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Soil - Structure interaction
in tunnelling
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iii Soil - Structure interaction

.

Two main components :
@ Soil
@ Structure
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| Two main components

@ presence of porewater in soil and its
pressures and movement through the soil
mass

@ deformation characteristics of the soil
skeleton, including its ultimate failure in shear

@ in-situ stresses
@ behaviours of soil

@ Structure:
@ magnitude of the relative deflections

@ distribution of forces and stresses within the
structures

Tunnels

—~-Martin Hutter — Jean—CGharle
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Excavation Methods

Drill and Blast Method Tunnel Boring Machine (TBM)

arry\DWEeey . Responsable du cal.:
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w2571 [CONTROL DEFORMATIONS

The need for control of deformations arises from
the following concerns:

» To avoid damage to the infrastructure and buildings on the
surface.

» To ensure the safety of the workmen in various stages of the
excavation.

» To control the increasing of the bending moments in the
temporary lining that may result from loosening of the ground,
asymmetric loading (due to the geomorphology, proximity to
another cavity), and heterogeneity of the ground.

» To avoid the initiation or recurrence of the phenomenon of
slope stability.

-+DESIGN PROCEDURE IN TUNNELLING
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(From International Tunnelling Association)
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@ Closed from solutions/ Analytical methods
@ Numerical methods :

@ method of springs
@ finite element method

" FINITE ELEMENT METHODS

ee

DATA NEEDED :

@ Geotechnical data
@ Mechanical behaviour of ground
@ Mechanical properties of ground
@ Initial state of stress
@ Model boundary conditions

@ Lining data
@ Mechanical behaviour of lining
@ Mechanical properties of lining

@ Support/ground interface data
@ Mesh generation and computations
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MECHANICAL BEHAVIOUR OF GROUND

e

CONSTITUTIVE MODEL

DEFORMATION <« STRESS

BEHAVIOURS OF GROUND

Elastic

Elasto-plastic

Softening-hardening

Creep : Viscoelastic and viscoplastic
Swelling, etc...

o MEGHANICAL PROPERTIES OF GROUND

e

ELASTIC MODEL :

@ Young’s modulus : E
@ Poisson ratio MV}

TRESCA MODEL :

@ Undrained cohesion : Cu

Mohr Coulomb MODEL :

@ Cohesion:C
@ Internal friction angle : @
@ Dilation angle Y
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INITIAL STATE OF STRESS

5
O B
- H >1
Onset of l E""-‘ _‘
Plastic Zone O \. M O
Mode 1(localised) @

IPIIIIIIIIIIIIT
Plastic Zone w g
—_—
at the sidewalls

Mode 1-1 Mode 1-2 Mode 2-1 Mode 2-2

.e

Mode 2 (all around)

Plastic Zone

STRESS RELIEF

at the crown
Mode 1-1.1 Mode 1-1.2 3

Onset of Plastic Zone around a tunnel in urban environment for different Ko
values and as stress relief takes place around it (the ground is ideally
plastic and c=0 and @ is 35° (Wong and Kaiser,1991)

o5 MIGDEL BOUNDARY CONDITION
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o B 6| ACEMENT ON BOUNDARIES

.e

SHALLOW TUNNEL DEEP TUNNEL

l...I."'
e LT L )

Computation Methods

e
Computation Methods
|
| l }
‘ Plane strain ‘ ‘ Axisymmetric ‘ ‘ 3D ‘
- stiffness of the - stiffness of the lining
lining - circular shape
- actual shape of the - one layer of the soil
tunnel -Ko=1.0
- stratigraphy of the - advanced rate of
ground tunnelling
-Koz1,0 - distance from the
working face
- reinforcement on the
working face
g |
‘ Deconfinement rate method &
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Calculation Procedure

P | u f Deformation U 4 Deformation
y=d-L2

2 Confinement curve

d = last lining distance
from the working
face

p = advanced rate — y 4 [1 - /1]0‘0
P

Convergence curve

y; | Horizontal Distance [1-4] " Stress

A= initial deconfinement rate

FLA B

o
SR L LA B

; Con,\(‘eri'gence — Confinement Methods

_ i 0 \\-..\ // ’/
0.5 10 Ud'}{?% ) 0 5 3.0 % 60 %4]
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(L= nrn-nj'd.l:—nj [ ] ‘b 80 / / ,/ T

100 / /
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' Worksite of Lyon Metro line D

*e "

OBJECTIVE

*e "

To assess the influence of

strain-softening of the soils on
settlement

due to tunnelling

20
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' CONSTITUTIVE MODEL USED

.e

@ Mohr-Coulomb @ Mohr-Coulomb

with strain-softening behaviour

»

> E ey ' > Ejey

21

MOHR COULOMB WITH STRAIN-SOFTENING BEHAVIOUR
(PURWODIHARDJO AND CAMBOU 1999)

.e

Two additional parameters
* parameter X
* parameter s

- BNC residial - [BE_ . AB|

Deg ps " Edey

O-res — S ° O-peakI

22
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*e "

GENERAL EQUATIONS

for £7°=0

e
for 0= < gf"Ltang = [1 —(1-5) gpg]tan;épe“k
&

for 7= gops

tan ¢ = tan ¢#**

c= Cpeak

peak
CTr :Cfr

PE
= 1—(1—J)£— -k
el®

0

0
: oF* ppeak
o = ? o
)
PRI cpeak

tan g™ = g - tan gFoF

$7ES
o =

23

e NALIDATION TEST ON DENSE SANDS

*e "

(MOHKAM, 1983)

0.28 4
ST 0.26 3 R L
model 0.24 3 model W
63 = 0.60

T

24
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. s
o.ulul“".. z

& Data real
+0.00

Filling material
Silt 1
Silt 2
Silt 3
Sand

Silt 4

. STRATIGRAPHY ON SECTION P2

@ Input data

table

Grey silt

Grey Clay
Sand

Sand and gravel

S4|m

\_/

25

____Soils

Five parameters of
Mohr-Coulomb :

w2 SARAMETERS OF SOILS AND LININGS

_Linings |

Thickness of lining : 350 mm
Elastic parameters :

E,=6.0 Mpa
v=1/3

c =50 kPa
¢ =22°
P=2°

Two parameters of
strain-softening model :

Model I : y=5.0
$=0.5,0.75et 1.0

E,=13.5 Gpa
v, =0.20

26
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e CHARACTERISTIC CURVES OF SOIL

vy (PLANE STRAIN CALCULATION)
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-~ YERTICAL AND HORIZONTAL CLOSURES

8
g 74 Vertical Closure =ydc+ydi [ ¢ s=10
> --5=0.75
3 61 —+5=050
]
857
844
5
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g 27
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Tunnel of Tartaiguille

TGV Mediterranee - Tartaiguille tunnel Keys:
‘ LYON Construction times MARSEILLE ' Upper 7] L;,;?ymneﬁ
Stampien| @ limestones
Northern T L Southern
portal . Lower
—— Stampien
marly ‘{:e
clays 5

T T T 1
Half section 500 1000 ™) 1500 Half section 2000 2500 @ Albien
Limestone- Full section/face method Albilon saridstones. sandstones

rpaﬂy limestones Stampien clay Aptien blue marls ) 7 Aptien blue

1
600 800 1000 1200 {1400 1600 1800 2000 2200 2400

Headling-bench
method

mg.uu. [Seneduied] *,}

s [Frnga) N

C ‘within 36 month:

oo
iy
..,..u-"".
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Cross section of tunnel

*e "

Heading — Bench method

35

Cross section of tunnel

Full face method

Dimensions of tunnel Soil stratigraphy at section PM 1168

36

SOIL-STRUCTURE INTERACTION IN
TUNNELLING,
ARDIE PURWODIHARDJO 18



LECTURE SERIES SEMINARS AND
WORKSHOPS ON GEOTECHNICAL
ENGINEERING PRACTICE

::..E)&;;\{ggibn Sequence — Full face method

PHASE T PHASE IIT PHASE IV
Reinforcement of working face Temporary Lining Excavation and
Spray Concrete pouring of invert part

PHASE II Temporary Lining PHASE V
Excavation in full section/face Steel frame - HEB 300 Final Lining
; " il & a1 oy Cast-in-situ concrete

TN

g 07
-oo""".-'. { |

TR

1)

3 Dimensional Model

Title

Introduction

Comput. Methods

Example Cases
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Plane Strain Model

JOB TITLE : TUNMNEL DE TARTAIGUILLE - P'M 1168

FLAC (Version 4.00)

PHASE . &

<N,
s N “a,

(3

&

LEGEND

MARMES NOIRESIGRISES
MARNES CALCAIRES

BETOM PROJETE + CINTRES
BETON RADIER
REVETEMENT DEFINITIF

ENEBETON
I NIVELLEMENT DU BETON

|||||

ECOLE CENTRALE DE LYOMN
EQUIPE CEOMATERIALX - LTDS

€A

BT e am pEm oaoo

r v v v ¥ ¥ 4
d

e uentla excavation method
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strain (&)

VISCOUS EFFECTS

Tertiary

cree
Secondary P Secondary

creep creep

Tertiary
creep

time (t)

o

ARDENING WITH A BOUNDING SURFACE
4 (PURWODIHARDJO AND CAMBOU 2004)

1 fe N
artificial state of stress y yield surface
surface (R;) / (R)

creep surface

state of
stress
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]

.“' Deviatoric viscous mechanism

Viscoplastic strain rate

gy _ L(
n

m
d
5) o
|

ov

Viscosity

R
= 1o e
n 770[ [Rm

Function of retardation

m m e e
ov o (L PR G:;d:af |4 N My
or R, - R, ooy |\ 9oy
where

Evolution of creep
surface

CALe
5
g

SIMOL

=

-

[P

w

Deviatoric Stress (MPa)
IS

5}

o

Black marl Calcareous marl

I T 35 T T T T

ol o | | | |
301+ — — — - — - - — — _ 1l oda290np

| Jo | |

w | o T

2259 I o I |

b | o |
200+ — — — I—f Jo——— 4 k- Te—

4 l L
R e i i e
— Simuiationpc=38MPa | | & ° Exp.po=225MPa

N H 0+ —4A === ~—— Simulation pc = 2.25 MPa |_|

7777777777777 o Exp.pc=4.12MPa a o Exp.pc=5MPa
— Simulation pc = 4.12 MPa P /4 S —— Simulation pc =5MPa ||

*********** T T " T T

| | | |

T T + + 0 t T
0.5 1.0 1.5 20 25 3 0.0 0.5 1.0 1.5 20 2.5 3.0
Axial Strain &1 (%) Axial Strain g1 (%)
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.+ SIMULATION RESULTS OF CREEP TESTS

Black marl
B | O Exp.so=0.669 MPa
’ - 1298 MPa | ——Sim. s0 = 0.669 MPa
LR o0= 1298MPa - — — — 7 O Exp.so=1.298 MPa
MF T 777 | ——Simso=1.298MPa
31 2 | | ©0 = 0.669 MPa
1.0 4 | — T T T —
S8 Loy . D O o |
| | |
ol S i
041 I I I
| | |
024 | | |
0.0 . ! | |
0 200 400 600 800 1000
time (h)

Calcareous marl

T T T T T T
2.558 MPa —

035 B | I L I I I
0308 ! ! ! | 6o = 1.288 MPa
= | | | | |
Loz A R T
0208 0 Exp.so = 1.288 MPa
015 — — Sim. so = 1.288 MPa
0.10 O EXp so = 2.558 MPa
oos b ———— 1 _ : —‘Slm‘. 50 = 2.5?8 M‘Pa
0.00 + 45
0 100 200 300 600 700 800 900

400 500
time (h)

s | [ Axisymmetric condition with
ELASTOPLASTIC-VISCOPLASTIC model (Purwodihardjo, 2004)

The sequences of the actual excavation are as follows:

(a) excavating the section with the advance rate: 1.5 m per 0.5 day until 6 m,

(b) stopping for one day

(c) continuing the excavation with the advance rate: 1.5 m per 0.5 day until 6
m,

(d) stopping for three days (to represent the installation time of the anchors
on the working face)

(e) Continuing the excavation.

Position F-G
0.020
=M 1168
E s || —actualrate | [ R o e
o
g 0.010 ] p .g
= e :
3 ¢ =
0.005 4 e . A %_
b
J
0.000 -

0 4 8 12 16 20 24

;g?on

Distance from the working Face (m)
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Lakhdaria Tunnel — Algeria
(Autoroute Est-Ouest)

" SN

Lakhdaria Tunnel - Algeria

Jet Grouting in T2 East

Reinforcement of working face

48
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=771 \|Lakndaria Tunnel - Algeria

[ore——"—

e (T]

-RADIER COMTRE VOUTE, CLASEE 10
A, B TOM I PROPPCTE CLASSE 20
LIS THRCRIGLS CDXAAATION
COUPE TRANSVERSALE DU
PROVISOIRE DU TUNNEL "CLASSE D"
woL v

Cross section of tunnel : & 49

GRID MESHUSED 50
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Ground Freezing

Phase Changes

—— LIQUID —> SOLID — LIQUID ——

Structures Ground
L » supported —> supported by o
by ground structures

GROUND PROPERTIES = f (temperature, time)

54

Ground Freezing
ADVANTAGES

1.STRENGTH
Soil strength is increased many times and frequently excavations are rendered
stable without any further temporary support. Frozen soil can be likened to a
weak concrete or rock therefore complete stability can be assured.

2.IMPERMEABILITY
Impermeability is common to all frozen soil types thus the requirement for
dewatering or pumping is eliminated.

3.STABILITY

Settlement associated with vibration during piling and removal of fines due to
pumping are eliminated.

4.NON-POLLUTING
Freezing does not pollute the ground water or affect its level in any way.

5.VERSATILITY
Freezing satisfactorily stabilises and excludes ground water in all types of
ground from fine micro-grain to fissured rock structures.

6.SAFETY
A safe working environment is provided eliminating hazards associated with
toxic chemicals compressed air working excessive noise and the possibility of

pumping contaminated groundwater. 5
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Ground Freezing

@ Install the freeze

,Frojm ground

tubes around the

tunnel
@ Development of the
ice ring

@ Design thickness

achieved
e, R @ Complete Freezing
| S }\‘—7 A
! ) \(¥4 of Core
Stages in | VY '

rowth of

ice-wall. - 5
T AT

53
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Lok Ma Chau Spur Line, Hong Kong

Ground conditions

(e

3

Cross Passags No. ]

Appros. Invert Level: =15 mPD
Appros. overtunden i 15.5:  above eroem of OF
Ciroumd Coadtion: ooy
+5 Est. S3ET-M around CP: 10T
Boechals Ref.: LDD200DTRPL] & LDD-2000
DHUDLY

s Ex GL +4.30m

- MunkeinS0Y 4

e SRR _ \\\;\:\‘;\\\ 5

\Fh»\ dtt:]ogt-ﬁs;ctxlm Lf
CP3
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*e "

sl Mal Chau Spur Line, Hong Kong

Construction Sequence

57

LDB201 Ground Freezing

«+.:Sjte Installation — Freeze Unit (Down

| 200m

S0m 250m |

Legend:
% Dia. 150mm pipe line

0 Dia, 100mm pipe line

——= flow direction of brine

MNotes:
Ground freezing units lecated in between CP2 and CP3

58
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*e "

LDB201 Ground Freezing
Site Installation — Freeze Unit (Down)

Connect to 50mm
mEipe

LDB201 Ground Freezing
. Site Installation — Freeze Probe Details
E enne m S0mm | Freezs Head | 1 External and Internal Freeze Tube ‘
| o . ‘ Internal freeze tube __50m < 20mm
. r 3y i
B ( E\ \ |j§ E]E[
_[ I LFIEEZE head \\ TS‘* | spacer E ternal freeze tube

= detail)

Steel spacer

Internal freeze tube
Internal freeze tube

T Extemnal frasze tube

Steel Spacer Detail

60
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Ground Freezing

' f//}/}- 1

////////// zﬁ -
¥
g 7

_’///////////4,

A
-

SN
=) |
4l

s A //// T
w /////,//, :

Ground Freezing
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Ground Freezing

JOB TITLE : Cross Passage - Ground Freezing - Elastic condition - Lok

FLAC (Version 4.00)

LEGEND

15-Sep-04 17:57
step 1954

-1.322E+00 <x< 6.623E+00
-4.025E+00 <y< 3.920E+00

Grid plot

0 2E 0
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’Gi"c'ﬁi'n'alFre,ezing - Temp. Contours at 2 Weeks
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’Gi"c'ﬁi'n'alFre,ezing - Temp. Contours at 4 Weeks
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Groiind Freezing - Temp. Contours End of Exc

*e "

Notes

*e "

@ Choose a sympathetic treatment to solve

problems of soil-structure interaction.

@ Instead of performing a 3D numerical
analysis, a 2D numerical analysis (plane
strain and “axisymmetric” models) could
still achieve fair accurate results by using

the deconfinement réte method.

70
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*e "

@ Questions

& Answers

Qand A

74
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