TUNNEL SUPPORT SELECTION
FROM Q-CLASSIFICATION, SUPPORT
ELEMENT PROPERTIES, PRE-
INJECTION, COST OF NMT
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ORIGINAL CASE-RECORD DATA BASE

NMT CONCEPTS OF TUNNEL SUPPORT
STRENGTH-DEFORMATION CHARACTER OF S(fr)
STRENGTH-DEFORMATION CHARACTER OF BOLTING
RRS FOR TUNNELLING IN BAD GROUND

WATER CONTROL WITH:
CONCRETE AND PC-ELEMENT LINERS
PRE-INJECTION FOR IMPROVED PROPERTIES
SPRAYED MEMBRANE SANDWICH

COST AND TIME (NMT much cheaper/faster than NATM)

THE PROGRESSION OF
PUBLISHED TUNNEL
SUPPORT CHARTS FROM 1974
TO 1993

THE 1974 PUBLICATION WAS
BASED MOSTLY ON B+S(mr)
CASES

INTRODUCTION OF S(fr) AT
THE END OF THE SEVENTIES
PROVIDED NEW CASE
RECORDS

GRIMSTADéNGR USED ONLY
NEW CASES WHERE THE Q-
SYSTEM HAD NOT BEEN USED

THE LOWEST CHART WAS
BASED ON 1050 NEW CASE
RECORDS - SEE LATER
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Figure 5. Analysis of case records indicates the approximate boundary between supported (o) and unsupported (e)
excavations. The type of support, if any, depends on the rock mass quality (0), the span, and the
type of excavation (ESP). Y
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212 case records, mostly B+S(mr) (from Barton, Lien and Lunde, 1974)

INTRODUCTION TO ‘NMT’
(Norwegian Method of Tunnelling)

NMT = single-shell (NATM = double-shell)
(B+Sfr accepted as final support)

Q-system application:
for selecting B spacing m c/c (1to 2.5 m)

for selecting S(fr) thickness (5 to 25 cm)

(May use systematic pre-injection)

4




Tunnel support design

using a new Q-system chart
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The Q-system is an empirical method for classifying ground and for selecting
appropriate permanent support. 1250 case records form the basis of the method.

These Q-system statistics are for (he Gjavrk Olympic Cavern of 52 m span

NMT Compared with NATM

NMT uses a predictive classification for support design.

NMT gives the permanent support which is not followed
by concrete lining.

NMT uses high capacity (10-25m’/hr) robotically applied
wetmix, steel fibre reinforced shotcrete

I = ¥SH 107 (w) |mSusp jjog

Design Preliminary design is based on field mapping, drill core - ROCK CLASSES
logging and seismic interpretation. G F E e e B A
J 4 I Exceptionally Extremely Very Paor Fair Good Very % E::j
Final support is selected during tunnel construction {0 PSox P i A o MG il good | g ed] S0
based on tunnel logging and use of the Q-system j I T aam —L St :
i 113 are® S i
support recommendations. 50 = smw@” ) 1.7 i . i
Support The permanent support usually consists of high g pon ST fris I L,
quality wet process, fibre reinforced shotcrete a2l o || | ool b
and fully grouted, corrosion protected rock bolts. 2| b
1A
Contract  The owner pays for technically correct support. ; 10 3
Needed support is based on the agreed Q-value, &
and may vary frequently. 5 a 24
1 ;
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" Drilling Mucking Plggmg Q-Logging s (fr) Robot somng Cladding St [GEER0L = GRS 0 B R =0 LR e L
Rock mass quality Q = —JQ— x—J'—xST‘:F
Some details concerning NMT. Tunnels are dry, drained, and PC-element A ;

cladded, or pre-injected, if required for road or rail use . (‘Pigging’ = scaling) Details of the S(fr) thickness and bolt spacing. Grimstad and Barton, 1993



Design of Tunnels using NMT 35
and Verification with UDEC-BB 5 Q0 ] Estimated data from
3 ] Nathpa Jhakri using
x ¥ B + S(mr) + steel sets
, i 1 B+S(fr) +RRS
Table 2 Summary of recommended ESR values (updated) for selecting safety a 1 A=50m?
Py ]
level. 4 1 (Mean 4.2 m/round)
O - -
. g ]
Type of Excavation ESR z 2?1
A | Temporary mine openings, etc. ca 2-5 E 1
= 15 o
B | Permanent mine openings, water tunnels for hydropower 1.6-2.0 w 1
(exclude high pressure penstocks), pilot tunnels, drifts and o ]
headings for large openings, surge chambers (Z) 10 4
C | Storage caverns, water treatment plants, minor road and 1.2-1.3 8 E
railway tunnels, access tunnels % 5
D | Power stations, major road and railway tunnels, civil 0.9-1.1 % : Data from Fodnes road tunnel, Norway
defence chambers, portals, intersections o — T — T — T — T
E | Underground nuclear power stations, railway stations, sports | 0.5-0.8 oot o ! 0 100
and public facilities, factories, major gas pipeline tunnels ROCK MASS QUALITY, Q

Cycle-time recordings (drilling the next round, blasting, waiting for gasses

UPDATED ESR RATINGS (= TUNNEL-USE-and-SAFETY rating for adjusting to clear, mucking, logging, bolting -if needed, shotcreting -if needed, as a

EQUIVALENT SPAN)  (Barton and Grimstad, 1994)

9 function of Q-value. (Grimstad, NGI: pers com.1998).
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SOME IMPROVED TECHNOLOGY ASPECTS ! L - gi E‘:Gﬁ%&?
Sleel
OF NMT s %‘& (mores:'es[ayed)
e, &
w0h\g N\, 2
1. relevant shotcrete technology and ] s woh g
. nvert complete o
equipment (Sfr NOT Smr !! g 9 wih sprayed concreta =
E :
§ 201 sAE ] - é | SRF
. . 8 increase esupported wilh ring [ { Increase
2. relevant bolting technology (corrosion gl CH g “ I —
- - SRAF
protected vitally important) s
aor Circular steel ribs
o2 3
Radial deformation
3. relevant water control (high-pressure pre-
injection, sprayed membrane, or the free- B+S (better still B+Sfr) gives by far the best tunnel-stabilizing result
standing |iner) according to 5 years of deformation monitoring at an experimental

tunnel in mudstone.

Ward et al. 1983 (left), Barton and Grimstad 1994. (right). 12



1. Relevant shotcrete technoloqy and equipment

»Road-licensed, deisel/electric, high-output robot trucks, which can
serve several tunnel faces.

»Each are capable of 20 to 25 m®hour on-the-tunnel-wall shotcreting
with S(fr).

»Rebound 4 to 6 % with right concrete design.

~Air/water jet cleaning > 15 minutes before each 1 hour of S(fr)!

|A typical mix design for shotcrete used in Norway:
Portland cement (c) 450 - 550 kg/m?
Silica fume (8) 3 - 10 % of cement weight
Aggregate 0-10 mm
Plasticizer 0.3 - 1.0 % of cement weight
Superplasticizer 0.3 - 1.0 % of cement weight
Steel fibre 50 kg/m? (dependent on toughness

requirements)

Water/(c+s) 0.40 - 0.45
Slump 15-18cm
Air content < 4%
Temperature 15=20°C

Typical S(fr) mix design for C45 to C55 (MPa) shotcrete.
Note operator location close to nozzle, where rebounds of 4 to 6%
(and almost dust-free air) make quality control very easy.

AMV 6400 DIESEL

AMV 6400

Large-scale testing of S(fr) by Robocon in the mid-eighties. Fracture
energy (area under load-deformation curves) was 60 to 80 times that of

unreinforced shotcrete, depending on fibre dosage 40 or 60 kg/m?®.

The illustrations below show tests used to document the
toughness of steel fibre reinforced shotcrete.

| The falling block test
= .| The falling block test simulates the ability of the concrete to support a

/| loose block of rock in a tunnel or rock cavern. Results show that steel-fibre
reinforced shotcrete has higher strength and toughness than ordinary
mesh reinforced shotcrete.

14
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The circular plate test

The circular plate test simulates the load situation around a rockbolt. The
test clearly shows that the amount of fibres present in the fractured sur-
face is important in order to avoid sudden collapses. Many small cracks
instead of a few large ones are formed, allowing the concrete to retain its

The One Way Slab Test

The One Way Slab test simulates the same thing as the Falling Block test,
except in this case there is no bonding between the layer of concrete and
the rock. The whole load must therefore be supported by the bolts situ-
ated around the falling block. The tests show that the amount of bolts
used may be reduced by 10 to 50 per cent, compared to none shotcreted
aerea,

strength.
CIRCULAR _SLAB WITH FIXED PERIPHERY ’@"m s :M& ONE-WAY SLAB WITH FIXED SUPPORTS ‘_’__&L‘_‘
P Q:4 B4l T —Y a0, B
LOAD, o (2058 SECTION: .
P 1kN) e eiie W LTI
: G

ROTATION!

) 50
DEFLECTION, § [mm)

“w 0
QEFAECTION, §ina )

SLAB TEST LOAD-DEFORMATION BEHAVIOUR WITH S(fr)
Torsteinsen and Kompen, 1983.

Plain shotcrete

Steel fibre
reinforced
Welded shotcrete
wire mesh
Mesh pinned
to rock

Cover to mesh

Conceptual comparison of S(mr) and S(fr)

M. Vandevall (Bekzrt, Belgium)
20
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Energy absorption classes

« E500 15-18kg steel fibre or 5kg PP fibre
+ E700 20-25kg steel fibre or 6-7kg PP fibre
» E1000 30-35kg steel fibre or 8kg PP fikre

Energy absorption classes E500, E700 and E1000
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RRS (rib-reinforced shotcrete arches)

FOR VERY BAD ROCK CONDITIONS

RRS philosophy

When Q-values are below approx. 0.1 (i.e. extremely poor), it can be
expected that there will be the possibility of large over-break, low
stand-up time, and significant early deformations.

(e.g.Q@<0.1) « The use of steel sets should be avoided in such situations, due to the
actual relatively larger rock-block loosening that they allow, unless
followed immediately by bolting or shotcrete, or both.

« ltis for this category of problems that RRS (or rib-reinforced shotcrete)
has been developed.

« This is a much more effective measure than steel arches or lattice
girders when conditions are very bad, because it provides a more rapid
and much stiffer support than these two ‘solutions’.

One of the most robust support methods from the Q-system: 2

RRS (rib-reinforced-shotcrete) ....far stiffer than steel sets!

Span or height in m

ESR
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RRS prior to rib-spraying.
Note bolting — a fundamental aspect
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RRS or steel-reinforcing-bar reinforced shotcrete arches, for the next-to-worst
categories of rock mass, e.g. 0.01 < Q < 0.1. 1= first layer of general S(fr) —
accelerated with non-alkali additive, 2 = build-up local, smooth but not necessarily
circular arch (or arches) of non-alkali accelerated S(fr), 3 = drill bolt holes at
e.g.1m centres round arch, and install end-anchored bolts with pre-fabricated,
welded cross-bars. 4 = attach (wire and weld) 4-6x16mm reinforcing bar ‘steel-
arches’ to each bolt-head cross-bar (pre-fabricate in bundles, for easier
attachment. (Note: these bars can be bent into overbreak zone, therefore requiring
less shotcrete volumes than with e.g. stiff lattice girder),

6 = bolts and
washer, tensioned (bolt thread pre-protected with plastic caps. 7 = Spray over bolt
heads to complete RRS arch.

31

e . .
Left: Appearance of (‘bent’) RRS in subway station location
where central pillar was excavated after side-cuts.

Right: Use in road tunnel ( CCA in background)
where rock cover was reducing fast. 33

Span or height in m

ROCK CLASSES
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Rock mass quality Q T X X
REINFORCEMENT CATEGORIES 5) Fibre remforced shotcrete and bolting, 5-9 cm, Sfir+B
1) Unsupported 6) Fibre reinforced shotcrete and bolting, 9-12 cm, Sfir+B
2) Spot bolting, sb 7) Fibre reinforced shoterete and bolting, 12-15 em, Sfi+B
3) Systematic bolting, B 8) Fibre reinforced shoterete > 15 ¢cm +
4) Systematic bolting, reinforced ribs of shoterete and bolting, Sfir+RRS+B

(and unreinforced shoterete, 4-10 cm), B(+S) 9) Cast concrete lining. CCA
¢) Energy absorbtion in fibre reinforced shotcrete at 25 mm bending during plate testing

=RRS with 6 reinforcement bars in double layer in 45 cm thick ribs with centre to centre (¢/c) spacing
@171 17 m. Each box comresponds to Q-values on the left hand side of the box. (See text for explanation)

2. Relevant bolting technology (corrosion protected)

.

Because NMT pre-supposes the use of S(fr)+B as the final support of
tunnels and caverns (Barton et al. 1992, Barton and Grimstad, 1994), it
is important that also the bolts are of good quality, with suitable long-
life corrosion protection.

+ The widespread use of NMT principles in Norway for the last 35 years
(45 years if S(mr) is included) has meant that there has been an
excellent development of corrosion protected bolts in this country.

+ The CT-bolt, manufactured by @rsta Stal, incorporates a simple end-
anchoring (wedge-lock) for easy installation and tensioning (if desired),
followed by double-annulus grouting using a PVC-sleeve.

+ With the layers: galvanising, Combi-coat (epoxy paint), grout, PVC-
sleeve, grout : it has five layers of initial corrosion protection, and four
are left iffwhen the outer layer of grout is cracked due to joint
deformation. (This is the usual start of corrosion for conventional 34
bolts).

AST 10§ w ul y3ua) o
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End of rebar boli'is threaded for axpansion shel)

viene steeve Seals balt against Coosior: Lutlons
feeve I Fole and anchor it firmiy i grout.

A steel fube Is walded to tha hemispherical dome.

N\

Hemisanarical dome fias & Hale ar erout fiisetion.

The CT-bolt with PVC sleeve (many meters length in practice.
Maximum load capacities are 33 and 30 tons in tension and shear,

respectively, for the 20mm diameter bolt (22mm with thread). 35

An over-cored CT bolt showing crack (joint) penetration to outer
layer of grout — the usual commencement of corrosion

for a conventional bolt. 37

Exp. shell

“—Grout tube 016

A
(fou) 20
15 T
nt
S= 1S mm
S
s = (0 mm
. L . L r 3
30 45 60 fo °
(°)

fne ¢> bott

Direct-shear tests of bolted joints. BJURSTROM 1976
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Dimensioning
of bolting or
anchoring
assuming that
peak strength is
(still) available.
OPT/MLM

BoLT
PATTERN
DEPENDS
o

JOmwT
PROPERTIES

Add dnamic (H+V componenls
load heve — ncreases B

3. Relevant water control

* hydrostatic liner and membrane

 free-standing liner
* pre-injection

There are several solutions to the water problem,
and the different solutions tend to have

widely different prices.

Note theoretical
need for change
of anchor direction
and capacity

if post-peak
deformation

has occurred

40

An example of one of the most expensive tunnelling solutions, like
conventional NATM, with B+S(mr) for primary support, CCA (hydrostatic
and membrane) for secondary support.

This high-speed rail tunnel through jointed chalk in Southern England,
had final (2000-vintage) costs of US$ 128M /3.2 km, or $ 40,000 per
metre.

This was three times higher than a typical NMT tunnel, with similar Q-
value rock, using B+S(fr) as permanent rock support, and a PC-element

+ membrane liner, for a drained-but-dry solution. i



Seconda
lining (350 mm
unreinforced
concrete)

(b)

Waterproof
membrane

Primary lining was 25 cm of S(mr): top-heading and bench
construction, mostly by road-header, hence lack of overbreak.

”Value engineering” resulted in 15% reduced price: final concrete
thickness was reduced to 35 cm, with fibre reinforcement (TTI):
the chalk was stronger than expected. (Watson, 2003, ICE).

Note high arch / large cross-section, as no pressure-relief shafts.

The Norwegian Method
of Tunnelling (NMT)
B Doeg bators biasting

@ tMucing atter blasting

3 Mechancal scaling
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NMT concepts in
diagrammatic form. Note that
stage No. 6 must precede
stage No. 2 if stability /stand-
up time is very poor.

Concerning the ‘dry-but-
drained’ final result (for road
or rail), note the PC-element
(free-standing but bolted)
liner.

This has an outer
membrane/sheet lying over it,
if required due to continued
water inflow or drips - e.g. if
high pressure pre-grouting
had not completely controlled
the water.

The liner is completed at rates
up to 1000m per month, with
suitable mounting machinery.

3. Relevant water control

* hydrostatic liner and membrane
+ free-standing liner
* pre-injection

There are several solutions to the water problem,
and the different solutions tend to have
widely different prices.

Bolts for rock
 irforcemt

Insulation ¥
Membrane;

An example of a PC-element final liner, An example of PC-element mounting
placed after cleaning of muck and fill in  for a two-lane road tunnel. Note the
the invert. Membrane and frost primary B+S(fr) permanent support,
insulation (sandwich) shown. and the mostly dry surface of the
shotcrete,. 46



9 tons ARCH
elements being
lifted ready for

fixing (bolting) in
220 km/hr
double-track rail
tunnel.

NMT (B+Sfr) then
PC-element liner

with outer s :
membrane. e
Actually used PC-elements stacked at rail tunnel portal ready for mounting with outer
due to failure to membrane sheet — at rates of 900m/month (after learning curve)

control water.

3. Relevant water control

A pre-injection
‘umbrella’
could probably
have
prevented this
(several
weeks/months)
delay

* hydrostatic liner and membrane
» free-standing liner
* pre-injection

There are several solutions to the water problem,
and the different solutions tend to have
widely different prices.




ADVANTAGES OF PRE-INJECTION:

1. Much less, or zero water (of course)

2. Less over-break (much less!)

3. Therefore less S(fr) volume: cheaper

4. Increased safety / stability during drive

5. Increased life-time for all components
6. Improved Q-parameter ratings (5 or 6)

7. Increased Vp (P-wave velocity)

8. Increased E modulus (less deformation)
9. Actual reduced need for heavy support
10. Easier to apply sprayed membrane

Approximate costs of pre-injection needed to
achieve various levels of ‘dryness’ in 90 m?2

tunnels.
Inflow (approx.) Cost (Norway)
20 I/min/100 m 1,400 US $ /m
10 I/min/100 m 2300US $/m
5 I/min/100 m 3,500 US $/m
1-2 I/min/m/100 m ~ 5,000 US $ /m

Pre-injection screens, may vary in length from 20

to 30 m, and have from 30 to 70 holes depending

on tunnel cross-section. Hole spacing is from 0.5-
1.0 mc/c

The dilemma is how to get blocks
(i.e. particles) that are too large in
joints that are too tight.

.....smaller particles! ..... wider joints!

54
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Left: Representing a regularly-jointed rock mass with a cubic network of
hydraulic conductors of mean aperture (e) and mean spacing (S), based
on Snow (1968).

Right: Estimates of (e) and (S), and the aperture inequality E 2 e (Barton
et al. 1985) which allows grout particles to penetrate real joints (E) even
when (theoretical) hydraulic apertures (e) are apparently too small.
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joint mech. aper.
max mech aper = 1.160E-03
each line thick = 2.000E-05

joint hydr. aper.
max hydr aper = 1.160E-03
each line thick = 2.000E-05

Examples of joint apertures E and e in an NGl UDEC-BB
model of twin tunnels. The larger (physical / mechanical)
aperture is groutable — not the theoretical hydraulic
aperture. (Makurat and Barton, 1988).

0.01mm

0.001mm

1000 500 300 200 100 3020 10 5 3 2 1
Theoretical smeooth wall aperture [¢] um

Left: The inequality of (E) and (e)
for mated joints under normal
closure (or opening) is a function of
Joint roughness coefficient JRC,,.
(Barton et al., 1985)

Right: an example of
application of the above
methods (e, S, JRCy and E),
from 1978, at a permeable
dam site in Surinam, where
joints in the core were
roughness-profiled. Barton et
al. (1985).

Depth zones S{m) e pm) E(pm)
§-16m 0.2 150 218
15-25m 0.4 110 186
25-45m 0.8 80 159
45-60m 0.7 60 138
U " Y
LI 3 r
sl E= Je Jrc™’
Rt vat S S T =

Grout-Take Estimates / 1n'’ rockmass

5-15m 15-25m 25-45m 45-60m
2.2 1.4 0.8 0.6

Depth zone
Grout {litres)

THE RESULT OF TOO LOW PRESSURE, TOO COARSE GROUT:
‘WATER-SICK’ ROCK — MORE WATER AFTER INJECTION
THAN BEFORE !




An exemplary pre-injection result
(Beerum Tunnel, Oslo)

«— —+ Joint apening

—
— Juini shearing

(1.0 : Grout

| A - Injected Water

~
~ | L ()
| F Limited grout penstration if
- S i‘ cement 100 coarse, joints oo

tight, and press:

Use high injection
pressures when pre-

grouting! (Pressure
decay 50% in first 1m)

(Use 5to 10 MPa
where possible)

Then can avoid the
‘water-sick’ rock
which comes with
use of too low
pressures, when
unstable (bleeding)
grouts are used.
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WHAT ABOUT
ROCK MASS PROPERTY
IMPROVEMENT AS A RESULT
OF SUCCESSFUL (HIGH-

PRESSURE) PRE-INJECTION
?

Next screens show 3D permeability changes
as a result of grouting
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0% 104 102 1{k) SRl borshole néll — After grouting

E Quadros & D Correa Filho, 1995. “Grouting efficiency using directional (3-D) hydraulic
tests in Pirapora Dam, Brazil” Proc. of 8t ISRM Cong., Tokyo, editor Fujii, Balkéma.

ROTATION (and of course reduction in
magnitude) OF PERMEABILITY
TENSORS, SUGGESTS SUCCESSIVE
SEALING OF JOINT SETS IS
OCCURING, AS A RESULT OF THE
GROUTING



CONSERVATIVE MODEL MORE REALISTIC MODEL

RQD increases e.g. 30 to 50% RQD increases e.g. 30 fo 70%

Inreduces e.g. 910 6 Inreduces e.g. 1204
Jrincreases e.g. 1 to 2 Jrincreases e.g. 1.5t0 2

(due to sealing of most of set #1) (due to sealing of most of set #1)
Jareducese.g 2tol Jareducese.g. 4to 1

(due to sealing of most of set #1) (due fo sealing of most of set #1)
Jw increases e.g. 0.5to 1 Jw increases e.g. 0.66 to 1

SRF unchanged e.g.1.0 to 1.0 SRF improves eg. 2.5 fo 1.0 due to

consolidation of loose material

WET WET WET WET WET WET WET | WET WET WET WET WET WET WET

Before pre-grouting Before pre-grouting
O0=309x12x0.5/1=08 Q=30/12x1.54x0.66/2.5=0.2
Vp = 3.4 km/s Vp = 2.8 km/s

E, ...~ 9.3 GPa E, ™ 5.8 GPa
K=13x10"m/s K=50 x10-7m/s

10 m Tunnel: B 1.6 m ¢/c, S(f1) 10 em 10 m Tunnel: B 1.4 m c¢/c, S(fr) 13 cmm

DRY DRY DRY DRY DRY DRY DRY DRY DRY DRY DRY DRY DRY DRY

After pre-grouting After pre-grouting
Q=506x21x1/1=17 Q=70/4x2/1x1/1=35
Fp=4.7 km/s Fp = 5.0 km/s

E, ... 25.7 GPa Epp®32.7 GPa
K=359x10°m/s E=29x107%ms

10 m Tunnel: B 2.4 m ¢/c 10 m Tunnel: sb (spot bolts)

Sterling Lloyd — “Integritank HF”
(brown layer first, white layer second)

Two-component / two work sequences, also need to smooth.

SPRAYED MEMBRANES
as final water control

1. “INTEGRITANK HF” — Stirling Lloyd
2. “MASTERSEAL 345" - BASF

NOTE: Need fibre-free shotcrete both before and after
INTEGRITANK HF “two-coat” system. Maybe cheaper

to invest e.g. 5,000 US$ / m in pre-injection.

Ground Rock

Blasted Profile

Sprayed Steel Fibre
Reinforced Concrete
Layer (Primary Lining)

Sprayed Concrete
Fibre Free Render
Layer (Trowel Finish)

HF Primer

Integritank HF
(2 Coat System)

Sprayed Concrete
Fibre Free Render
Layer

Secondary Sprayed
Concrete Layer
(Shotcrete or Cast-In-

N.B. Not to Scale - For Information Only. Situ Concrete) 70




Last layer of
shotcrete
directly onto
the
INTEGRITANK
HF

71

Example of
“Masterseal
345”

(Holter and Nermoen,
2011)

Can spray
directly onto
S(fr), and spray
the final S(fr)
directly onto the
membrane.

(An etyl-vinyl-acetat
co-polymer)

Width of photo
=4cm 73

Masterseal 345

Advantage that it is simply a
powder mixed with water.

Can use same robot as with S(fr)

Holte and Nermoen, 2011. Permanent Waterproof Tunnel Lining Based on
Sprayed Concrete and Spray-Applied Double- Bonded Membrane.

(BASF and Norwegian Railways)

=1

=N M= NN NN N MR Pl

DRAINED SITUATION




Fibre reinforced sprayed concrete with 3 mm
waterproofing membrane. 5 cm sprayed
concrete thicknes on either side of the
membrane. Total thickness ca 10 cm

Pure fibre reinforced sprayed
concrete thickness 10 cm

Loading test on
60 cm diameter
by 5cm+5 cm
membrane
sandwich.

This composite
type of sample
has superior

fracture energy.

(Average of
three samples
of each type)

Holte and Nermoen,

2011

* Lausanne Metro: BASF Masterseal 345

it

Lausanne
= S Metro
430! TUNNEL DE VIRET 430
EGENDE; - Limon qris~nair glaciolocustre,
e @ eaux sablo-graveleux
[77] Remblais |
mon peu sob be i
— ) > Molg
#| Soble gravelo-limeneux —| Merne /
ALTERNATIVE INNOVATIVE DESIGN (REALISED)
PRIMARY ROCK SUPPORT, [FINAL INNER LINING, FIBRE iSMOOTHENING FINISH, SPRAY-APPLIED
FIBRE REINFORCED REINFORCED SPRAYED IUNREINFORCED DOLUEBELE-BONDED
SPRAYED CONCRETE CONCRETE B3040 SPRAYED CONCRETE WATERPROOFING
B30/40 ! MEMBRANE 2mm
| ! J ! { | <
f L e T T +
s - : ot -
P-" - — - - 2
0 : o
' : Y
P NS gN NS SE CEEN 2N CEND (I NS I ) BB O G B U MO ar SEm i came o
[ N : 76

Hindhead Road Tunnel

A traditional technical solution with primary lining
sprayed concrete, secondary lining cast in-situ

concrete with a sheet membrane for
waterproofing, was the basis for the

andtendering...........oooiiiii

calculation

In design-and-build contract, this was changed
to S(fr) and double-bonded membrane. Saving

of GBP 3,400,000 was reported.
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COST IN US$ / meter (x1000)

SPAN AREA

2 APPROXIMATE NMT COSTS
20 (without PC elements)
18
16
14
12
10 |
8
s I
4
2

0:004 0.04 014 4 40

0.001 0.01 01 10

Q-VALUE

FINALLY:

COST /TIME ESTIMATION

IN
RELATIONTO
THE
Q-VALUE
] 0.004 0.04 0.4 4 40
©
£
¥ 668
E 600
s 526
B 500
.
2 400
o 339
i 257 | 269
o
T 20 152
o
= 109 . i
)
=i )
0.001 0.01 01 1 10 100
Q- VALUE




i O RELATIVE TIME FOR TUNNEL EXCAVATION AND SUPPORT
= o m—emLL e, potential benefits of pre-grouting, especially if Q = 0.1
5 0 N Barton, B Buen & S Roald, 2001/2002.
i “Strengthening the case for grouting”
g - T&T International, Dec 2001 & Jan 2002.
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