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New Austrian Tunnelling Method (NATM)

The New Austrian Tunnelling Method (NATM) is an approach
integrating the principles of rock mass behaviour and the monitoring
of this behaviour during excavation. It involves the monitoring of
rock mass deformations and the revision of support to obtain the
most stable and economical lining. Thus, the NATM is seen to be
advantageous as the amount of support installed is matched to the
ground conditions, as opposed to installing support for the expected
worst case scenario throughout the entire drift.

Rabcewicz (1964):

"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 enables the required lining thickness to
be evaluated and controlled”.
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Tunnel Measurement Systems

Legend Measwing objective Instrument

1 Deformation of the Convergence tape
excavated tunnel surface Surveying marks

Z Deformation of the ground | Extensometer
surrounding the tunnel

3 IMonitoring of ground Total ancher force
support element “anchor’

4 Monitoring of ground Pressure cells
support element “shoterete Embedments gauge
shell’
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Ground Reaction - Convergence

In practice, it may not be possible to establish the exact form of
the ground response curve, but we can measure the displacement
that occurs, usually in the form of convergence across an excavation.
The ground response curve and convergence curves are linked because
they are different manifestations of a single phenomenon.

P System response curve Convcrgence curve
| fi step 1 (evolves with excavation (measureable in situ)
) 15 advance, and hence time)

(24,9,
Ground o (3,,2)) 4:5)
response curve o (5.1,)
212

.
(1,85 Al
/S e8)
P8

Convergence

N B3ty

. By,
L+ Available o Butd

s e ,~” support line \. (G 8]
@ step 4 Boundary displacement Boundary displacement Time
frast XX

Support pressure
Pressure difference

(evolves with excavation
| |
AL

advance, and hence time)
Convergence occurs rapidly as excavation proceeds: subsequently the
convergence rate decreases as equilibrium is approached.

s Hudson & Harrison (1997)

=
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Stresses & Displacements - Circular Excavations

The Kirsch equations are a set of closed-form solutions, derived
from the theory of elasticity, used to calculate the stresses and
displacements around a circular excavation.

% ¢ P ) a’ a3’
Pﬂ \/ :l,.-:E[{I+A](I—;3)—11—.‘\3([—4;3-1—J_:)cmlll:|
l l l l l l N ‘r...‘:g[il--'-.‘(l(l -'-:—j)—t]—K!(]—E:—J-)ms:n}
< = - r
— . _r | 24° 3at o
. . tT(u—E ( —Kl(]—-r—:—r—JJsm_ﬂJ
k-P 2 2
= AW e w=—po o+ 0-a-ofaa-n- % o)
. o n.,:—‘::i; [tl—K!IE[I—Ev:+§}sin2ﬂ:|
[ Brady & Brown (2006)
Stress-ratio:
k = o//c,
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Stresses & Displacements - Circular Excavations

From these equations we can see that the stresses on the
boundary (i.e. when r = a) are given by:

oge = Pl(1+k) + 2(1-k)cos26]
GT‘T‘ = 0
9 =0

Note that the radial stresses are zero
because there is no internal pressure,
and the shear stresses must be zero at
a traction-free boundary.
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Conservation of Load

Another concept that can be elegantly demonstrated from the
Kirsch equations is the principle of conservation of load.

(a)

... principle of conservation
of load before and after
excavation. The sketches
show how the distribution
of vertical stresses ©
across a horizontal plane
changes.

Areas equal = p,a

(d)

Diameter = 2a

Hudson & Harrison (1997)
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Orientation of G; & Induced Stresses

| Potential Ground Control Issues:

P 23 ] Destressing = wedge failures
,,,,, P ST IS i Concentration = spalling

A\ . destressin
""" A\, concentration 9

; E concentration :
,,,,, AN i } . i
9 stress I/ .

Stresses can be visualized as flbwing around the excavation periphery in the

: direction of the major principle stress (c;). Where they diverge, relaxation
~--+---1-| oceurs; where they converge, stress increases occur.
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The Stabilization Strategy

The effects of excavation (displacements, stress changes, etc.), and the ,
optimal stabilization strategy to account for them, should not blindly |
attempt to maintain the original conditions (e.g. by installing massive :
support or reinforcement and hydraulically sealing the entire excavation).

As the displacements occur, engineering judgement may determine that they
can be allowed to develop fully, or be controlled later.

Reinforcement: the primary objective is to
mobilize and conserve the inherent
strength of the rock mass so that it
becomes self-supporting.

Support: the primary objective is to truly
support the rock mass by structural
elements which carry, in whole or part,
the weights of individual rock blocks
isolated by discontinuities or of zones of
loosened rock.

f Kaiser et a/. (2000
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T rm | Support Principles

VCons‘ider' a funnel being advanced by conventional methods, where
‘steel sets are installed after each drill & blast cycle.

i P
R BER L3N
([0 ar s
% --_:x i W :
pC : ’ f \\\ :
- | 1 P :
, fi>§ L \"‘ A
IS Step 1: The heading has not reached X-X | X 1
2 and the rock mass on the periphery of the . -
§ future tunnel profile is in equilibrium with @
g the internal pressure (p;) acting equal and
2 OpposiTetorps
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Tunnel Support Principles

Consider a tunnel being advanced by conventional methods, where
steel sets are installed after each drill & blast cycle.

— o o ]@P°] ]
([T
(I ]] O~ pl

¥ T =Y
Step 2: The face has advanced i
beyond X-X and the support L

pressure (p,) pr‘ovided by the rock Direction of tunnel ad?unﬁe —
inside the tunnel has been reduced

to zero. Given that the blasted — —
rock must be mucked out before

the steel sets can be installed, Supportedtunnel o _ _ _ _ - - ==
deformation of the excavation Unstable tunnel

boundaries starts to occur.

Daemen (1977)

Displacement
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T rinel Support Prirﬁcipl?*

‘We can then plot the radial support pressure (p;) required to limit
_the boundary displacement (5;) to a given value.

i + - - - - - - - - Radial

X displacement
SE pA (pi = po) = excavated
{ - : step | ] £ profile
= <lep. 3 iy )
: g YREEE { I
3 g = I
T[] alini L
R required support line  t=====x! ~tunnel profile
x= section X-X e for wnnel roof
. -4
£ C
— H
R : por
5 up|
9, 5 line for
= side wall
<
)
£
Y
o
[a)

radial displacement, &

Thus, by advancing the excavation and removing the internal support

pressure provided by the face, the tunnel roof will converge and
displace along line AB (or AC in the case of the tunnel walls; the roof

deformation follows a different path due to the extra load imposed by

gravity on the loosened rock in the roof).
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Tunnel Support Principles

We can then plot the radial support pressure (p;) required to limit
the boundary displacement (5;) to a given value.

{ ‘ { { : Radial
X displacement
T LA (2 = po) =) _excavated
i i step | . § o profile
——— = u *g -3 i 1]
E afes required support line  FS==——= tunnel profile
e for wanel roof
- support
[LLILLLI] ] ;
— z
N~ x— = !
N 1 £ | support
[ 5 L, &| linefor
Z 225 side wall
= ZE_Z
S £
£ ==
g —O
8 radial displacement, &

By Step 3: the heading has been mucked out and steel sets have
been installed close to the face. At this stage the sets carry no
load, but from this point on, any deformation of the tunnel roof or
walls will result in loading of the steel sets.
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nnel Princi
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‘We can then plot the radial support pressure (p;) required to limit
“the %D\oundqry‘ displacement (5) to a given value.

|

X

LLLIII]
glinne
LI
i

X

step 1

step 2

siep3

) stepd

]
I
I

section X-X

Radial support pressure, p,

bA (pi= po)

=

to limit

pressure
nrmation
defi

|
required support line  F==—
for wanel roof

(o
/

support
line for
side wall

Daemen (1977)

In Step 4: the heading is advanceﬁd

Radial

support

displacement

_excavated
profile

twnnel profile

radial displacement, &

one and a half tunnel diameters

beyond X-X by another blast. The

restraint offered by the proximity

of the face is now negligible, and

further convergence of the tunnel

If steel sets had not been installed, the
radial displacements at X-X would continue
increasing along the dashed lines EG and i
FH. In this case, the side walls would reach
equilibrium at point 6. However, the roof '

£
-

boundaries occurs. would continue deforming until it failed.
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Tunnel Support Principles

thg

We can then plot the radial support pressure (p;) required to limit
boundary displacement (3) to a given value.

at
[0 |

stepd

section X=X

Daemen (1977)

Radial support pressure, p,

Radial

bA (p; = po) _excavated
E profile
B _E
273 |
L required support line F=—=—=—=— wunnel profile
for wanel roof
support
C
/
5| o
ine for -
% side wall N ...H-"'
~
.
e
T ¢

displacement

radial displacement, &

.. but with steel sets installed,

convergence will begin to load the support.

the tunnel

This load path is known as the support reaction line (or available support

line). The curve representing the behaviour of the rock mass is known as
the ground response curve (or support required curve).
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Tunnel Support Principles

We can then plot the radial support pressure (p;) required to limit

the boundary displacement (5;) to a given value.

A (pi = po)

rmation

pressure
required
o limat
defor

EN

P
support %
line for
side wall

step 4

Radial suppart pressure, p,

i
i

section X-X

required support line
for wanel roof

Radial
displacement
_excavated

\(—"' profile

—=tunnel profile

Daemen (1977)

radial displacement. &

Equilibrium between the rock and steel sets
is reached where the lines intersect.

rock and not by the steel setsl!

It is important fo note that most of the redistributed
stress arising from the excavation is carried by the

S0

yl=™
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Ground Response Curve

Consider the stresses and displacements induced by

excavating in a continuous, homogeneous, isotropic, linear

elastic rock mass (CHILE). The radial boundary

displacements around a circular tunnel assuming plane strain

conditions can be calculated as:
u, = (R/E)[o1 + 05 + 2(1 = V¥)(0y — Oy)cos 20 — vos]
where . R is the radius of the opening,
o1 and 0, are the far-field in-plane principal stresses,
03 is the far-field anti-plane stress,

0 is indicated in the margin sketch, and
E and v are the elastic constants.

Where the ground response curve intersects the
boundary displacement axis, the v, value,
represents the total deformation of the boundary
of the excavation when support pressure is not
provided. Typically only values less than 0.1% of
the radius would be acceptable for most rock
tunnelling projects.

Support pressure

Unstable
non-elastic

Stable

Elastic non-elastic

Boundary displacement

Hudson & Harrison (1997)

a
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Support Reaction Curve

If support is required, we can gain
an indication of the efficacy of
particular support systems by
plotting the elastic behaviour of
the support, the available support
line, on the same axes as the
ground response curve. The points
of interest are where the available
support lines intersect the ground
response curves: at these points,
equilibrium has been achieved.

support system yield

Support pressure p, ————>-

Inward radial displacement #, ~ —————Jjj>
Hoek et al (1995)
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Worked Example: Rock-Support Interaction

Q. A circular tunnel of radius 1.85 m is excavated in rock subjected to
an initial hydrostatic stress field of 20 MPa and provided with a
concrete lining of internal radius 1.70 m. Assuming elastic behaviour
of the rock/lining, calculate/plot the radial pressure and the radial
displacement at the rock lining interface if the lining is installed after
a radial displacement of 1 mm has occurred at the tunnel boundary.

A. Given: p = hydrostatic stress
__pa a; = tunnelradius
=706 6 = shear modulus (assume 2 GPa)
p, = radial support.pressure
T k = lining stiffness
Pe= a u, = rock displacement when support

installed
E. @ — (a— 1) concrete lining thickness
k= T 5 5 . E. = lining elastic modulus: (assume 30 GPa)
F Ve (I = 2v) a® + (@ — )"~ "= ining Poisson ratio (assume O.25)

1.

C
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A.

Worked Example: Rock-Support Interacti

radial stress of 20 MPa, the other is the maximum elastic

dusplacemenf induced when the radial stress is zero.

To find the ground response curve we need to identify the two end
_points of the line: one is the in situ condition of zero displacement at a

, 20e6Pa)(1.85m
D oy = a = U, = ( J185M) _ 4 50925m
2G 2-(2e9 Pa)
25]; = —_—————
2)" Plotting our ground
response line, we have | — s
'rwg k:nov:/vn:po:mts: ) § - |8
p, =20 MPa| - £
= 0mm & kS
p,=0MPa | - -
= 9.25mm — +|E
10 12 14 B 5
radial displacement, mm 3
9 " 21 of 35 Tunnelling Grad fas§ (2014) r. El%ik Eberhérd

. To find the support reaction line, we assume the lining behaves as a
thick-walled cylinder subject to radial loading. The equation for the

lining characteristics in this case is:

Ec a’ _(a_tc)

1+vc(1—2vc)a2+(a——t)

3 %Solvmg for fhe s'rlffness of The Immg where t. = 1.85 -

§17O 015m E -306Paandv -025 weget

L 30GPa [ (185m) —(185m 015m) }

7777777777777 1+0.25 (1 05)(185m) +(185m 015m)
ok =2 78<3Pa g
I 22035  Tunnelling Grad Class (2014)  Dr. Erik Eberhardt
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5

ked Example: Rock-Support Interacti

>
(w)

Thus, for a radial pressure of 20 MPa and u, = 1 mm, the lining will

pdeflect radially by:
1.85m

Ur — Up a :
=k =) U =—p +u=———20e6Pa+0.001m
Pr a r T P T 780 Pa '
u, = 0.014m
@ Plotting our support =T
reaction line, we have ” - y -
two known points: £ ) / g
S S % S - g
p,=20MPa | _|§..-T E
u = 0.014mm [§ " >‘{/ Operating point: |8
S s =__ u=5.9mm, p=7.3MPa |
p, =0 MPa . 5
R R s : —e, 3
u. = 1mm 0 2 4 6 8 10 12 14 16| 8
radial displacement, mm -
U1 23 of 35 Tunnelling Grad Class (2014) r. Erik Eberhard

Worked Example: Rock-Support Interaction
25
204 -Operating point: =
© erating poin P
] “__u=5.5mm- p=8.2MPa ',
£ 15—
S|z 10 = -
N T
s |8 ) )&ﬁ\// Operating point:
3 5 e = u=5.9mm, p=7.3MPa
T - \
=
8 % his shows how, b
‘ﬁ 0 2 4 6 8 10 Jhis %ows \?;w' Y .
$ radial displacement, mm dequlqg the ‘installation of
—f——T—TT7— the lining, we can reduce
1 mm displacement of the pressure it is required
tunnel boundary before to withstand - but at the
lining is installed expense of increasing the
final radial displacement.
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Rock Support in Yielding Rock

Thus, it should never be attempted to achieve zero displacement by
introducing as stiff a support system as possible - this is never
possible, and will also induce unnecessarily high support pressures.
The support should be in harmony with the ground conditions, with
the result that an optimal equilibrium position is achieved.

In general, it is better to »1
allow the rock to displace . e T tDol oo
to some extent and then S 5.5mm, p-8.2MPa =
ensure equilibrium is i e
achieved before any s w0 S
deleterious displacement of ¢ 47}~ Operating point:
the rock occurs. 5‘ - <=3k
00—O— - —— ! : .
Uy 2 4 ] 8 10 12 14 16
radial displacerment, mm
Hudson & Harrison (1997)
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Ground Response Curve - Yielding Rock

Note that plastic failure of the rock mass does =yl )
not necessarily mean collapse of the tunnel.
The yielded rock may still have considerable
strength and, provided that the plastic zone is
small compared with the tunnel radius, the only
evidence of failure may be some minor spalling.
In contrast, when a large plastic zone forms,
large inward displacements may occur which
may lead to loosening and collapse of the
tunnel.

——

- elastic displacement

. -criical support pressure defined by
- initiation of plastic failure of the
rock surrounding the tunnel

Hoek et al. (1995)

Support pressure p,

-t plastc dispacement

Curve 1: 'perfect' excavation
Curve 2: machine excavation
Curve 3: good quality blasting

X

% o Curve 4: poor quality blasting

< 2

8| &

@ & -

5 = Effect of excavation methods on shape of
5| & Curve 4| the ground response curve due induced

5 2 Curve 3 damage.and alteration of rock mass

ae)

2 Boundary displacement pl"Opef'fleS -
Iiﬂ 26 of 35 Tunnelling Grad Class (2014) Dr. Erik Eberhardt
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Ground Response Curve - Plastic Deformation

To account for plastic deformations, a yield Q1.4
criterion must be-applied. If the onset of
plastic failure is defined by the Mohr-Coulomb
criterion, then:
Oy = Oy + kog Ocm
rock mass O,

ves

The uniaxial compressive strength of the rock mass (G.,) and the slope of
the failure envelope is in o,-03 space is:

. ool e (1+sind)
cm == I
(1-sind) (1-sind)
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Ground Response Curve - Plastic Deformation

Now assuming that a circular tunnel of radius r, ,_.@.fo

is subjected-to-hydrostatic stresses(p,); failure . S
of the rock mass surrounding the tunnel occurs 4
when the internal pressure provided by the tunnel P,
lining is less than the critical support pressure, =
which is defined by: k

ﬁzpf!_sf‘m @ _-

1+ k @

P

If p; > p.. then the deformation of the rock r,(1+V)
mass and inward radial displacement iis elastic: e ="

(p,—p)

1

If pg>-p;;-then-the radius-of-the-plastic e
zone around the tunnel is given by: ro=r Ap, k=D +06,,) ](k !

Pl + k(k=Dp, +0,,,)
ﬁ‘ 28 of 35 Tunnelling 6rad Class (2014) Dr. Erik Eberhardt
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Ground Response Curve - Plastic Deformation

The total inward radial displacement of the tunnel

roof and walls is then given by:

"y

u.
ip
,'0

RAGGAD)
- E

2
21-v)(p, —p(.,)(—J —(1=2v)(p, - p;)

T . p; =P, (in situ stress)
* .t~ clastc displacement
H - spporprssme ettty | VIS plot shows zero displacement
‘ 7 miorpmiciieatte | when the support pressure equals the
| & hydrostatic stress (p;=p,). elastic
Q1 _w-siaswenen | displacement for p>pi>p,., plastic
< N displacement for p;<p.., and a
By \ maximum displacement when the
M support pressure equals zero.
32-,:’
Inward radial displacement 1, ————J
;@. 29 of 35 Tunnelling Grad Class (2014) Dr. Erik Eberhardt

Rock Support in Yielding Rock

Another important conclusion drawn from these curves, for the case
of unstable non-elastic conditions, is that stiff support (e.g. pre-
cast concrete segments) may be successful, but that soft support
(e.g. steel arches) may not bring the system to equilibrium.

possible buckling
failure

Ridial support pressure, p,

blocked steel sets

Radial displacement. 5,

One of the primary

functions of the suppor
is to control the inward
displacement of the wal
to prevent loosening.

. Stiff support

Support pressure

Soft support

Brady & Brown (2004)

Boundary displacement
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Summary: Rock Support in Yielding Rock

‘. Support 1 is installed at F and reaches
—equilibrium with the rock mass at point B:
 This support is too stiff for the purpose and
~attracts an excessive share of the
—redistributed load. As a consequence, the

- support elements may fail causing catastrophic
___failure of the rock surrounding the excavation.

Radial support pressure, p;

O F G
Radial displacement, &

Bradv & Brown (2004)
ra: srown (<& T)

r. Erik Eberhard
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>

\ L .:ugpor'f 2, having a Iower' shffness is
T L  installed at F and reaches equilibrium with
— — ~ the rock mass at point (4

~~~~———Prawded the correspondmg conver-geﬂce

- the excavation is acceptable aper'af/ona//y,
——this system provides a good solution. The

""" ~-rock mass carries a major portion of the

""" —redistributed load, and the support
- elements are not stressed excessively.

Radial support p

L e ———— Note that if this support was temporary and was
: . - | fo be removed after equilibrium had been

| reached, uncontrolled displacement and collapse

| of the rock mass would almost certainly occur.
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3,upp¢r

t in Yielding Rock

;prrf 3 hdvingia Smuch‘ Idwer‘ SflffneSS

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

777777777777 eaChes eqUIllbrlum Wl'l' The r'ock mqss 01- :

Radial support p

- point O where the rock mass has started

- to loosen:

~Although-this-may provide an acceptable
- temporary solution, the situation is a
- dangerous one because any extra load
""" “imposed, for example by a redistribution
" of stress associated with the excavation
""" of a nearby opening, will have to be

general, support 3 is too compliant for

~~carried by the support elements. In

~this particular application.

3 0f 39 Tunnelling Grad Class (2014)  Dr. Erik Eberhard
ry: k Support in Yielding Rock

Radial support p

G
Radial displacement, 5

(20

Support 4, of the same stiffness as Suﬁp&rt 2
is not installed until a radial displacemen‘l' of
the rock mass of 06 has occurred

In fhls case 1'/1e supporf is msfa//ea’ /afe
excessive convergence of the excavation will
occur, and the support elements will probably
become overstressed before eguilibrium is
reached.
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