Tunnelling in Weak Rock
- Sequential Excavation
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In practice, it may not be possible to establish the exact form of the
und response curve, but we can measure the displacement that

urs, usually in the form of convergence across an excavation. The
und response curve and convergence curves are linked because they
different manifestations of a single phenomenon.
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Convergence occurs rapidly as excav
convergence rate decreases as equilibrium is

ation proceeds: subsequently the
approached. This leads directly to

the New Austrian Tunnelling Method (NATM)

, a type of observational method.
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~ 6round Reaction - Convergence @
,,,,,,, ﬂAs demonstrated with the ground response curve, a key principle in rock | |
~ tunnelling is the recognition that the main component of tunnel support is
7777777 ‘the strength of the rock mass and that it can be mobilized by minimizing | |

‘deformations and preventing rock mass “loosening”.
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"""" During construction of a tunnel, some
relaxation of the rock mass will occur above
and along the sides of the tunnel.
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,,,,,,, Terzag

ﬂTerzaghi (1946) formulated the first rational method of evaluating rock
- loads appropriate to the design of steel sets.
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The movement of the loosened area of rock
(acdb) will be resisted by friction forces
— i along its-lateral boundaries and these

,,,,,,, ' friction forces help to transfer the major

‘ _ | portion of the overburden weight onto the
material on either side of the tunnel.

——————— ; Z ) 1 Hp As such, the roof and sides of the tunnel

: are required only to support the balance
which is equivalent to a height H,. Terzaghi
related this parameter to the tunnel

: Hy dimensions and characteristics of the rock
——————— ] oM | l mass-to define-a series-of steel-arch
support guidelines.
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Terzaghi's Rock Lo 3

Massive, maderately jointed o

5. Very blocky and seamy (035 10 LIDE+ H)
. L crushed LIO(E + H)
‘ : : i e rock, mod (1.10 10 21048 +H,)
Rock Condition depth
1. - 2]
Hard and intaci 52100 {15 Squeering rock, great depth (210 10 4.50) (5 + H,)
2. Hard siratified or schisicse 90-99_|:|9. Swelling rock Up 1o 250 feet, irrespective of
. the value of (B + H)

4. Moderately blocky and seamy 75-85

Sumace ] Rock condition Rock load H, in fect
oy ; )
i
i l ! || 1. Hard and intact Zero
i - 1
i i . Hard stratified or schistose 010 058
i i

w0 0258

. Moderatcly blocky and scamy  0.255 10 0.3 + H,)

Remarks

Light lining required only if

spalling or popping occurs.

Light support, mainly lor protec-
tion against spalls. Load may
change erratically fram point
o point.

Mo side pressure.

Litthe or ne side pressure.

Considerable side pressure,
Sofiening effects of seepage
towards bottom of tunnel
require cither continuous
support for lower ends of ribs
or circular ribs.

Heavy swde prossure, inverl struls
required, Circular ribs are
recommended.

Circular ribs are required. In
extreme cases wse yielding
support.

t0)

Terzachi (1946)

erzagn

‘benefits gained through the grounds natural

~possible while excavating the material.
] I : : ] : : . . : ! : : ;

- Terzaghi's "Rock Load” implicitly relates the

tendency to arch. The essence of tunnelling in many |
respects is to disturb the natural arch as little as

walls may squeeze together and the roof may

In weak rock, ground loosening breaches the integrity ofi
this natural arch. The consequence is that without
supporting the excavation soon after it is completed - the

fall in.

,,,,, Besides the strength of the rock mass, a second key factor controlling the

extent of loosening is the size of the excavation. Several difficulties

_relating to the size of the face include:

* increased volume of ground disturbed

i+ decreased accessibility to all parts of the face
-1+ increasing difficulty in supporting and controlling face stability
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Expemences m Weak,,Ro,ck ,,,,,,,,,,,,,,,
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‘Through much trial and error, the lesson commonly learned was 'rha't with
"""" ‘a small tunnel face, the volume of ground moving and relaxing is also
““smaller and can often be tolerated or kept within acceptable limits by

rela'hvely simple 'rlmber'mg or other 'rempomr'y suppor"t

unnel

‘ Belglum method

Tunnelling .G
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The Belgium method was first employed in building the
Chaleroy tunnel (in Belgium) in 1828. The great advantage
claimed for the system by Belgian and French engineers was
the speed whereby the roof of the tunnel could be secured,
a desirable advantage in poor rock.

The method fell out of favour as a result of

catastrophic experiences encountered during

| the construction of the Gotthard Tunnel

(1872-1882). The key problem was that the

sequencing following Stage 3 required the
arch to be underpinned. However, this proved

difficult in the yielding ground conditions
encountered, leading to the timbers: giving
way, followed by the cracking or total

| collapse of the masonry arch.

© Beaver (1972
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,,ﬁEur'ly Tunnel Experiences in Weak Rock

J German sysfem

The underlying principle of the "German System” was to
leave a central bench of ground to be excavated last
and to use it to support roof and wall 'nmber-mg

This allowed the arching to be built in

one operation (unlike the Belgium

I — - method which had the disadvantage of
b b building the arch and walls separately).

The German system came to a disastrous end when applied
to the CZernitz tunnel in Austria (1866), where the timbers
supporting the heading either pushed into the core,
whereupon they became loose, or were cr‘ushed by swelling
pressures that developed in the core.

34 .- Tunnelling 6rad Class (2012) ... Dr. Erik-Eberhard

: | This method was used to tunnel through clay, shale and
"""" sandstones. The great advantage of the method was that |
o the masonry was built in one piece from foundation to

: arch, resulting in a strong homogeneous construction. It's
drawback was that tunnellers and masons had to work in
turn, makmg the method the most expens:ve of all.

Upraise Method ‘

The method involved first excavating a

lower heading. Vertical upraises were then

| excavated from which the top heading was

1 driven leaving a dividing floor. After the

| top heading was enlarged to form an-arch,

| the dividing floor was removed and the
lower heading broken out to: full size:

" 100f34  Tunnelling Grad Class (2012)  Dr. Erik Eberhardt




'Early Tunnel Experiences in Weak Rock ,,,,,,,,,,,

: L Lo L Lo L : T
The ['Old” Austrian Tunnelling Method was irst ‘ AUS*rlan method
used|for the Oberau tunnel in 1837, which was AT TR, |
| cons? ructed Thf‘OUgh marls gn’ei'ss'und'gr'dmfe”The'””{ 4 2 4 .
""" method resembles the English method in that The 1
£ull cortion wae. oxecavated £fanre the ma 5 3 5 & ]
rul _;ulgu1|§W\.:|a excavated betvore The masonr y was- » e A A
- added. The key difference was that excavation was
(:arriF}d,,,Quf in_small sections. Lo } 7 s 1yd -
: L ! L | L H s 8

A centre-bottom heading was first driven for a
distance of about 5 m. This 'pilot tunnel’ served to
ventilate the workings, to drain the surrounding
area, and aided in establishing the tunnel alignment.

,,,,, - TS S iyt A centre-top heading then followed (driven

: k .| for the same distance). Section 3 was then:
removed by men working from the top
heading, enabling the top structures to rest
on the undisturbed timbers below.

""" boll11-0f 34} . Tunnelling 6rad Class (2012) ... Dr. Erik Eberhard

Early Tunnel Expemem‘M m Wefﬂk Rock

Austrian me'rhod '

"""" 4 2 4
5 3 5
6 6 B Lo NUNEEREL 0 BTEEEGL . [EEEES R REGE|
rrrrrrr T ; 7 e = .
Z5 8 8 ) _| Breaking out of the tunnel to full width then
7777777 i i : 2 A began at the shoulders, working down.

Once the excavation was

fully opened, the masonry

p uilt up from the

,“H ¥ | foundations to the crown of
the arch in consecutive 5 m.

- Sandstrom (1963)
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“disturbance of the surrounding ground. The main
-~ disadvantage was that the strutting was liable to
distort or give way under asymmetrical pressures.

_ An important aspect of this method was that the
- driving of a large number of headings, which were

‘#. Such were the experiences with the Christina Tunnel in

Italy (1865-70), sometimes referred to as the “most

dreadful underground construction ever undertaken”.

| The material through the tunnel was driven

| ‘consisted of a peculiar type of clay that lacked ' |T-
-|-cohesion. When the clay beds were disturbed by |-
| the excavation, the clay would slide along
laminations. Swelling also gave trouble at the

| sides and bottom, necessitating the removal of
| ' much additional material. At times, the excess

‘| swelled to 4x the tunnel areall :

7/
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% | This system (building a lower arch first and filling
g5 | it with masonry) was dubbed the Italian System.
-| However, no records of applying this system to | ]
other tunnels exists. Today, such poor or ‘running’
ground conditions would be pre-treated using

| freezing or by chemical means.
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Although the use of

3

These (’ar'ly sys Tems evenfually

died out

due to

| huge quantity and high cost of tfimber required, and the replacement of
masonry linings with concrete, their underlying principles still live on. T
is the benefits of drlvmg one or more‘srn‘all headmgs that are later
jed ‘nabimg ound deformations to be controlled better.
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"""" as the "observational me'rhod" (Pt'-"‘CIP'"""sed here):

In ‘l'he 1940'5 Kar'l Ter‘zaghl m‘rroduced a sysfemahc means 'ro solve
'”geofechmcal problems in the face of geological uncertainty, referring to it
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Terzaghi & Peck(1948)

and,i if ‘necessary, modify; the design” during construction." F
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Ex'l'ensuon

The J ubllee Line Extension to the London Underground started in 1994

~and called for twin tunnels 11 km long, crossing the river in four places,

“with eleven new stations to be built, eight of which were to be

rlghf opposrre Big Ben

- underground. One of the more problematic of these was a station placed
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Observation Method Example -

ubilee Extension

"""" | The technical implications were
| 1858, Big Ben is known to be o

,,,,,,, | shortly after completion. Any

immense: Built in
n a shallow

,,,,,,, | foundation. It started to lean towards the North

round movement in

| the vicinity would exaggerate t
| threaten the stability of the st

his lean, and
fructure.

Porcullis House
Now Parkamantary Buiding
[l 1 !

19 of 34 . Tunnelling 6rad Class (2012)

- damage historic buildings in the

T "I‘feal%"w th exca ru‘l“}ions-ir.duf.cd S :T?icﬁien?fS"'ﬂ'th

reill
ersibly

area, the design ¢

ay irre

alled for

,,,,,,, -compensation grouting during tunnelling. In this process, a network of
,,,,,,, _horizontal tubes between the tunnels and the ground surface is
__introduced, from which a series of grout holes are drilled. From these,
liquid cement can be injected into the ground from multiple points to

- control/prevent movement during excavation of the main tunnels.

the use of

Big B |
108m PO lg en
Bridge Street ,jﬂ_
[ Subway [’I’r_‘
b S B

e ® @———Fipe Arch

— Een PO

Eastbound Pilol &
Platform Tunnel

Compansasion Groutiag Horizon

: —— TEmPD

. o Westbound Pilot &
. Platform Tunnel
. 7.0m i)

B <-20 %of— 34 rrrrrrrr i——ri—Tunnéllinjg—Gvr'ac;i— Cia—ss(ZjOlr:Z)r—
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Observation Method Example - Jubilee Extension

Instrumentation was attached to Big Ben and to the buildings in the vicinity
to measure movement (with some 7000 monitoring points), and computers
were used to analyze the data to calculate where and when the grout has
to be injected.

40
Tunnel Progress: |
Pllcls Enlargements |
wl v e owe = For Big Ben, a movement of 15
£ mm at a height of 55m
8 (approximately the height of the
E oo | clock face above ground level)
3 e was taken to be the point at
5 — Yl ¢ which movement had to be
g o o Episocks .| | controlled. Throughout the 28
5 month construction period,
Start of . b
s EI experience had to be gained as
g ol to which tube to use for
o m i grouting, the volume of grout to
et 3 wEEy s @ be injected and at what rate.
-Itl‘r]w-gd Nu\L—DS Nm:-QG Nm:-g? Nuu‘-Qs No\:-gg No\r—l2m0
;@‘ 21 of 34 Tunnelling 6rad Class (2012) Dr. Erik Eberhardt

Observation Method Example - Jubilee Extension

; It was calculated that without the
o grouting, the movement of Big Ben

would have gone well over 100 mm,
ﬁ:\. —_— which would have caused
unacceptable damage.

Sellement R O——
wthoul groiing 7 > — e

p g e with grouting
AR

XXX . K‘AW
Exclusion zone T

\ N !,’ . Grouting
~

=

Shicld maching linings

Following construction, the grouting pipes were
left in place and monitoring continued. Thus,
compensation grouting can be restarted if
required. However, instrumentation is showing
that no further grouting is necessary.

Compensation grouting

@‘ 22 of 34 Tunnelling 6rad Class (2012) Dr. Erik Eberhardt
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der o pr‘eserw
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by mi

nimizing

rock mass 5

Ol
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necessary fo apply temporary:su

ort me asureS' m

'SETS;E ‘rock bolts

,u:Tc lhesel
load

mﬁj -load ucul lﬂg

-erec red after the 1

GIIIPUI w

y Suppw

component, with-
tunnel has becom

,,,,,, lining is to eal the

pport early. Tempor'ar'y
, wire mesh and
measur esﬂ'are”gfener‘aily

seen’ a "'rhe :

the ﬁri- |uif‘y' cor

e.stable. The pr

tunnel Qnd,,tq,,prﬁov:idei a partial |

r clc !lﬂing uclu 1
imary role of this . ..
ad beqmng compgnenf

Support is added to create a stable
self-supporting arch within the rock
| mass over the Tunnel opening.

c /7/ - nalural arch
- =

/ < zone of
:; loosenad rock

“<— tightened
¥ zone ol rock

rockboll

" rock arch
-

- excavated

Forepoling is used to provide an arching

Vil effect in the 3 dimension to control ground |-
,,,,,,,,,,,,,,,,,,,,,,, deformations ahead of the tunnel face.
Tunnelling Grad f!assﬁ(ZOlZ) r. Eéikrrijérhc}.rd

LuATM)

%The New usfrrlqn

unnelllrg Methcd (NA‘\T3 );ls jan

approac

or pjhaloséphjy

""}infeg\raﬁng'fhe'principles' 'of'r'bck'm'ass behaviour: and'fhé'monifoﬁ'ing"of"rhis

. bt H ! . e
venaviour auring IU""CI CKLUVU?IU"

|r|c wuiu llfClrl d' I) a poor LnOl(.c UI

——————— word usage, as the NATM is not a

~teck niqn.IIes,,Instead,,:rheNATM@involv‘es‘a ::ombmahon, of many esmbllshed

,,,,,,, ways of excavation and tunnelling,

set of specific excavation and support

but the difference is the continual

‘monitoring ofjfh:e rock movement and The revision of support 'ro obfmn 'rhe
3mas1ristable and economlcal lining. L o

What the NATM is not:

- A method (i.e. a set of specific excavation and support guidelines).

Rabcewicz (1964):

- Simply the employment of shotcrete as support.

“A new tunnelling method - particularly adapted for unstable ground - has
been developed which uses surface stabilisation by a thin auxiliary

| shotcrete lining, suitably reinforced by rockbolting and closed as soon as
possible by an invert. Systematic measurement of deformation and stresses

BERERE enables the required lining thickness to be evaluated and controlled”.

" 240f34  Tunnelling Grad Class (2012)  Dr. Erik Eberhardt
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rhodt NATM)

Year

Principal development

_ 1848 to1920s

1948

1954

1858

1960

1962

1964

Development of the use of fast setting mortars as a tunnel support;
invention of the cement gun and the registration of patents; early
uses of gunite in civil and mining engineering tunnel operations

Development of concepls relaling to controlled rock deformation
and dual lining system involving systemalic anchoring for
tunnelling which were postulated by Rabcewicz

The first application of shotcrete as a supporting element in
ing ground in tL ling was carried out at the Ri

HEF Prolsct Austria by Bfunner

Brunner filed a patent of this concept of tunnel construction in
squeazing ground and called it the Shotcrete Method

Mueller recognised the roles played by load and deformation
measurements as part of the design | aimed at p

excessive rock leading of tunnels and consequently dsvelopﬁd a
systematic measuring system which formed part of the process

Rabcewicz first used the term the New Austrian T liing Method

whilst speaking at a ing in

NATM achieved worldwide recognition and appears 1o have
originated from the publication of Rabcewicz [15.7] In connection
with the application of the shotcrete method in the S

er & Frith (1990

Fr

Tunnel which was designed under the guid of Mueller and
Rabcewicz

W

T
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formation of ‘the ground. is required to. ... ...

. Stiff support

1

velop its full ‘strength). Primary support is

ected to enable the rock to support itself.

Support pressure

follows that the support must have
itable foad=deformation-characteristicsand

‘pln‘” at-the correct. time.

Yielding support

Soft support

Boundary displacement

- 2) :Pr'ilz'nary, Sjupbor,r: Minimiz

: gr‘dund

loosening and excessive deformations may

be ‘ach ieved in various ways, but ;enemlly
a pr'lrrary support system consisting of

shotcrete,

of shotcrete constitutes the NATM.

y includes

it does not mean that

'Flpmh

- systematic rock

‘bolting ‘and a thin

semiz

e.shotcrete. |mmn

is usgd ,,,,, WHn"’pupr‘

suppor

t is used, it is essermal thatrit is

placed

the use

and r"em:uns in phys:cal cormc‘r wrl'hmr
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Legend Measuring objective Instrument

1 Deformation of the Convergence tape
excavated tunnel surface Surveying marks

2 Deformation of the greund | Extensometer
surrounding the tunnel

3 Monitoring of ground Teotal anchor force
suppott element “anchot’

4 Monitoring of ground Pressure cells
suppott element “shoterete Embedments gauge
shell’
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| A review of NATM failures
found that in most cases,
'| the failure was a result of
‘| collapse at the face where
.| the lining is still weak and

| cantilevered.

L | A " o R Lneatfce aiures
. The builder and an Austrian engineering firm was fined a record
" £1.7m for the collapse, which put lives at risk and caused the E

. cancellation of hundreds of flights.
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