variation

I
Mesh Optimization
I
Analysis

Maximum Settlement

Settlement Profile

Inflection Point

Fig.3 : Research strategy and FEM simulation analysis

Relationship Formation

Results Validation

flowchart
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Fig. 4 :Plaxis 2D FEM simulation
model.

N
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1

Fig. 5: Mohr-Coulomb model
(a) linear elastic-perfectly

plastic materials

(b) principal stress space
yield surface for ¢'=0,¢'=30°
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Soil Types: Soft clay, stiff clay, loose sand and dense sand

Table 3: Plaxis 2D input soil material properties data set.

Table 4: Plaxis 2D input tunnel lining properties data set.

Soil Type Soft clay Stiff clay Loose Dense sand Tunnel diameter, D (m) 8.30 6.30 6.13
sand Tunnel thickness, t (m) 0.35 0.30 0.20
Saturated unit weight, , :
arated tinft welg 16 19 19 20 Poisson’s ratio, v 0.20 0.15 0.15
ysat (kN/m?)
Normal stiffness,EA (kN/m) 1.05x 107 8 x 108 7 x 108
Cohesion, ¢ (kP 5 25 0.1 0.1
ohesion, ¢ (kPa) Flexural rigidity, El (kNm2/m) 1.07 x 105 5.60 x 104 3.65x 104
L. ' 0
22 26 30 35
Friction angle, ¢ (*) Specific weight, w (kN/m/m) 8.8 75 6
Modulus of elasticity, E (kPa) 2600 8500 15000 40000 Material behaviour Elastic Elastic Elastic
Poisson’s ratio, v 0.33 0.20 0.30 0.30 References Méller, 2006 Likitlersuang Wand et al.
Material behaviour Undrained Undrained Drained Drained et al.. 2014 2003
References Wand etal.,  Likitlersuang, et Kanagaraju, Méller, 2006
2003 al., 2014 etal., 2020
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Initial Conditions:
SIMULATION STAGES: nitial Conditions

* Water pressure - Genreal phreatic level (z = 0)

3 Staged Analysis + Effective stress > K, (Jaky’s formulation)

1stStage - Initial effective stresses. Ko =1 —sin(¢")

2nd Stage - Installation of tunnel lining. * Volume Loss variation:

3d Stage > Removal of soil inside tunnel and uniform VL2 0.1,0.25,0.5,1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0 (%)

contraction method. * Tunnelling depth variation:
Basedon D/Z<1(Z=17,9, 11,13, 15, 17, 19, 21, 23, 25, 27, 29,

31 m)

Tunnel original area — Tunnel area at current step

Total contraction = — Equation 15
Tunnel original area
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Distance to tunnel centerline, x (m) Distance to tunnel centerline, x (m) Distance to tunnel centerline, x (m)
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Fig.6: Settlement profile of tunnel at different Fig. 7: Maximum settlement at ground surface of Fig. 8: Inflection point location on settlement

depths tunnel at different depths. profile.
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Fig. 9: Volume loss effect on the settlement
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Fig. 10: Variation of settlement with respect to D/Z
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0.028 0.022

Smax Smax
z 0.026 — 0.020
0.03 0024 403 601
Soft Clay L0Z2 Stiff Clay
0.020 0.016
0.02 0.018 0.02 0.014 S D K
0.016 max :
0.012 —=qal, |— Equation 16
0.014 L
0.01 vogs 001 0.010 YA YA
0.010 0.008
g 0.008 g 0.006
0.06 0.006 006 0.004 . - _
0.04 0.004 i Table 5: Equation fitting coefficients
' ' 0.002
0.02 0.002 0.02 C t t P t
V, (ratio) ot D 0 V, (ratio) 0 onstan ower exponen
' Z Soil Types
(@) (b) P a K
- 0.058 0.042
Smax ~ Smax -
Z } - 0.052 "7 0.038
0.06 ,_./'"'-)‘ 0.048 0.06 /},/‘"‘ DenSe Sand 0801 1 1 909
06~ ; - 06~ 0.034
Loose Sand (00000 0.044 Dense Sand 0.032
0.05 - éfgggg&m 846 0.05 -

] bR OO 5 ]

‘ A ‘ 0.028 L n 1.12 1.87
0.04 ‘.':'::,?:ff';f.’ff}'}'}.:.;’:v:m. 0.036 0.04 oose Sa d OO 8 O
0.03 T 0.032 003 0.024

s 0008 .
0.02: oons 02 | Stiff Clays 0.4052 1.690

0.01- 0.020 0.01 0.016

T e - Soft CI 0.5403
0.06 \\ .. 0012 (o6 S, e — o ays . 1.799
T = i 0.0‘08 fa % .
S 0.004 =3 ) 0.004
0.02 ) 0.02
V| (ratio) 0 V| (ratio) 0
: 0 015 : 0 015
(c) (d)

Fig. 11: Normalized multivariable variations for settlement versus volume
loss and depth
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Fig. 12: Effect of volume loss on the inflection point.
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Fig. 13: Effect of diameter on the inflection point
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é =p (5) +¢ Equation 17

Table 6.: Fitting coefficients based on
the analysis performed.

Soil
Types k ¢

Dense 0.0725 0.3950
sand
Loose 0.0710 0.2500
sand
Stiff clay 0.4103 0.3931
Soft clay 0.1647 0.4327

WNIEAL
STRENGT TEFTRG OF
M GEOMATIRIALS

North Cyprus

14 -17 Eyliil 2022
14 - 17 September 2022



90 @ Heinenoord Tunnel [DS] 40 T +DS-Peck (1969), n=0.8 110 +S0C-Peck (1969), n=0.8
L #Istanbul Tunnel [DS] 35 © = DS-Peck (1969), 1=0.9 100 + R A ®SOC-Peck (1969), n=0.9
r . T £ SOC-Peck (1969), n=1.0
I ®Warrington, UK [DS] om DS-Pock (1969), 110 %0 s ek,
80 T A Hsintien Line CH218. Taipei. Thailand DS 30 £ ) _ 80 £ 1:1 Line % SOC-Attewell & Farmer (1974)
r @®Hsintien Line , Taipei, Thailand [DS] _ F ® 1:1 Line X DS-Attewell & Farmer (1974) E 70 £ ﬁ o 0S0C-Cording & Hansmire (1975)
L ; E £ £ Q
2o X # Green Park Tunnel, UK, [STC] E 25 + : .E ODS-Cording & Hansmire (197 "z 60 £ ) « X SOC-Herzog (1985)
i M Barcelona Subway Network Extension Tunnel, Spain [STC] é 20 | g. X DS-Herzog (1985) §' 50 £ #S0C-Arioglu (1992)a
+ A Bangkok Sewer Tunnel, Thailand [STC] =) [ | X H £ X B S0C-Glossop (1978), Kimura &
[ 3 Q ] 0§ # DS-Arioglu (1992)a mg 40 F . Niair (1981), Rankin (1988)
60 + ® Metro system, Vietnam[Stiff Clay] g 15 ¢ 30 f ASOC Arioglu (1992)b
—_ 3 ® 7] F B DS-Glossop (1978), Kimura & E
E i #MRT Section A 23-AR-001, Thailand [STC] 10 £ AgiélirA(l'ggln!(F;;;)ig“ggg] 20 T ©80C-Clough & Schmidt (1981)
L r -Arioglu E ~ Qo
S5 1 ° BMRT Section A 23-G3-007-019, Thailand [STC] E 10 'E Soft Clay @SOC-Sugiyama ctal. (1999)
“_: [ ) ) 54 ©DS-O'Reilly & New (1982) 0 P i ASTC-Arioglu (1992)c
N 1-1 Line AMRT Section C CS-8D, Thailand [STC] ol Dense Sand | apg.sugiyama ctal 1999 01020 30 40 50 60 70 80 90 100110 & 50C-0rReilly & New (1952)
B C XMRT Section D §8-5T-22¢-0, Thailand [STC] B S S
240 1 _ o , 0 5 10 15 20 25 30 35 40 aDSAkinon&ous 97 (©) s sl () #S0C-Eq
§ . +Madrid Metro Extension, Line 1 Sect. 7, Spain [STC] (a) g (mm)
L , field - i
W r 0 ® Thunder Bay Tunnel, Canada [SOC] e e ®DS-Equation 14
30 T A ©Mexico Sewerage System, Line A, Mexico [SOC] 50 #STC-Peck (1969), n=0.8
[ Y Mexico Sewerage System, Line B, Mexico [SOC] 45 ” 60 W STC-Peck (1969), n=0.9
20 1 « AFurongjiang Sewer Tunnel, China Clay [SOC] a0 £ a8 STC-Peck (1969), n=1.0
L . X Bangkok Sewer Tunnel, Thailand [SOC] 35 _; A X STC-Attewell & Farmer (1974)
10 £ »MRT, Singapore [SOC] E 10 g OSTC-Cording & Hansmire (1975)
[ @MRT Section B 26-AR-001, Thailand [SOC)] vg 55 : x 1:1 Line X STC-Herzog (1985)
0o S e 0| OMRT Section C CS-8B, Thailand [SOC] %20 ¢ STC-Arioglu (1992)a
0 10 20 30 40 50 60 70 80 90 @MRT Section D SS-5T-52¢-s, Thailand [SOC] E F BSTC-Glossop (1978), Kimura &
vis £ Mair 19SII Rankm(l988)
Smax field (mm) AN-2 San Francisco, Line #4, USA [SOC] F ASTC-Arioglu (1992)b
. ’ . . . . 10 ¢ ©STC-Clough & Schmidt (1981)
Fig. 15: . 5,541 values comparative validation with S;,qx fie1a s 18 s BSTC-Sugiyama ol (1999)
r 1 a
0 P }-I-- ASTC-Arioglu (1992)c
Table 7: Accuracy range of proposed S, €quation. 0 5 10 15 20 25 30 35 40 45 50 ©STC-O'Reilly & New (1982)
n " . (b) Sinax, field (MM)
Mean Absolute Determination Correlation - ®STC-Eq.
. Percent Error coefficient coefficient
Soil Type
R? R
MAPE
Dense sand 10.00 0.8778 0.9340 Fig. 15: . S,,,, Table 2 equations comparative validation
Stiff clay 25.02 0.9797 0.9898 With Spax Fiela
Soft clay 18.31 0.9444 0.9718
Overall 17.98 0.9517 0.9756
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iINSAAT MUHENDISLERI ODASI North Cyprus

Yo ome:

e alied

CHAMBER OF CIVIL ENGINEERS
iMO BAU Echeesehi |

—ar 14 -17 Eyliil 2022
v 14 - 17 September 2022




16 —e— Peck (1969), n=0.8 16
I Stiff Clay i Dense Sand 1:1 Line —e— Peck (1969), n=0.8
L —+—Peck (1969), n=0.9
14T —+— Peck (1969), 1=0.9
—— Peck (1969), n=1 13 7
Enl £ —+— Peck (1969), n=1
[ —=— Herzog (1985) =
E I —=— Herzog (1985)
10 + —e— Arioglu (1992)a B
£ 7 =l —e— Arioglu (1992)a
k=) ——Glossop (1978) S
28 4 o r
.E I . ,5 7T —— Glossop (1978)
g [ —=— Arioglu (1992)b §
= 6 = —a— Arioglu (1992
g 7T o Sugiyama et al. (1999) = rioglu (1992)0
L 4 4
sl & Arioglu (1992)c L o Sugiyama et al. (1999)
1:1 Line OReilly & New (1982) a— Atkinson & Potts (1977)
2 1 e B I
2 4 6 8 10 12 14 16 1 4 7 10 13 16 —a—O'Reilly & New (1982)
(a) Inflection pomt’ ircfcfcnccs (Table 3) (m) (a) Inflection pomt’ ireferences {Table 3) (m)
16 —e—TPeck (1969), n=0.8 16
r Soft Clay I Loose Sand 1:1 Line —e— Peck (1969), n=0.8
—e+— Peck (1969), n=0.9 -
M 5l —+—Peck (1969), n=0.9
L —+— Peck (1969), n=1 L
En E —a—Peck (1969), n=1
™~ —m=—Herzog (1985) = [
é i S0+ —=— Herzog (1985)
510 + —e— Arioglu (1992)a g F
£ 0 2 I —e— Arioglu (1992)a
'g ol —— Glossop (1978) §
g r ) k=) T —e—Glossop (1978)
s —=— Arioglu (1992)b 5
L f L
= 64 = —a— Arioglu (1992)b
= r o Sugiyama et al. (1999) =
4 -
. o Sugiyama et al. (1999)
4 4 a— Arioglu (1992 ' . ;
foglu (1992)c Fig. 16: Comparison between FEM and
1 Li o & Atkinson & Potts (1977 H H H H
S b ke .| e OReilly&New(195) 1 : 1977 Table 2 inflection points equations
2 4 6 8 10 12 14 16 1 —o— O'Reilly & New (1982)
(b) Inflection po.lnt, ireferencas (Table 3) (m) (b)
@ K.T.M.M.O.B.
iNSAAT MUHENDISLERI ODASI North Cyprus
CHAMBER OF CIVIL ENGINEERS = S ‘ —— 14 -17 Evliil 2022
" Bahcesehir (i @ f \ (D' oDTU ULUSLARARASI IichmicaL 5 ﬂ%::ﬁ':’:ég i - ylu
MO BAU &y ) V' METU 01 o 14 - 17 September 2022



Ti# VL- Eqg. 16 Peck Peck Peck Attewell & Cording & Herzog Arioglu Glossop Arioglu O'Reilly & Sugiyama et Atkinson &
refs. (1969), (1969), (1969), Farmer Hansmire (1985) (1992)° (1978) (1992)" | New (1982) al. (1999) Potts (1977)
n=0.8 n=0.9 n=1.0 1974) (1975
1 - 07 (074 [ =| 087 [ T | 094 | 1 T T 0.87 1 T 1 110831 1 0.67 5 0.82 1
2 5 05 | 061 [T} 071 | T ] 077 |1 T T 0.71 T T T T|1068 |1 £l 0.55 = 0.67 T
3 % 39 [ 373 [=| 415 [ =~ | 472 | 1| 537 [ 1 537 T 415 ] T T1537 | 1| 414 | = 1 1 4.21 ]
a
4 13 [ 112 | V| 127 | =~ | 142 | = T T 1.27 ] T T T125] = 1 1 1.26 ®
Overall = = T = = 5
T# VL- Eq. 16 Peck Peck Peck Attewell | Cording & Herzog Arioglu Glossop Arioglu Clough & | Sugiyama Arioglu 0'Reilly &
refs (1969), (1969), (1969), & Farmer | Hansmire (1985) (1992)* (1978) (1992)> Schmidt etal. (1992)¢ New
n=0.8 n=0.9 n=1.0 (1974) 1975) 1981) (1999) (1982)
5 1.6 14 | Ll 14 |l 16 | =] 16 |= 1 15 | =] 16 = | 16 | = 1 1 16 | = 14 1 1.5 =
6 0.8 1 1 1 i 1 L] 07 1] 08 ] 1 1 l 1 1 1
7 6 i 1 1 5 1 5 1 i 5 1] 54 i S 1 ) L | 48 (1 L | 49 1
8 5 | 015 T 018 [T 02 |1 1 1] 018 |1 T 1 T1018 | 1] 018 | T 1] 019 T 1
o
9 g 3.3 1 L] 31 | =] 85 |=~] 35 |= 1 [siS T T35 |1 ') 1 T 3 1 34 ®
=4
10 @1 282 1 L1 26 |=| 29 |=] 29 | = L2911 |1 T [291 ] = ') 1 T L | 284 | =
11 0.5 1 1 ] 1 1 1 1 1 1 1 L 1 1 1
12 075 | 072 | = 1 11073 | =] 073 | = L1069 | =] 073 | = | 073 | = ') L ]074 | = L 069 | =
13 0.6 05 |[= 1 L 04 (1| 04 [ L] 04 | L] 04 L] 04 |1 1 1 04 [ L 1 0.4 1
Overall = ~ ~ S = ] =
T# VL- Eq. 16 Peck Peck Peck Attewell Cording & Herzog Arioglu Glossop Arioglu Clough & Sugiyama Arioglu O'Reilly &
refs (1969), (1969), (1969), & Farmer | Hansmire (1985) (1992)" (1978) (1992) Schmidt etal. (1992)¢ New
n=0.8 n=0.9 n=1.0 (1974) 1975 1981) (1999) (1982)
14 13.7 | 124 | L 1 124 | | 143 | = 143 | = 1 1 T 143 | = 1 1 14.5 1 131 | = 153 )
15 25 3 T 2.6 = | 29 [ 1] 32 T 32 |71 26 | = T T| 32 T 25 | 1] 26 | = T 29 1 3.3 1
16 2 T] 32 T] 36 [T 1 1| 32 T 1 T 1 31 | 1] 32 T 1 36 |1 )
17 4.4 42 | = 1 L] 39 [L]| 39 (! L 57 |1 T 39 | ! i 1 1 39 1 4.8 T
>
18 g 5.6 1 1 L] 44 | 1| 44 | | L] 45 L] 48 (1] 44 | | ] L] 42 1 1 4.3 1
19 | §|5s ! ! Ll a9 | L] a9 | L 5 | L] 54 | =] 49 |1 . 1| 51 | = L a9 |
20 3.6 31 | ) 1 3.3 B 33 x 1 =k ® i x 3.3 B 1l 1 3.4 = 1 3.2 i
21 0.3 03 | = 1) 03 [~ 03 = 0.3 = 1 03 = 0.3 =] 03 = i 1 0.3 x 0.3 = 0.3 x
22 1.4 15 | = 1 15 | = 1 1 1 1 T 1 l 1 T 14 | = 1.6 T
23 3.1 33 | = ) 31 | = 1 T i T T 1 ) 1 T 32 | = 38 T
Overall = = = = 1 = 1__|Fig. 17: Back analysis for volume loss required to
N - . mMatch Sinax
Lower VL Required Vi Reference Higher VL Required

@ K.T.M.M.O.B.

iINSAAT MUHENDISLERI ODASI North Cyprus
CHAMBER OF CIVIL ENGINEERS . -
BAU | Sahsorehir

o amnne R 14 -17 Eyliil 2022
. M - V 14 - 17 September 2022

—

. 0DTU ULUSLARARASI

KIBRIS
UNIVERSITES

iMmo

z
m
-
c



TUNNEL LINING FORCES

Basic assumptions: 4. Bond between tunnel lining and ground.
1. Cross-section in plane strain condition. 5. Elastic behaviour of material (soil and lining).
2. Cross-section is circular

3. Soil stresses are assumed as equivalent to initial stresses.

Basic Model (Bakker, 2003) Initial soil stresses considered. Does not account soil
structure interaction
Analytical Method (Schulze and Duddek, 1964) The bedding model with complete and closed
solution
Continuum Model (Ahrens et al. 1982) Complete solution

North Cyprus

K.T.M.M.O.B.
Eﬁﬂ iINSAAT MUHENDISLERI ODASI
CHAMBER OF CIVIL ENGINEERS

iMmo BAU

@ ( \\9 (' DDTU /6 ULUSLARARAS! \"r, H SRR S wor ’ 14 -17 Eylul 2022
METU NIVERSITES = : < I 14 - 17 September 2022

-----



Effective vertical stress, ay, (kPa) Effective vertical stress, gy, (kPa)  Effective vertical stress, oy, (kPa)  Effective vertical stress, oy, (kPa) —e—3SC [7Z=7m] — DS [Z=7m]
30 0 20 -40 60 -80 0 20 -40 -60 -80 -100 0 500 <100 -150 0.9 el 0.9 —o—DS [Z=13m]
oe y ¢ t 0 @ttty 0 @ SC [Z=25m] —o—DS [Z=17m]
! 13 s 17 7o s 0.8 + _._—O—gg %f{;n]] 0.8 DS [Z=25m]
—13m =17m =25m : =13m —o—LS [Z=Tm]
C=9.935m C=13.935m C=23.935m 0.7 £ -t 0.7 —e—LS [Z=13m]
2+ : —e— LS [7=17m]
5 o 0.6 0.6 —— LS [Z-25m]
5+ ,v 05 +
v,0
41 04 f
0.3 4
4
r 0.2 A
6+
- 210 + o1 4
E E E E _
< N ey 0 0 :
= £ 6 =8+ = 0 2 3 4 5 6 7 7
5 oy 5 oy Volume loss, V; (%) Volume loss, V| (%)
a [=] o a (a)
-15 +
-10 + . . Fr / ! :
. Fig. 18: Variation of ¢',,/a’, with V;
[ 1
12 + —o—SC[Z=Tm] ——L1S [Z-Tm]
L 0.9 —&—SC [Z=13m] —o—18 [Z=13m]
20 + 0.8 —0—S8C[Z=17m] LS8 [Z=17m]
o - SC [2=25m] LS [Z=25m)]
14 4 0.7 o STC(Z=Tm] —e—DS [2=7m]
g ——STC [Z=13m] DS [Z-13m]
0.6 ¢ —e—STC [Z=17m] DS [7-17
o —a—STC [Z=25m] ’ [Z=17m]
[ | 0.5 —e— DS [Z=25m]
45 12 -16 25 Oyo
—&— Initial —8—VL=0.1% —0— VL=0.25% VL=0.5% —0—VL=1.0% —0—VL=1.5% 04
——VL=2.0% ——VL=2.5% ——VL=3.0% ——VL=4.0% ——VL=5.0% ——VL=6.0% 03
02+ \...\‘ _
(a) (b) (c) (d) 0.1 —

i . i ; ; 0 : e . — : ‘ 0 e L
Fig. 17: Comparison of stress-relieve at tunnel crown (C) in 50 100 150 200 o . o 200
correspondence with V; Maximum surface settlement, S,.,,, (mm) Maximum surface settlement, S, (mm)

(a) (b)

@ K.T.M.M.O.B.

iINSAAT MUHENDISLERI ODASI

Fig. 19: Variation of ¢',,/d’, with S,,, 4

North Cyprus

CHAMBER OF CIVIL ENGINEERS |
imo BAU Zchserenir |

asomaToRy Sreess |
NG TEITNG OF
GEOMATIRIALL

14 -17 Eyliil 2022
14 - 17 September 2022

@ "/ - . (D\ =I'.'.fl‘:‘l‘“-';'u @Et:s:annnas.
GAU / y/ METU g

L T
s



N [kN/m]
...... w0
1 800 ) Bedding $§i —
-1 600 & ontmuug]l) r_nLE_1 —k——
400 llr+31?J-L|3-1 —
20
N+
180°
Fig. 20: Analytical and Numerical models comparison for
lining forces (Zhao et al., 2017).
N [kN/m]
Basic model —o——
Bedding mode]l —a——

Continuum mode]l —-——
ZD-LE-] —&——
ADLE ]l —s—

@ K.T.M.M.O.B.
iINSAAT MUHENDISLERI ODASI

CHAMBER OF CIVIL ENGINEERS | |
imo BAU 5 §

North Cyprus

EEgaee ) - 14 -17 Eyliil 2022
bl Jg s V 14 - 17 September 2022

@ 3 E-ETU ULUSLARARASI
y/ METU Oniversires




L 4. Conclusions 1

« The proposed maximum settlement equation was developed based on the FEM simulation by selecting parametric
studies' material and tunnel lining properties.

« The accuracy of the proposed maximum settlement prediction equation was validated using data from the literature
on tunnelling in different soil types.

« The tunnel diameter was observed to be effective only at shallow depths, and the volume loss indicated no
significant correlation with the location of the inflection point.

» The stress-relaxation and lining forces plays a crucial role in the final design of tunnel linings.
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THANK YOU!
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