Three-Dimensional Interaction of Multiple
Perpendicularly Crossing Tunnels with
Circular and Horseshoe-shaped
Cross-sections

Charles W.W. Ng, Zaw Zaw Aye, Thayanan
Boonyarak and Wang Ran

FERRAER

2
A SEAFCO PUBLIC COMPANY LIMITED U,LJ ggf&gggﬁgﬁ%ﬁgﬁgf OF




=T

B HBE KB )\
THE HONG KONG UNIVERSITY OF SCIENCE AND TECHNOLOGY ~ [Zsearco

Contents
> Brief introduction of Hong Kong University of
Science and Technology (HKUST)

» Fundamental principles of geotechnical centrifuge
modelling + two examples

> Research objectives, strategy, methodology

> Effects of construction sequences

> Effects of cover depth of tunnels (C/D)

> Effects of pillar distance between tunnels (P/D)

> Shielding effects

» Shape of an existing tunnel (circular vs horse-shoe)
» Summary and major conclusions

SEAFCO PUBLIC COMPANY LIMITED




™ Approx. 1,000 km?

Satellite Image of Hong Kong (Geotechnical Engineering Office, 1997)
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Along the Two Sides of the Victoria Harbour in Hong Kong
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The Hong Kong University of Science & Technology (HKUST)

Established in 1991, 4 schools, 9,500 UGs, 2,300 TPGs, and 2,200 RPGs
(80 RPGs in Geotechnical)
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Exchange scholarships (PGs) = about
US$ 1,300 per month
Scholarships for full-time research students = about
US$ 2,000 — 2,500 per month
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Fundamental Principles of
Geotechnical Centrifuge Modelling
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The Geotechnical Centrifuge Facility at
Hong Kong University of Science and Technology
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« Maximum g-level: 1509

« Maximum payload: 400g-ton
(design)

* Real-time monitoring and
viewing via internet

» Operated in 2001
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Fundamental Principle of Centrifuge Modelling

The basic principle of centrifuge modelling Is to recreate the stress
conditions which would exist in a full-scale situation (prototype),
using a model of greatly reduced scale.

This Is done by subjecting the model components to an enhanced
body force which is provided by a centripetal acceleration (rm?=ng).

h
Op :pghp :p(ng)wp :pghp
Thus, centrifuge is suitable for modelling stress dependent problems

such as consolidation, slope instability, tunnelling effects and pile

capacity. e

Dilative —
behaviour

Contractive

. behaviour
CSL - In p1
Mean effective stress
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Parameter Scale (model/prototype)
: Acceleration n
Scaling laws i 7
Area dimension 1/n2
Volume dimension 1/n3
Stress 1
Strain 1
e.g., 1-day consolidation test Mass 1/n?
at 150 g = 150x150 days Density 1
or 62 years (prototype) Unit weight n
Force 1/n?
C t Bending Moment 1/n?
TV — LZ Bending Moment / unit width 1/n2
d Flexural stiffness / unit width 1/n3
5 Time (dynamic) 1/n
t p (j r] 2 Time (consolidation/ diffusion) 1/n?
2 Time (creep) T
tm (d / n) Pore fluid velocity / rainfall n
Concentration 1
Velocity (dynamic) 1
Frequency n
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Principal Applications of Geotechnical
Centrifuge Technology (Ko, 1988)

Modelling of Prototypes such as tunnels, piles, excavations,
slopes, geo-environmental & earthquake-induced problems,
consolidation settlements

Investigation of New Phenomena and Mechanisms such as
explosions, plate tectonics, liquefaction problems, contaminant
transports

Parametric Studies such as bearing capacity of footings on
slopes, laterally loaded pile groups

Calibrations of Numerical Models and Methods - how do you
know your computed results are correct ? Calibrate against case
histories ?
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Concept of Compensating Errors

Direct
Computer |Calibration Field
Programme Observations
Calibrate Against What does this mean?

Case Histories 7?77 [Good Match ]_,[Improve our understanding ??j

Questions to be Answered !1!! Callbrate design
model parameters

/ What does this mean? Unforeseeable ground conditions ??%

Non-homogeneous ?, Non cross-anisotropy ?
Perched ground water table ?
Ko =7???
Zero displacement boundary ?7??
c d solution 727 Permeability, Kx = Ky = Kz ???
onverged solution 27" Saturated Vs Unsaturated ???

\ / easurement errors/construction uncertainti
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Correct model & model parameters ???

Correct numerical simulation procedure???
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The Missing Link

Computer Software ]

\erifications
Known boundary conditions

Foreseeable ground conditions

[

Physical Model Tests
e.g. 1g and centrifuge tests
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Dangerous approach !!!

Verifications
.

[ Case History J
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Full-scale
Monitoring/Test

Investigation &
verification 3,
%,
%qi’
A new theory %,
or ’6'%

Tunnel ["Ves,- %o
interaction Vejyfég‘?&bb
problem \%o &

Numerical

Centrifuge
Modelling

Evaluation & calibration

Modelling
e

Fgois Wiﬂl- toéls.a_re still. e .;f-;)ols

SEAFCO PUBLIC COMPANY LIMITED

"
o ERNEAR
lllU THE HONG KONG UNIVERSITY OF
SCIENCE AND TECHNOLOGY ERSITY OF SCIEMCE AMD TECHMNOLOGY SEAFCO




(1) Forensic Engineering: Collapse of
Building in Shanghal

Client: fe7R @3B THAIF FURE
East China Architectural Design & Research Institute Co. Ltd
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A new 13-storey building collapse
on 27" June 2009 in Shanghai
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Depth: m

Comparisons of field and simulated shear strength cu profiles

cu: kPa
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Comparison of model and prototype

Model building broken piles
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Collapsed building in centrifuge test
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: : Bl Collapsed building in the field
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(if) Embankment widening in soft clay

In-flight construction of an
embankment at 60g

Two clients from Mainland China
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Test setup and instrumentation of a typical test

114

140

L 190

137 135 138 135
o * Pore pressure transducer
Sond T o
Geogrid _p~r/——— 0 = Strain gauge
L= = =
Clay .t
=and

Elevation view (unit: mm)

150
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an instrumented model pile

Plan view (unit: mm)



4-axis robotic manipulator and sand hopper
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Before constructing embankment




After constructing the 1% layer of embankment




After constructing the 2"9 layer of embankment




After constructing the 3" layer of embankment




Three-Dimensional Interaction of Multiple
Perpendicularly Crossing Tunnels with
Circular and Horseshoe-shaped
Cross-sections
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Background

= Case histories (Cooper et al., 2002; Mohamad et al., 2010; Liu et al.,
2011; Liand Yuan, 2012)
= Large tunnel settlements [38 mm > 20 mm (BD, 2009)]
= Large tunnel gradient [1: 400 > 1:1000 (LTA, 2000)]
»= Cracks on tunnel linings and tunnel distortion

ground surfac
Ground level 124-0 (approx.) ! [ -l . 1> e s D
——— e — | _ W = el
—m T ——— - e — <3
s 1.1>— S ,_,_"3_ —

Piccadilly Line running tunnels 5

o
—_ Adis level :
S — MM

N s —;""—“;j./)’-‘ ) N M | I
<Ay~ NS ;.‘;’ZT'"_ = Ne unnel
e WilaWe LTINSt =L
1 LU L | HI\IHHIIHI‘
tunnels u; HL,J,,:‘M:: 1

[
Up platform Concourse Down platform | I‘IT‘ |EEREIRTR Ul UI !;‘Hll l
tunnel tunnel turinel 1 -4 Pl e P>
(Cooper et al., 2002) (Li and Yuan, 2012)
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Wuhan-Guangzhou high speed railway - Changsha Metro Line 3

* New Changsha Metro Line 3 (twin tunnels) is being constructed undercrossing the existing
Liuyang River tunnel.

« Deformation and stress control is vital to ensure the safety and serviceability of Wuhan-
Guangzhou high speed railway that inside the Liuyang River tunnel.

T
DIIK1561+621

I PETTES

W
"
<+

Liuyang River 45
tunnel

o0
A
Changsha Metro line 3 o
\ AK334+780
-
14.2% 126.951 © 14.2%,
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Instrumentation of existing horse-shoe shaped tunnel

| \ \

]

| Strain gauges measuring r ’
longitudinal bending e,
~ moment

Strain gauges
measuring transverse
bending moment (every
45° )

I
4
*
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Objectives

= To Investigate factors affect ground movements,
existing tunnel and stress induced by crossing-tunnel
Interactions

= Factors investigated
= Construction sequences
= Cover depth of tunnels (C/D)
= Pillar distance between tunnels (P/D)
= Shielding effects
= Shape of an existing tunnel

SEAFCO PUBLIC COMPANY LIMITED 33
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Research strategy

Interpret

3D centrifuge data 3D numerical

< P

modeling validate | 0@CK-analysis

Numerical model and
parameters

Provide
parameters

h 4
3D numerical
parametric study

Three-dimensional
Interaction of multiple
crossing tunnels
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Typical centrifuge model package

- 1250 —— =
Drainage tubes for heavy fluid
O e Reservoir
Wg ZA
I
|
|
LY i o
Tunnel e ;(
advancing | | C =200
sequence 2| % (CID=2)
| Bstinguenel
) Existing tunnel 2 = 2 P=>50
Dia. 100 mm 1 0.6D New tunnel o e (P/D = 0.5)
(6.0 m @ 60g)
g?gv Iggnrf]lm Note: Dimension in mm
(6.0 m @ 60g) (model scale)
(a) Plan (b) Elevation

* Tunnel diameter (D) =6 m in prototype (at 609)

= Wished-in-place existing tunnel
» Three-dimensional in-flight tunnel advancement in six stages

-
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Summary of centrifuge tests at 60g

LVDT

o

LVDT

|

il

CC7 3503
D=35
‘ Existing tunnel @ j L ( )
750 New tunnel @ E));tel_rsi[c;fll rod Existing tunnel Extension rod ‘ Existing tunnel Extension rod ‘ ip i
New tunnel New tunnel @ —%T(P/D =0.5)
E2N3 E3N2 E3NS
LVDT LVDT

|

750 ‘ Existing tunnel

J New tunnel @

Extension rod

E2N5

‘ Upper existing tunnel

Lower existing
tunnel O

New tunnel @

Extension rod

E2,3N5

Note: E2N3

E=Existing N=New

— C/D of new tunnel
— C/D of existing tunnel

C/D denotes cover depth-to-diameter ratio

2 M EKXB

=T

THE HONG KOMG UMNIVERSITY OF SCIENCE AND TECHMOLOGY

Existing tunnel
E2N5 E2N5-H
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Modeling of tunnel excavation and advancing seguences

Dry Toyoura Sand, D, = 65-66%
Outer rubber

Prepared by dry pluviation
Membrane , \
(Volume loss *
Vi =2% | - Location of the
HeaW fluid = = == = — - existing tunnel
Tunnel lining
I 3.6m
(prototype)
Inner rubber bag Tunnel 0.6D
(Weight loss, W,) .

- advancing
v sequence

» ,’....'l. f&

(a) “Donut” for simulating volume and

(b) Tunnel advancing sequence
weight losses in tunnel excavation

in centrifuge

e
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A new tunnel excavation above an existing tunnel

New tunnel
Existing tunnel




Instrumentation on existing tunnel

Strain gage in the
longitudinal direction

 Cross-section
Potentiometer

Strain gage in the
transverse direction
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Bender elements

/1 o existing
7 o tunnel
l, 94 \g
50 Bender element

< |
tunnel advancing
direction

(first time used In tunnelling centrifuge tests)

SEAFCO PUBLIC COMPANY LIMITED
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Model preparation

Drop height

* Dry Toyoura sand
* Pluviation method or “sand raining”
= Density (pg)=1529 - 1535 kg/m? (D, = 64-66%0)

Grain size effect: Variation in dry density:

not significant Apy4 < 8 kg/m3 (Garnier, 2001)
Dtunnel / D50, sand ~ 588 > 175
(Garnier et al., 2007)

&
(Eessxn )\
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Overview of a centrifuge model package




3D Numerical back-analysis & parametric study

Tunnel lining before applying
surface contraction

Upper
existing

—1 Surface contraction of
tunnel

\\lining of the new tunnel |

750
Lower
existing

tunnel
New tunnel

(a) Finite element mesh (b) Tunnel excavation simulation

» Finite element software: PLAXIS 3D
= Geometry: Identical to that in each centrifuge test
= Constitutive model: Hypoplasticity constitutive model with small strain stiffness

(von Wolffersdorff, 1996; Niemunis and Herle, 1997; Masin , 2012)

SEAFCO PUBLIC COMPANY LIMITED 43

R A
THE HOMNG KOMNG UNIVERSITY OF SCIEMCE AND TECHNOLOGY SEAFCO

=T




General description of hypoplasticity
constitutive model

= Key strength: capability of simulating path-dependent, strain
dependent soil stiffness of soil at small strains (less than 0.01%b)

Behavior at small strains Behavior at large strains
(5 parameters) (8 parameters)
Mg, My, R, B % dc: N, N, g, €co, €gor O, B

Model parameters: Herle and Gudehus (1999); Yamashita et al. (2000, 2009)

SEAFCO PUBLIC COMPANY LIMITED
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Calibration of small strain stiffness parameters

400 -
350 -

Secant Young's modulus,
E. (MPa)
N
S

® Measured [Yamashita et al., 2000]
B Measured [Yamashita et al., 2009]
= Computed [this study]

Toyoura sand, K, = 0.46,
e, =0.799, 6’5 = 46 kPa

0.0001 0.001

HEEMNEKAS
THE HONG KOMG UMNIVERSITY OF SCIENCE AND TECHMOLOGY

0.01 0.1 1
Axial strain, g, (%)
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Centrifuge and numerical modeling procedures

Model preparation in 1g

Increase centrlfugal
acceleratlon to 60g

Remove heavy fluid from ea
“Donut” one after another

Tunnel excavatlon
ch

Spln down to 19

1
!‘M" EEEHE AR
THE HONG KONG UNIVERSITY OF SCIENCE AND TECHNOLOGY

Initialize the numerical
model in 1g

d

{ Increase g-level to 60 J

4

/ Tunnel excavation: \
Volume loss:

Surface contraction (V, = 2%)
Weight loss:

Remove soil inside

\_ the new tunnel -

SEAFCO
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Interpretation of results

= All results are in prototype scale unless stated otherwise

SEAFCO PUBLIC COMPANY LIMITED 47
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Influence of construction sequence and cover
depth on the interaction of crossing tunnels

Where will you excavate your new tunnel ? Why ?

[~ B —7s

E2N3

| I (]| @

E3N2 E3N5 . oN3

2 M EKXB

=T

THE HONG KOMG UMNIVERSITY OF SCIENCE AND TECHMOLOGY ~searco .

Note: E2N3 E=Existing N=New

— C/D of existing tunnel
C/D denotes cover depth-to-diameter ratio
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3D stress transfer mechanism during new tunnel advancement
* Non-symmetric stress transfer

Incremental normal Crown and influence
stress Ao, (kPa) -200 «  Stress relief below shoulders
-150 but increase above
L-Shoulder 100 | R-Shoulder ', Exceed BD criterion
Initia 4 A

Ao =+ 20 kPa l Existing

(BD, 2009) E2 N 3 Z tunnel

R-Springline Q

Y/D= -15-0.9-0.30.30.9 15

-B--15
- New tunnel
-©--0.9 L-Knee i U R-Knee o

—+-03 ¥

-6-03 Sign convention: Influence of tunnel
-%-0.9 + Stress increase excavation = 1.5D
-A-15 - Stress decrease

L-Springline

Location of
tunnel face
(Y/D)

Result at different locations of tunnel face (Y/Ds)

HEEMNEKAS A SEAFCO PUBLIC COMPANY LIMITED 49
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Deformation of existing tunnel

Change in normalized Crown How tunnel will deform (E2N3 vs E3N2) ?
tunnel radius 0.10
(AR/Rq, %0) Vertical stress relief
in vertical larger v v
than horizontal /A v/
New tunnel
Initial Existing Y/D= 15
Stress reduction in ) =
horizontal larger = Q
than vertical CE 15 Existing
New tunnel
L-Springline R-Springline E2N3 E3N2

X Y

New tunnel

Existing() YID = 15
tunnel —
E5N3 i
Y/D = 15 Existing
| t New tunnel tunnel
nver
—A— Measured [E2N3] —&— Computed [E2N3] E3NS ESN3
~ 0= Measured [E3N2] —<%— Computed [E3NZ]
—& - Computed [E3N5] _ :
»+&4--- Computed [ESN3] Sign convention of AR/R,
+ Tunnel radius increase
(D, - D )Dy < 2% (BTS, 2000)

~ - Tunnel radius decrease
m HEEMR KB )\ SEAFCO PUBLIC COMPANY LIMITED 50
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Ground surface settlements at the end of tunnelling

Normalised 6ffset distance from

centreline of new tunnel (X/D)
6 5 4 3 -2 -1 0 1 2 3 4 5 6

E 0
E - i
o 5 :::--~§~~\\ ,””‘_—:==:
c S3=22 =227
(D)
E 10
o
D 15
3
T 20 C/D of new tunnel governs
b e
S settlements and then shielding
(7p]
5 ESN3
c
3 30 /. E3N2
8 —A— Measured [E2N3] & ==--- Computed [E2N3]
35 —O— Measured [EBN2] = - Computed [E3N2]
—O— Measured [EBN5] ===~ Computed [E3N5]
—B— Measured [ESN3] === Computed [ESN3]
13 Z X
—= 2]
@ l I l @
E2N3 E3N2 3N O E5N3
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Mobilized shear modulus of soil along the existing tunnel

20 ~

73
=
S
©
o 15 -
-
| -
$s
2S5 10 -
S &
g O
o i
4 ] -
= 70% reductigrﬁ i )
'S X Before tunnel excavation  After tunnel excavation
o X - = = =[E2N3] - A -[E2N3]
= 75% reduction _ _— _ [E3N2] - 8 - [E3N2]
0 ' a ' a ' a ' a
0 1 2 3 4

\
X/D = 0 |Existing tunnel

Location of mobilized shear

\
New tunnel | p
@ modulus considered
\

o For Tests E2N3
r HEEREABR

For Tests EBNZ
THE HOMG KOMNG UMNIVERSITY OF SCIEMCE AMD TECHMOLOGY SEAFCO

Normalized longitudinal distance
‘along existing tunnel (X/D)

Location of mobilized shear
New tunnel

:]nodulus considered Influence zone=1.5D

X/D = OTExisting tunnel
\
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Crown displacement existing tunnel at the end of tunnelling

Normalised longitudinal distance
along existing tunnel (X/D)

6 S5 4 3 -2 -1 0 1 2 3 4 5 6
-01 T % T % T % T % T % T i T % T % T % T % T ; T I
00 E3N2, E5N3‘$$;'——':“~:1\¢¢ Heave
T T =
A #  E3N2, E5N3
c O\ \\::\\‘
= Y Ol n \\‘\\\\
25 Settlement
O ~—~ S \\\
22, E2N3, E3N5
< S | 15mm (LTA, 2000) “~e "
=2 e _
§ § 0.3 7 20mm (BD, 2009) - = same P/D ratio
[ —A— Measured [E2N3] + ----- Computed [E2N3]
04 - —o— Measured [E3N2] '+ -=--- Computed [E3N2]
—O— Measured [E3N5]  ==--- Computed [E3N5]
----- Computed [ESN3]
s | Z % o i
X
@ | | [T | @
E2N3 E3N2 E3Ns O E5N3
-
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Induced strain along the invert of the existing tunnel

Normalised longitudinal distance
along existing tunnel (X/D)

Induced strainin
longitudinal direction (ue)

a1
o

100
150

N
o
o

250

2 -1 0

1

2 3 4 5

""""

- X T
Soeaae"

|

&t crack OF unreinforced
- concrete (ACI, 2011)

—&— Measured [E2N3]
—— Measured [E3N2]

- =,
- an = SV
- e =

2N3

../~ Tensile strain

Computed [E2N3]
Computed [E3N2]
Computed [E3N5]
Computed [ES5N3]

Sign convention of
induced strain

+ Tensile strain

- Compressive strain

TS TRES

E2N3 E3N2

@

[
E5N3

c

MIVERSITY OF SCIEMCE AMD TECHNOLOGY
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Computed strains induced at different locations in longitudinal
direction of the existing tunnel (Test E2N3)

250 - + Tensile strain
Invert :
200 s . 5 &t crack OF unreinforced concrete 7 i B
@ ’ : ACIl, 2001 X
3 150 +------- \<( ---------- ) @ '
£ S 100 Po~or N\ + Tensile strain E2N3
c .% Knee . . >\ $ I - . —
'© & —F e =0~._ 1 X/D =0
E qﬁ) 50 \\ é' . © ~% : Existing tunnel
23 )
O | New tunnel
33 «
c 2 .90 [ Shoulder.”
-_— # .. ) ;
> RS — "+ Crown - Compressive strain
S 150 & . -0 o — O— Shoulder
— Jy —&— Springline
200 1 Crown - 0= Knee
—xX = Invert
-250 : : : : : : : : |
0 1 2 3 4 5 6

Normalized longitudinal distance
along existing tunnel (X/D)
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Incremental vertical stress acting on existing tunnel

100 1 +20kPa - it
(BD, 2009) Stress increase beyond 1D due to re-distribution
A S0 - /_,_,::;'_'\_‘:—::::__:::1 -
E ________________ .,_’_'_’/_?___-__‘_:‘_5___>_ N :_T_r_ ___-_‘_'-__-?_-_-_‘_._"_'_"_'
L ot ST TESsEses
7P S 75—
/ J="1 ) It = ) : 2 :
2 LS / V4 ,l E2N3 E3N2 E3N5 E5N3
S b-100 (E2N3,-
s A _ E2N3
E 150 .7 ,¢7 Sign convention: - - —E3N?2
5 PP + Stress increase - B3N
c 7
= -200 +- - Stress decrease o EBN3
- ESN3
250 i - i
0 1 2 3 4

Normalized longitudinal distance
along existing tunnel ( X/D)

| | New tunnel

Existing tunnel

)

For Tests E2N3 and E3N5

Y]

% Location of vertical stress considered
I 1

Location of vertical stress considered

Existing tunnel

New tunnel

For Tests E3N2 and ESN3
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Effects of pillar distance (depth)
and shielding on multi-tunnel
Interaction

| Existing tunnel

| Existing tunnel

| | Upper existing tunnel |

¢ )New tunnel

Q Lower existing
tunnel

¢ )New tunnel ¢ New tunnel
E2N3 E2NS E2,3N5
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Ground surface settlement at the end of tunnelling

Off-set distance from centerline of new tunnel (X/D)

-6 -4 -2 0 2 4 6
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3] [ SN + shielding %7,
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8)) 10 _: \\ \\\‘ ~--—-"1,,’ I’
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“— i \ — /
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3 20 | ) PRy

o i a” P/D=0.5

© I A Measured [E2N3] === Computed [E2N3]

o5 | @® Measured [E2N5] === Computed [E2N5]
¢ Measured [E2,3N5] === Computed [E2,3N5]
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Vi V77’’’ 072777777777 hielding t |
) O€ shielding tunne
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Mobilized shear modulus of soil along the invert of the existing tunnel

Normalized shear modulus,
G after/ G before

=0
T T
éiﬁi
m:ﬂl
gm
5
S 4B

12 7 due to stress transfer

PD=2+
- Shielding T T
7 2 __-—-’-ﬁ.‘
10 N Ve 7 . sem T TS t{‘-* =
\ / s
08 + V| ¢+ 1.7
\ /I =7
o L7 —
s . S Influence zone = 4D
' ,', - — - E2N3
<<— =
s P/D=2 BN
04 4%
/ - = = E2,3N5
7/
02 1 PID=05
0.0 : i : i : i : i : i : i
0 1 2 3 4 5 6
Normalized longitudinal distance
X/D =0 along invert of existing tunnel (X/D)
@ OF shielding tunnel
; @ @
E2N3 - E2N5 E2,3N5
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Settlement along the crown of existing tunnel

Normalized longitudinal distance

along existing

tunnel (X/D)

6 5 4 -3 -2 -1 0 1 2 3 4 5 ©b
OO L . — } —1 —1 . | I — | — 1 | | !
X #%
- \\\ //,
= o S P/D=2.0 _
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s 0O
)
S ©
N € 02
C_G (¢b)
€
[ —
o B
Z 8 0.3
04 - —aA— Measured [E2N 3] = = = Computed [E2N3]
—@— Measured [E2N5] = = = Computed [E2N5]
—f— Measured [Eg,§N5] - = -Coﬁmﬁputed [E2,3N5]
I,
D, O €
E2XI\{3[,) 7 EoNs E2,3N5 2
-
m HF EHEAXEB
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Maximum induced
tunnel gradient
E2N3 =1:1600
E2N5 =1:2700
E2,3N5= 1: 2800

Allowable gradient
1: 1000 (LTA, 2000)

shielding tunnel
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Incremental vertical stress acting on the invert of existing tunnel

Incremental vertical stress,

S #

100 1 Stress increase beyond 1.5D due to re-distribution
PID=2+ Ao =+20 kPa (BD, 2009)
50 | Shielding B
N
N A, ____;_/____—_e_f___T_T_>_e-_-.~_..t__.;; __________
0 / s i I
~ ;T VoI
CU ;_;_;__ __1____” ______________________________________________
S o] UL
X .50 - / _
= S’ Influence zone = 4D
e
< / ,'
100 + ,“4——P/ID=2
_r /, = = = E2N3
150 £ - - -E2N5
 PID=05 - — = E23N5
-200 . } . } . } . } . } . i
0 1 2 3 4 5 6
Normalized longitudinal distance along
invert of existing tunnel (X/D)
. XID=0 T 0
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E2N3 Eons E23N5
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Incremental normal stress, Ao, (kPa)

3D stress transfer on the existing tunnel at different P/Ds

100 - Ac =+ 20 kPa (BD, 2009) Ac =+ 20 kPa (BD, 2009)
2 —n A—
SSSIIIIIopomeeeeo ringline
Sl TN TR [T TN T 2 9’*5132?::’.':;"_':':%55%';';';
--------- R_S_Eﬂngllne L-Springline
----- +
S X

L- Sprlngllne

Normalized location of advancing tunnel face (Y/D)

(a) Test E2N3
P/D =05 Existing Existing P/ID=2

tunnel @ tunnel Q

-100 1 —&—Crown 1 —A&—Crown
--%-- L-Springline --%---Springline Invert
-150 1 -—+--R-Springline | -—+--R-Springline
Invert
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-1.5 -1.0 -0.5 0.0 0.5 1.0 15 -15 -1.0 -0.5 0.0 0.5 1.0 15

Normalized location of advancing tunnel face (Y/D)

(b) Test E2N5

\YI
L tunn::> Result at different locations
—> of tunnel face (Y/Ds)
New tunnel
E2N3 E2N5
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Effects of shape of the existing
tunnel due to a new tunnel
excavation underneath

H_E2N5

Existing circular EXiStingrl] .
tunnel orseshoe-shape

tunnel

C_E2N5

New circular tunnel New circular tunnel

C_E2N5 H_E2N5

E.l. = Eyl; (same cross-section moment of inertia in the
longitudinal and transverse direction)
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Comparisons of ground surface settlement due to circular
and horseshoe-shaped tunnels

Normalized offset distance from centerline of the new tunnel

(X/D)
-6 -4 -2 0 2 4 6
0 - - - - - Maximum settlement:
C _E2N5: 12 mm

20 H_E2N5: 10 mm (20% smaller)

4 due to smaller reduction in soil
T =~ -~ stiffness
E ;
c
£
s 8
° Existing tunnel
® 10 ¢t
&
":5’ 12 | N

/
LR Greenfiele—"_ ~__*  Circular
o
o 16 —o—C_E2N5[measured] (Boonyarak, 2014)
—a—H E2N5[measured]
18
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Reduction of mobilized soil shear stiffness along the invert
of the existing tunnel

1.2

Normalized shear modulus (Gafter/Gbefore)

=
o

o

0.6

/7
o.46§7/\ Circular

Pad

Horse-shoe ﬁ/{_’_«—'
A° %

-~ %
r
7/

'

Stiffness reduced

/ ® H_E2N3[measured]

A H_E2N5[measured]
— =C_E2N3 [computed]
—& -H_E2N3[computed]
=©=-C_E2N5 [computed]
=2=-H_E2N5 [computed]

Stiffness increased due to stress transfer

- 0-- -~ o~
.ﬂﬁ—'ﬁ’ w=== g

= |arger reduction in shear
modulus (measured by bender
elements) in C_E2N5 than
H E2N5 (45% vs 78%
remaining)

= Much larger stiffness due to the
presence of horse-shoe shaped
than circular one

= Stiffness increase beyond 2D due
to stress transfer (redistribution)

= |nfluence zone about 4D

<( Existing tunnel
o
0.2 @\ {{\V
E2N5  E2N5-H
0.0 1 1 1 1
0 2 3 4 5 6
Normalized longitudinal distance along invert of existing
tunnel (X/D)
-
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Existing tunnel crown settlement (mm)

——

l

Settlement of existing tunnel

Normalized offset distance from centerline of the new tunnel (X/D)

-2 0 2

—+—C_E2N3[measured](Ng et al., 2013) — -C_E2N3[computed]

—=—H E2N3[measured] —= -H_E2N3[computed]
—o—C_E2N5[measured]( Ng et al., 2015) =--o--C_E2N5[computed]
—a—H_E2N5[measured] =2--H_E2N5[computed]
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For larger pillar depth

H E2N5, max. : 9 mm
C_E2N5, max. : 12 mm (33%
larger)

Larger for circular, stress path closer
to CSL, stiffness smaller
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Cross-sectional deformations of existing tunnel

Existing tunnel cross-section deformation

along radial direction (mm)

L-shoulder

L-springline

L-knee

® Horseshoe measured

=&—Horseshoe computed

2 M EKXB

=T
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5
circular !

Invert

Crown
4

Note: Result at mid-plane, X/D =0
Sign convention of AR/R,

+ Tunnel radius increase

- Tunnel radius decrease

R-shoulder

horse-shoe

R-knee

Vertical : measured elongation at
invert of horseshoe-shaped tunnel
doubled that of the circular (3.8
mm and 1.9 mm)

Vertical : overall measured
elongation horseshoe-shaped
tunnel 20% larger circular (5 mm
and 3.8 mm)

Horizontal : larger compression in
circular tunnel than horse-shoe
shaped

® Circular_measured ( Boonyarak, 2014)

=&—Circular_computed
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Transverse bending strain induced on the existing tunnel

Induced bending strain (e )

H_E2N5

Existing
horseshoe-shaped

tunnel

R «—— L

| T

New circular tunnel

=T

Look out of screen

L-shoulder - -

/

L-springline |

L-knee\

—&— Horseshoe measured

—=8— Circular_measured
Ng et al.2015)

-d-- orseshoe computed MaX

=<=-Circular_computed
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Sign convention:

+ induced tensile strain

- induced compressive strain

“~_, R-shoulder

max

/

? R-spr

compreéssive
strairy

/
-~ R-knee

Horse-shoe

Asymmetric strain
distribution due to
3D tunnelling
process and stress
transfer

Only compressive
strains at R-
springline and R-
knee, but others
tensile

tensile strainCracking limit: 150 pe of unreinforced
concrete (ACI, 2001)
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Computed incremental normal stress acting
on existing tunnel

Incremental normal stress (kPa)

H_E2N5
Existing
D horseshoe-shaped
tunnel
€ L-shoulder
| T
New circular tunnel
L-springline

Stress decreased below
springline (SL)

=T

= = =Initial
—&— Horseshoe_computed

—&— Circular_computed

2 M EKXB
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Invert

R-springline

Sign convention:
+ Increase in normal stress
- Decrease in normal stress

Horse-shoe

Asymmetric stress
distribution

Stress reduction below
the springline (SL) but
increase above SL
Exceed BD requirement
Max reduction at knees
Min reduction at invert

Circular

Stress reduction below
the springline (SL) but
increase above SL
Exceed BD criterion
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Computed incremental hoop stress of the existing tunnel

Horse-shoe
* Asymmetric

7 Crown distribution of hoop
- 2500
e, stress

-— L-shoulder 1500 R-shoulder !—Ioop aliees
TPPTTTT] increased except at

invert and R-knee
 Discontinuous at two

knees

Incremental hoop stress (kPa)

R-springline

Circular
* Asymmetric
distribution
» Hoop stress increased
Rolmee everywhere
= = |Initial
—=— Horseshoe_computed Invert fcu = 50 N/mm2
or 50,000 kPa

=== Circular_computed
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Summary and
Key conclusions
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sSummary

Interaction of crossing-tunnel Investigated using a novel
techniqgue modelling effects of “volume loss” and “weight loss”
for tunnel excavation in three-dimensional centrifuge tests

Three-dimensional back analysis of tunnel-tunnel interaction
carried out using an advanced Hypoplasticity constitutive model.
The model has a capability of simulating stiffness dependency on
state, strain and path

Factors influenced interaction of crossing tunnel considerd:
= Construction sequence and tunnel cover depth

= Pillar depth and shielding

= Shape of the existing tunnel
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Key conclusions

Influence of construction sequence on crossing-tunnel interaction

= Tenslile strain induced at the invert in the longitudinal direction is
significantly larger when the new tunnel is excavated beneath than
above

= Vertical displacement of existing tunnel

=  Settlement due to new tunnel excavation beneath was significantly
larger than heave caused by new tunnel construction above

=  Reason: larger vertical stress reduction and smaller mobilized shear
modulus around the existing tunnel in the former than the latter

= Deformation of existing tunnel
=  New tunnel underneath = existing tunnel elongated horizontally
= New tunnel above = vertical elongation of existing tunnel

= Reason: Arch length above the new tunnel extended further than
below the new tunnel =)reduction in stress in the horizontal direction
> vertical direction in the former case
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Key conclusions

= Effects of P/D and shielding on the interaction of multiple tunnels

= Settlement of existing tunnel

C Two-tunnel interaction: 50% smaller settlement at P/D of 2 than at
P/D of 0.5

=  Three-tunnel interaction: Shielding effects = 25% smaller settlement
(for both tests at P/D of 2)

= Reason: Decrease in mobilized shear modulus and vertical stress
acting on the existing tunnel reduced with increasing P/D and
shielding effects

= Deformation mechanisms of existing tunnel

= Elongated horizontally at P/D of 0.5 but elongated in the vertical
direction at P/D of 2

=  Reason: Arch length of new tunnel extended to the side of the existing
tunnel at P/D of 0.5 = stress reduction in the horizontal direction >

vertical direction
SEAFCO PUBLIC COMPANY LIMITED
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Key conclusions

Effects of horse-shoe (HS) shaped tunnel

= Settlement of ground surface
=  20% smaller induced ground settlement than circular tunnel
= Reason: smaller reduction in soil stiffness in HS-shaped tunnel

= Deformation of the existing tunnel
= Larger elongation in the vertical direction than circular tunnel
= Reasons: larger vertical stress reduction, smaller hoop stress below
the springline
= Larger bending moment (BM) induced in HS-shaped tunnel below the
springline than circular tunnel.
=  The max. BM induced at invert of HS was three times larger
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