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Presentation of important differences with
Tunnelling in (Hard) Rocks and Soils

SESSION 5 : Excavations and Tunnelling — Paper Topics

54 papers are included in the Proceedings

Session 5.1 : Excavations and Retaining Structures

Topic Sub-topic | No of papers
Desi

Flexible walls (strutted, anchored) e5|gn_ v

Construction 1

Rigid walls (diaphragm, secant pile, jet grouted) el g

& b s Jf Construction 2

Soil nailing - reinforcement 4

Cut+cover tunnels 2

Compensation grouting 1

Other (seismic response, dewatering, hydraulic .
heave, rock slopes)

TOTAL = 30




SESSION 5 : Excavations and Tunnelling — Paper Topics

Session 5.2 : Tunnelling

Topic No of papers
Face stability / Face reinforcement 5
Numerical analyses 4
Monitoring tunnel excavation 3
Estimation of material properties 2
Case studies with classical tunnelling methods 2
EPB tunnelling 2
Cut+cover deep excavations 2
Creep effects / squeezing ground 1
Micro-tunnelling 1
Other (Multi-utility tunnels, rock bolts) 2
TOTAL = 24

Tunnelling in Hard Soils — Weak Rocks (HS-WR)
Important issues

1. Difficulty in measuring ground properties and assessing
ground parameters

2. Face deformation (shallow tunnels) and stability (all tunnels)
» Most common & important issue in tunnelling HS-WR

» Most failures are caused by face instability

» Depends on (pressure / strength) =2 high in HS-WR

3. Time dependent ground loads / deformations
» Squeezing conditions : depend on (pressure / strength)

» Swelling conditions (in specific materials, like sulphate
claystones and evaporites)

Note: Very deep tunnels in “Rock” and relatively deep tunnels in “Soils”
also have problems (2) and (3a) . effect of (pressure / strength) ratio




Important issues of tunnelling in HS-WR

1. Measuring ground properties & assessing ground
parameters

Tunnelling in HS-WR - Important issues

1. Difficulty in measuring ground properties and assessing
ground parameters

Soils : Ground properties via classical Soil Mechanics methods
Sampling > Testing > Interpretation -> Properties

Rocks : Ground properties of rockmasses estimated empirically using
Classification Systems and empirical formulae

Inspection/testing | Classification | Rockmass Index [ Empirical | Rockmass
of rockmass System | (RMR, GSI) formulae ~| properties

HS-WR :
» Heterogeneity + discontinuities (scale effects) prevent the application of
“soil” methods
* Rock classification systems are not appropriate

Methods commonly used in HS-WR :

* Modified “Classification Systems” and modified empirical formulae, or
* Monitoring + Back analyses |:> Ground Properties




(Bieniawski, RMR 1989) in a marl
RMR =64 = E =2 (RMR) -100 =28 GPa
Actual E = 0.5 GPa

A. CLASSIFICATION PARAMETERS AND THEIR RATINGS

Parameter Range of values
+ | Point-load >10 MPa 4-10 MPa 2-4 MPa 1-2 MPa For this low range -
Strength | strength index uniaxial compressive
of test is prefesred
1 | intactrock |Uniaxial comp. >250 MPa 100-250 MPa 50-100 MPa 25-50 MPa 525 B 15 <1
material | strength MPa § MPa §MPa
Rating 15 12 7 4 2 1 0
Drill core Quality RQD 90%-100% 75%-90% 50%-75% 25%-50% <25%
2 Rating 20 17 8 3
Spacing of discontinuities >2m 06-2.m 60-200 mm <60 mm
3 Rating 20 R 5

Very rough surfaces lightly rough surfaces fiSlightly rough surfaces |Slickensided surfaces | Soft gouge >5 mm
Not continuous cparation < | mm Separation < | mm or thick
Condition of discontinuities | No separation lightly weathered Highly weathered Gouge < 5 mm thick or
4 (See E) Unweathered wall rock fwalls walls or Separation > 5 mm
Separation 1-5 mm Continuous
Continuous
Rating 30 20 10 0
Inflow per 10 m 10-25 25-125 > 125
tunnel length (1/m)
Ground |(Joint water press)/ 0 0.1,-0.2 0.2-05 >0.5
5 water |{Major principal ©)
General conditions Completely dry Damp Wet Dripping Flowing
Rating 15 10 7 4 0
W v o
GS| 2 ;P igen
oy o
FOR JOINTED ROCKS  uE > assitication
1 14
(Hoek and Marinos, 2000) g = u System for
1] ”
STRUCTURE N O | pecre ASING SURFACE QUALITY &—> poor rockmasses
_JINTACT OR MASSIVE
~ lintact rock specimens or
massive in situ rock with few
widely spaced discontinuities ;
BLOCKY-well interlocked GeOIOQ | Cal

ndisturbed rock mass consisting
f cubical blocks formed by three
/lintersecting discontinuity sets

VERY BLOCKY -interlocked,
partially disturbed mass with
multi-faceted angular blocks
ormed by 4 or more joint sets
BLOCKY/DISTURBED/

SEAMY folded with angular blocks
ormed by many intersecting
iscontinuity sets. Persistence of

e UOINY plares O (11510

DISINTEGRATED

poorly interlocked, heavily

broken rock mass with mixture ﬂ
slof angular and rounded rock

LAMINATED/SHEARED
Lack of blockiness due to s (i.e., low fraction of

lose spacing of weak soil-like material)

Strength Index
(GSI)

{ Hoek & Marinos, 2000

Red area (GSI < 35)
may cover some
types of HS-WR

_ DECREASING INTERLOCKING OF ROCK PIECES

which maintain
Particle Interlocking

chistosity or shear planes




Plasticity index of the soil-fraction
Non-plastic 20% 40% 60% 80% Pro Osal Of
ROC!" SOi!‘ Friction angle of the soil-fraction p 3
fraction | fraction § ., 50 550 550 500 1750 150 1250 GSI extension
(%) (%)
above 80% | below 20% | Rock-mass is competent — use standard GSI values for Weak ROCkS
O = ZU" : .
80% 20% ] / / / / / without particle
| 40 interlocking
/ / / / / / | | due to the presence
60% 40% [T 1 of soil-like material
35 30 25 20 15 10 (0)
AN LN L (e.g. > 20%)
[ ]/ 5
40% 60% 60%{—f—f / = / / 4
[—f— / 1 / Structure of rockmass :
r / / / / / I - Soil fraction
20% 80%
below 20% | above 80% | Engineering soil - Use a soil mechanics description Cond_lthn of dlSCOntlnl.JltleS :
In strongly anisotropic rock-masses, the shear strength parameters obtained from ~ Friction angle of soil
the GSI values correspond to failure planes normal to the layers. For failure
planes in a direction forming an angle ¢ with respect to the layer, use:
o 6
=@ + — — c=c +c,—c )|—
o=+, ~o )55 e —e g
(¢, ®,) = shear strength parameters along the direction normal to the layer
(Cs 5 @) = shear strength parameters of the soil-fraction along the layer Kavvad aS, 2003

Empirical formulae for assessing ground properties using
Rock Classification Systems (example : GSI)

1. Hoek-Brown failure criterion (Hoek et al, 2002)

' o, , 05 = principal effective stresses at

! ! O- i
1id 3 a failure
G030 (mb o + S) 0. = Uniaxial Compressive Strength of
Ci intact rock

Rockmass parameters : m,, S, a

GS -100 L alssGHlL

M =M expl 4D i

e (e—GSI A5 e—20/3 ) D: Degree of rockmass disturbance due

&7 _2— = g to blast damage or relaxation (0-1)




Empirical estimation of ground parameters using GSI index

E_(GPa)=(1- B)\/ T MEa L {18 Mt e Hoek et al, 2002
2 100
=Dy TLee
Eqi=E |:().()2 + T @GS —‘ Hoek & Diederichs , 2006

10

Case histories from Hoek, Kaiser and Bawden (1995) [l

o
w
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E., = Rockmass deformation

Case histories from Hoek and Brown (1997) A

mOdU|US "E-_. 08 _Derived from various rock types, Marinos andHoek (2000) .}/’
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Important issues of tunnelling in HS-WR

1. Measuring ground properties & assessing ground
parameters

2. Face stability and deformation

3. Time dependent ground loads : Squeezing




Tunnelling in HS-WR - Important issues

2. Face stability (all tunnels) and deformation (urban)
» Single most important issue in HS-WR tunnelling
* Most tunnel failures are caused by face instability
* Most unsuccessful applications of NATM are due to poor face control

NATM idea : Resistant “ground-ring” surrounding
the tunnel (von Rabcewicz, 1964-1975)

Implementation :
* monitoring tunnel wall convergence

« controlling the development of the “ground ring”
by closing the tunnel invert

Ground
ring

No attention in face stability and its control (in classical NATM literature).

* NATM was meant for “Rock Tunnelling” and such tunnels usually do not
exhibit face instability (except very deep tunnels) ....

 Analysis of face stability was difficult

Control of face stability in HS-WR

Closed-face TBM : Ideal for face stability/deformation control

Slurry EPB

P screw
conveyor
- g

C—— | | p=0

| 5& I 5&
/ /

Counter-pressure by Counter-pressure by
bentonite slurry (conditioned) excavated ground

Mainly in cohesionless materials Mainly in cohesive materials




Herrenknecht 15.2m dia. EPB
machines used in Madrid
Metro (M-30 project)

Miocene / Pliocene hard clays

Cy
TR LRI I

Maynar M.M. (2007)

Control of face stability in HS-WR
Open-face TBMs cannot adequately control face stability

Athens Metro — Initial project (1991-2000)
9.5m dia Open-face TBM

Athens “schist” : weathered / sheared Phyllite




Open-face TBMs cannot adequately control face stability
Athens Metro — Initial project (1991-2000) - 9.5m dia Open-face TBM
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Open-face TBMs cannot adequately control face stability
Athens Metro — Initial project (1991-2000) - 9.5m dia Open-face TBM

Face reinforcement with bored piles to improve stability
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Control of face stability in HS-WR

If mechanical excavation is not practical - Classical methods
» Short tunnel length (economic reasons)
» Lack of space for start-up shafts

 Verification of face stability is critical

» Face improvement is usually required

* In urban tunnels, excessive face

extrusion (face take) may cause
ground subsidence - face

Improvement

Extent of surface
=ettlement trough

Control of face stability in HS-WR

Kallidromo Railway tunnel, Hard Neogene clays ( H= 100m )
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Control of face stability in HS-WR
Analytical verification of face stability :
Limit analysis methods (Rigid — Perfectly Plastic collapse mechanisms) :

* Blocks and prismatic wedges Leca & Dormieux (1990) /%,
« Circular surfaces | |- | | o |
* Logarithmic spirals - e
/M -
N1 IH
\>L : {
Lie |k y o
sk o . ., :
\3\5/ H '
F
Subrin & Wong (2002)  f-_ .
C > = E H -
B : zy ¥ T s
&A kx D Sy
Z 5
Horn (1961) o = o
Anagnostou & Kovari (1996) r] B
Control of face stability in HS-WR
Numerical analysis of face stability : Calculation of

“face extrusion”
_ Surface subsidence

» Controls face stability

e Can be measured in
the field

* Not influenced by
support measures

SUPPORT IS INSTALLED

Wall convergence :

* Misses most of the
deformation

 Strongly influenced by
support measures

Face extrusion 6_ ’
(axial displacement)




Control of face stability in HS-WR

Numerical analysis of face stability : Requires 3-D finite elements

= —i‘-"‘ —
ik
iI

Contours of ground*deformation ahead of a shallow

Control of face stability in HS-WR

Numerical analysis of face stability : New control parameter

PhD theses in NTUA :
|. Spyropoulos (2007), P.Fortsakis, G.Prountzopoulos (in progress)

Paper in Session 5.2 : “Use of face extrusion measurements in assessing
ground properties during tunnel construction”, M. Kavvadas & |. Spyropoulos

or E | Strain greater than 10% EffeCt Of NS

14F Extreme squeezing problems

13| on wall convergence
12

al Hoek & Marinos (2000) response:

10

Classical parameter
controlling tunnel

o
o
*
o
©
E
8
©
2
= 2p
: Wt
e 71 Strain between 5 and 10% S kb
= D v i bl
2 s ery severe squeezing problems O—
L cm
E 5 Strain between 2.5 and 5%
c 4} Severe squeezing problems
S
T 3 c Strain between 1 and 2.5% (pressure / Strength)
w 5 Minor squeezing problems Strain less than 1%
-% ! B Few support problems
= A
(D 0 1 l
0.1 0.2 0.3 0.4 0.5 0.6

G../P, = rock mass strength / in situ stress




Use of face extrusion measurements in tunnelling in HS-WR

Results of 3-D numerical analyses — Deep tunnels with unsupported face

DepthH>5D
1,80
1,60 | Yymax = face extrusion ° : o0 °
D = tunnel size (diameter) o o ®e
1,40 - o o o
~ 490 ] Face extrusion plotted oo o* o ° °
& versus classical N o y ¢ o
= 1,00 1 stability factor .
0,80 - ¢ o
aQ o °8,° 00, :
~ 0,60 - s 88 o0 o 0
E e *, ° ¢ D=11m
35 0,40 - opor
=Tm
0,20 1 A4 2 R D=14
% O =14m
0,00 (TLE L I , , . ,
0,00 2,00 4,00 6,00 8,00 10,00 12,00 14,00
Spyropoulos (2005) N.=2p, /0,

Correlation of face extrusion with N is not satisfactory

Use of face extrusion measurements in tunnelling in HS-WR
Results of 3-D numerical analyses — Deep tunnels with unsupported face

Uy max = face extrusion DepthH>5D
—~ 1,80 1| D = tunnel size (diameter)
X 1,60 - o %o
= LT TR o
= 1,40 1 2.25 o
o 120 Y 615 Ms
T 1,00 - D ' 20 |
€ 0,80 - l
= 1
0,60 - |
0,40 - I Face instability
0,20 - : at Ms ~ 20
0,00 . . . ! .
0,00 5,00 10,00 15,00 20,00 25,00
Kavvadas & Spyropoulos (2011) M, analogous to (pressure / strength)
Assessment of ground parameters for face H0p0-10
- M, = 4000~
extrusion measurement : s —
If face extrusion (u, ,.,) is measured, M, can be
calculated and the E-modulus can be assessed u s E=22

y,max




Use of face extrusion measurements in tunnelling in HS-WR

Problem : After installation of the instrument, several excavation steps need to be
executed to obtain the “true extrusion” curve = assessment “too late”

I
Ancona to Bari railway line -'Vasto' tunnel
extrusion-convergence diagrams related to the advance
‘.
=
75 \‘_- i Toiviemnn fe Extrusion stations
Yol a, b, c: Convergence stations
Extrusion o iaf - i
(mm) True extrusion
251
1
0
600 — (m)
400 e ey T S e 1 = === — | = -.-_”-.__:_cd
Convergence  [iowie, . 0, i et ST S e s S .
(mm) o i e DS S ey
200 piawa Y. e e
ol e
0 21 28 (m)
T'- ﬁi . | 1B ] Sliding micrometer
o
10.0m :> ’41. 2 3
al I b ]
-’i RET T SIS .
T OF0.01.01.07.01.0) 8.0m Lunardi (2000)
15.0m

Use of face extrusion measurements in tunnelling in HS-WR

Paper in Session 5.2 : “Use of face extrusion measurements in assessing ground
properties during tunnel construction”, M. Kavvadas & I. Spyropoulos

AN SISNANANA NS
R I O o O
N A AN S N S ARSI

Convergence i
Extrusion <a| [ie—sies—sree=3= ;
£ ‘- A e
The paper proposes a
180
— Stage 1 || method to calculate the
160 — St 3 I B 1]
140 ages | | true extrusion” curve
Stage 5 from the extrusion
—~ 120 -------------------------- Stage 7 [ m r m nt fth fir t
€ 100 +——- \ — Stage 9 |- easurements o e nrs
E gp d i e e— T o ) few measurements
SR T— N— Calculated Ll (even the very first step)
a PTo R E—— .| extrusion curve
S 20 T B e e
g 0 I 1 I I
|_

O 1 2 3 4 5 6 7 8 9 10
Distance from face (m)




Use of face extrusion measurements in tunnelling in HS-WR

Shallow tunnels (H <5 D) :

G. Prountzopoulos PhD thesis (in progress)

40
. * H=1D
35 S |+ H=1.5D
L la v L - |+H=2D
30 . 3 1 a H=3D |
= H=5D
25 5 ' = - ..
20 " il e =
a A i " .
15 —
T R -
A "
5 h. "t et R e .
L AR |
. A i“gui.:ﬁ}‘ &l‘ B4, dhe 1‘ »‘:l 1220, o0 . .‘ o
0,00 0,10 0,20 0,30 0,40 0,50

Face extrusion parameter :

uy,max EE
D vH

0=

oc/yH

The classical stability factor Ny =2 (YH) / ©

is not satisfactory

Use of face extrusion measurements in tunnelling in HS-WR

Shallow tunnels (H <5 D) :

40

G. Prountzopoulos PhD thesis (in progress)

-H=1D-b=10m
35 F * H=1.5D - D=10m |
i + H=2D - D=10m
3% |k * H=3D - D=10m
_ i » H=2D - D=7m
Face extrusion 25 | + H=3D - D=7m
parameter : 0 | =
U El .|
T y,max 15
Q. = ,
D }/H 10 |
5
0 - -
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1.4
F
Improved fit using face 2¢cN, > ¢
I = N, =tan"| 45+ =
stability parameter : H 015083 9)




Use of face extrusion measurements in tunnelling in HS-WR
Shallow tunnels (H < 5 D) : G. Prountzopoulos PhD thesis (in progress)

Extension in FG-supported tunnel faces

15 H=15D ;

’ ‘.  Unsupported

_ Uy,max E 0.24 nails/m2

"D yH i 0.33 nails/m2

" « 0.42 nails/m2

10 « 0.57 nails/m2
e . : .. : . ..

2 - ity

O M_._*

0 0,2 0,4 F 0,6 0,8

Improving face stability in HS-WR
1. Reduction of face area by mult| drifting
' ' 5 1998) — Acropolis Station

\ s /
é.&-

ng '“’éiﬁd% central pillar




Improving face stability with side-drifting

Effects of reducing face size :
« Face extrusion is proportional to size
» 3-D effects (face arching — horiz. plane)

Athens Metro (2003)

Improving face stability with side-drifting
Session 5.2 paper : “Design and construction of double and triple track
tunnel, Athens Metro Line 3, Section Egaleo — Haidari”, F. Nakou et al, Greece

BATSM 3007,2004.3010,2022.3023. SURFACE LEVELLING POINTS

by e —— Conventional excavation of
== e ~— BATSM3010 .
10+ P - double track tunnel (2007) :
< —BATSM3007
2 k”j‘"\ L_ ,f . | Ch.0+504 to Ch. 0+472
wgeod I ‘ = = Surface subsidence up to
g o LA “'-1.\_ 115mm
ﬁ 80— i = _____3‘___ 1 TEATSM303
BATSM3022
g-1oo i H = 6.5m + 2m

"2c1umm5 020107 08/05107 05408107 03/01/08 02

Figure 8. Settlements during double track tunnel bc

Assessment : Excessive surface
settlement was caused by face extrusion

Figure 7. Temporary support measures of double track
tunnel — Category SE.




Improving face stability with side-drifting

Session 5.2 paper : “Design and construction of double and triple track
tunnel, Athens Metro Line 3, Section Egaleo — Haidari”, F. Nakou et al, Greece

Normal construction Contingency construction

Figure 9. Temporary support measures of double track

Figure 7. lemporary support measures of double track
= o = tunnel — Category SSR3

tunnel — Category SE.

Improving face stability in HS-WR
2. Forepoling umbrella (pipe-roofing)

Reduction of O ahead
of tunnel face

1. Each forepole works
independently along
its length (in bending)

2. Adequate penetration
(front support)

"steel sets || |\
LI

3. Heavy steel sets

__ ___ __*_ _ _\,__ _ Hq_ (rear support)
I G \ o i
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Forepoles —=—#

(32mm dia pipes)




Improving face stability with stiff pipe arch

Athens Metro - Monastiraki Station
(Very weathered and intensely sheared phyllite)

Access Shaft

Microtunnel
pipe arch

16.5 m wide excavation - Measured surface settlements up to 70mm

Capacity by pipe bending and arch compression (bicycle chain)

Improving face stability with pipe arch

Athens Metro - Monastiraki Station
(Very weathered and intensely sheared phyllite)

Detail of the pipe connectors with
the seating flanges

FLANGE

STEEL TUBE

STEEL PIPE

INSITU CONCRETE

Athens Metro
Monastiraki Station




Improving face stability with mechanical pre-cutting

Reduction of G4 ahead of
tunnel face by creating an “arch”

Failure envelope

Reduction of G4 ahead of
tunnel face by creating an “arch”

Road level

n il Wine .
y—cuna _ T VWork level




OSSR M

Tunnel
_'- O3
excavation  __

Failure envelope

Kallidromo Railway tunnel (2003)
Hard Neogene Clays (H=100m

Full face excavation with extensive face

reinforcement using jet grouting arch and FG nalls
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Important issues of tunnelling in HS-WR

1. Measuring ground properties — assessing ground
parameters

2. Face stability and deformation

3. Time dependent ground loads : Squeezing

LK/Iore than 1 m radial displacement

Squeezing in a fault zone in the Nathpa Jhakri tunnel, India (Hoek, 2001)




Important issues of tunnelling in HS-WR

3. Time dependent ground loads :
» Squeezing conditions : depend on (pressure / strengtfi)
Note: Very deep tunnels in “Rock” also exhibit squeezing conditions

Effect of (strength)
on wall convergence

Effect of (strength / pressure)

on wall convergence

{Tunnel closure / tunnel diameter)} x 100

Percentage strain ¢

15r
Py | ‘ ‘ H [ | l I H E | Strain greater than 10% Hoek (2001)
° S 14f Extreme squeezing problems
[ ] Tunnels with stability problems L - Y
¢ Tunnels with no stability problems I ‘,_
e oo is o 12}
C B i - @ .
| e 1| € uf Squeezing for
. > Hoek (2001) | £ | /b <025
. "t Gem ! Po < 0.
[ c
e |
a o ¢ ¢ 3 8
‘i ; g e O # o 4t Strain between 5 and 10%
Ot 0 p—(ﬂ% 2 2 & Very severe squeezing problems
‘o%}——&o—o%o—po—[—g& o] I
J I -
SO 14 = g
e g Strain between 2.5 and 5%
c 4 Severe squeezing problems
0o 2 c .
H—0-HHO-0 n 2 Strain between 1 and 2.5%
e o woo, Minor squeezing problems Strain less than 1%
-% | B Few support problems
g o £ ( | ]\ A
m [] 1 L 1 L l
01 0.2 03 0.4 0.5 0.6
0.1 1 10 100
-MPa G,.,/p, = rock mass strength / in situ stress

Uniaxial compressive strength of rock mass ¢

Observed cases of ground squeezing
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Kovari K. & J. Staus (1996) “Basic considerations on tunnelling in squeezing
ground”, Rock Mechanics and Rock Engineering, vol 29(4), pp 203-210




Kallidromo High Speed Railway Tunnel (9 km — twin tube)

Failures due to \
squeezing

Nz

A ===4)
5"'5("3 ~1.300 Ch 9+00~g.480 m
| silty clay | |Iimestone| |serpentinite (se)f(se.s)| ]Iimestonel |se.s| |clay|

Squeezing conditions were observed in Hard Neogene Clays
(close to the portals, H=150m) and in the intensely sheared and
foliated serpentinite in the central part of the tunnel (H=450m)




Kallidromo High Speed Railway Tunnel (9 km — twin tube)

Extreme squeezing in Hard Neogene Clay

Vertical settlement of tunnel wall

:up to 700mm

Chainage 6+531,70
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(in year 2002
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Invert failure and repair
Tunnel was excavated with top heading, bench and deep invert closure

close to the face (15-20m)
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Kallidromo High Speed Railway Tunnel (9 km — twin tube

Extreme squeezing in Hard Neogene Clay
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Kallidromo High Speed Railway Tunnel (9 km — twin tube)
Extreme squeezing in Hard Neogene Clay
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Important issues of tunnelling in HS-WR
3. Time dependent ground loads : Squeezing conditions
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" Egnétia Highway — Metsovon tunnel (2007) : Yielding
support in squeezing conditions (serpentinite, H=500m
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Important issues of tunnelling in HS-WR

3. Time dependent ground loads : Squeezing conditions

Back-analysis of squeezing tunnel deformation to assess creep properties

of the rockmass (Fortsakis & Kavvadas, 2009)

Marinos & Hoek (2001)
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Egnatia Highway — Anthochori twin tunnel (H = 90m)
Heavily sheared flysch (tectonic melange)
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Finite element visco-plastic back-analysis of the construction sequence to
assess the creep (squeeze) characteristics of the ground
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Finite element visco-plastic back-analysis of the construction sequence to
assess the creep (squeeze) characteristics of the ground
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Tunnelling in HS-WR

Conclusions

1. Measuring ground properties — assessing ground parameters
* In homogeneous materials use Soil Mechanics methods.

* In heterogeneous materials, either use “calibrated” empirical methods
or properties from back-analyses of observed behaviour

2. Face stability and deformation
* Most important issue in HS-WR
» Can be controlled with closed-face TBM or by face improvement
» Importance of Face Extrusion measurements

3. Time dependent ground loads : Squeezing & Swelling
Squeezing :
« Important in high overburden / low strength HS-WR materials
* Yielding support can assist




