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Final Design based on the most probable 
conditions (geology, hydrogeology, 

geotechnical parameters, construction
methods,…)

Prediction of Rock Mass Behaviour 
without (intrinsic conditions) or with 

reinforcement/support measures 
(identify excavation cross sections)

Perfomance Monitoring by a suitable 
well thought monitoring system to 

adopt during construction

 Prediction of Rock Mass Behaviour
calls for the use of

Computational Models/Design Analyses

  Prediction of Rock Mass BehaviourPrediction of Rock Mass Behaviour
calls for tcalls for the use ofhe use of

Computational Models/Design AnalysesComputational Models/Design Analyses

There are no simple methods that canThere are no simple methods that can
be adopted to predict the complexbe adopted to predict the complex
three-dimensional behaviour ofthree-dimensional behaviour of
underground structures, including theunderground structures, including the
influence of reinforcement-supportinfluence of reinforcement-support
measures and rock mass-structuremeasures and rock mass-structure
interactioninteraction
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The The followingfollowing requirementsrequirements shallshall bebe
metmet beforebefore constructionconstruction isis startedstarted::

(1) The limits of (1) The limits of behaviourbehaviour whichwhich
are are acceptableacceptable shallshall bebe establishedestablished

The The followingfollowing requirementsrequirements shallshall bebe
metmet beforebefore constructionconstruction isis startedstarted::

(2) The (2) The rangerange of of possiblepossible behaviourbehaviour
shallshall bebe assessedassessed and and itit shallshall bebe
shownshown thatthat therethere isis anan acceptableacceptable
probabilityprobability thatthat the the actualactual behaviourbehaviour
willwill bebe withinwithin the the acceptableacceptable limits limits 



The The followingfollowing requirementsrequirements shallshall bebe
metmet beforebefore constructionconstruction isis startedstarted::

(3) A plan of (3) A plan of monitoringmonitoring shallshall bebe
deviseddevised whichwhich willwill revealreveal whetherwhether the the 
actualactual behaviourbehaviour lieslies withinwithin thethe
acceptableacceptable limits. The limits. The monitoringmonitoring
shallshall makemake thisthis clearclear at a at a sufficientlysufficiently
earlyearly stage and stage and withwith sufficientlysufficiently short short 
intervalsintervals toto allowallow contingencycontingency actionsactions
toto bebe undertakenundertaken successfullysuccessfully

The The followingfollowing requirementsrequirements shallshall bebe
metmet beforebefore constructionconstruction isis startedstarted::

(4) The (4) The responseresponse time of the time of the 
instrumentsinstruments and the and the proceduresprocedures forfor
analysinganalysing the the resultsresults shallshall bebe
sufficientlysufficiently rapidrapid in relation in relation toto the the 
possiblepossible evolutionevolution of the systemof the system



The The followingfollowing requirementsrequirements shallshall bebe
metmet beforebefore constructionconstruction isis startedstarted::

(5) a plan of (5) a plan of contingencycontingency actionsactions
shallshall bebe deviseddevised whichwhich maymay bebe
adoptedadopted ifif the the monitoringmonitoring revealsreveals
behaviourbehaviour outsideoutside acceptableacceptable limitslimits

Continuum and Continuum and 
DiscontinuumDiscontinuum ModellingModelling
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Elastic and Elastic and 
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Rock MassRock Mass

IntactIntact RockRock
σσ11

εa

σσ''11 -- σσ''33
(a) poor rock mass 

conditions
(a) poor rock mass 

conditions

(b) fair to good rock  
mass conditions

(b) fair to good rock  
mass conditionsσσ''11 -- σσ''33

εa

(c) good to excellent rock 
mass conditions

(c) good to excellent rock 
mass conditionsσσ''11 -- σσ''33

εa

•• continuum continuum 
•• equivalentequivalent continuumcontinuum

THE INTACT ROCK PROPERTIES NEED BE 
SCALED DOWN TO THE ROCK MASS 
PROPERTIES

THE INTACT ROCK PROPERTIES NEED BE THE INTACT ROCK PROPERTIES NEED BE 
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Continuous Isotropic
Linearly Elastic Medium 

(CILE)

For a CILE medium we need the 
following parameters:

the elastic (Young’s) modulus E
and

the Poisson’s ratio ν

ForFor a a CILECILE medium medium wewe needneed the the 
followingfollowing parametersparameters::

the the elasticelastic ((YoungYoung’’ss)) modulusmodulus EE
andand

the the PoissonPoisson’’s ratio s ratio νν
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In this case, we also need the 
following parameters:

• for the M-C criterion: c,ϕ
• for the H-B criterion: σci,mb,s
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Hoek and Brown criterion
for the rock mass

α

⎟
⎠

⎞
⎜
⎝

⎛
+

σ
σ

σ+σ=σ sm
ci

'
3

bci
'
3

'
1

α

⎟
⎠

⎞
⎜
⎝

⎛
+

σ
σ

σ+σ=σ sm
ci

'
3

bci
'
3

'
1

intact rock 
uniaxial
compressive
strength

intact rock 
uniaxial
compressive
strength

σciσci

11σ’σ’

33σ’σ’

Hoek–Brown
constants
for the rock 
mass

Hoek–Brown
constants
for the rock 
mass

s, 
mb

s, 
mb

11σ’σ’

33σ’σ’

exponent of the 
H-B criterion
(usually α = 0.5)

exponent of the 
H-B criterion
(usually α = 0.5)

αα



Linearization
Procedure

Linearization
Procedure

α

σ
σσσσ ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++= sm

ci

3
'

bci3
'

1
'

α

σ
σσσσ ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++= sm

ci

3
'

bci3
'

1
'

⎟
⎠
⎞

⎜
⎝
⎛ −

=
28

100GSI
expmm ib ⎟

⎠
⎞

⎜
⎝
⎛ −

=
28

100GSI
expmm ib

⎟
⎠
⎞

⎜
⎝
⎛ −

=
9

100GSI
exps ⎟

⎠
⎞

⎜
⎝
⎛ −

=
9

100GSI
exps

σci and mi
from uniaxial
and triaxial
laboratory

tests

σσcici and and mmii
fromfrom uniaxialuniaxial
and and triaxialtriaxial
laboratorylaboratory

teststests

00 1010 2020 3030

8080

7070

6060

5050

4040

3030

2020

1010

’’’
σ 1

 -
M

P
a

σσ
1

 
1

 --
M

P
a

M
P

a

’’’σ3 - MPaσσ3 3 -- MPaMPa

3cm1 '
'sin1
'sin1

' σ
φ−
φ+

+σ=σ 3cm1 '
'sin1
'sin1

' σ
φ−
φ+

+σ=σ

α

σ
σσσσ ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++= sm

ci
bci

3
31

'
''

α

σ
σσσσ ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++= sm

ci
bci

3
31

'
''

σcmσσcmcm

''sinsin11
''coscos''cc22

cmcm φφ−−
φφ

==σσ



Design Analysis MethodsDesign Analysis MethodsDesign Analysis Methods

(1) Closed form solutions
(2) Numerical methods

Metodo degli Elementi Finiti (FEM)
Metodo delle Differenze Finite (FDM)
Metodo degli Elementi di Contorno (BEM)
Metodo degli Elementi Distinti (DEM)

Finite Element Method (FEM)
Finite Difference Method (FDM)
Boundary Element Method (BEM)
Disitinct Element Method (DEM)

CONTINUUM
EQUIVALENT CONTINUUM DISCONTINUUM

A
B

A BB

Analytical Methods Analytical Methods 
““Closed form solutionsClosed form solutions””

Typical: Circular tunnel in Typical: Circular tunnel in 
elasticelastic--plastic rock massplastic rock mass



(a)Simplified solution(a)Simplified solution
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The result finally
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Initial State of stress: isotropic k0=1Initial State of stress: isotropic k0=1

AssumptionsAssumptions

R.M. homogeneous and isotropicR.M. homogeneous and isotropic

Deep circular tunnelDeep circular tunnel

Plane strain conditionsPlane strain conditions

(b) Complete Solution(b) Complete Solution

Mohr – Coulomb
yield criterion

Mohr – Coulomb
yield criterion

Constitutive Models
Closed Form Solutions
Constitutive Models

Closed Form Solutions



tan-1 sin φptan-1 sin φp
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Elastic-plastic Ideally Plastic,
for poor to fair rock mass 
quality

Elastic-plastic Ideally Plastic,
for poor to fair rock mass 
quality

Constitutive 
Model 1

Constitutive 
Model 1

σ1 - σ3σ1 - σ3

εaεa



Elastic-plastic Ideally
Brittle, for good to
excellent rock mass quality

Elastic-plastic Ideally
Brittle, for good to
excellent rock mass quality

σ1 - σ3σ1 - σ3

εaεa

Constitutive 
Model 2

Constitutive 
Model 2

Equilibrium equation for
axis-symmetric problem
Equilibrium equation for
axis-symmetric problem
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State of stress in a CILE ground
around a circular hole

with radius re, inside pressure
σre and at infinity po

State of stress in a CILE State of stress in a CILE groundground
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Lamé’s SolutionLamLamé’é’s s SolutionSolution
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Strains εre ed εϑe in CILEStrains εre ed εϑe in CILE
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For cp= cr and φp = φr
We obtain the simplified

solution (a)

For cp= cr and φp = φr
We obtain the simplified

solution (a)
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Compute the radial 
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Compute the radial displacement 
in the plastic zone,
i.e. for a ≤ r ≤ Rpl

Compute the radial displacement 
in the plastic zone,
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The characteristic curve 
(ground reaction curve) gives

a relationship between the 
radial displacement ur at the 

tunnel contour and the 
applied pressure pi

The characteristic curve 
(ground reaction curve) gives

a relationship between the 
radial displacement ur at the 

tunnel contour and the 
applied pressure pi
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Discontinuum modelling Distinct

Element Method –UDEC code

Q = 2.0 (poor) Q = 1.0 (very poor)

σv = 9.45 MPa

σh = 4.73 MPa

(Stress ratio

K0 = 0.5)

σc = 45 MPa

Circular excavation in a flysch rock mass

Two models with different joint spacing

(respectively 0.5 and 0.3 m)

Tunnel diameter = 4.00 m

Two sets of persistent joints (horizontal
bedding and vertical jointing)

Average depth = 350 m

The mechanical properties of blocks
and discontinuities have been chosen
in order to attain a Q value of:

2.0 for first model

1.0 for second model

Stability analysis based on
numerical approach

x 30Model 1

x 15Model 2

Instability of roof blocks

Displacement ranging from 5 to 26 mm

Displacement increasing as the joint
spacing decreases

Different evolution of displacement field

Displacements magnified by 70 times

x 70Model 1



Typical support system behind the cutter 
head (liner plates, steel mesh, bolting)

Instability at the roof occurs 
immediately behind the cutter head 
with the need to install support (liner 
plates, steel mesh, etc.), with a 
significant slow-down in progress rate



Instability at the tunnel 
walls with serious 
difficulties in 
positioning the 
grippers and applying 
the thrust required

K0 = 0.5

K0 = 1.0

K0 = 1.5
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Transition from Continuum to Discontinuum (ELFEN code)

ELFEN is a dynamic solver based on the Finite Element Method
(FEM) and specialized in problems of transition from continuum 
to discontinuum. It includes specific Non Linear Fracture
Mechanics (NLFM) algorithms to simulate the fracturing and 
produce discrete fractures



Transition from Continuum to Discontinuum (ELFEN code)

ELFEN is a dynamic solver based on the Finite Element Method
(FEM) and specialized in problems of transition from continuum 
to discontinuum. It includes specific Non Linear Fracture
Mechanics (NLFM) algorithms to simulate the fracturing and 
produce discrete fractures

6.5MPa
0.6MPa

Fracturing in the roof of the raise bore 
pilot hole. Photo courtesy of B. 

Niederburger, 2001

Modelling of problem by ELFEN

TunnelsTunnels
Underground ExcavationsUnderground Excavations

Design AnalysesDesign Analyses
Case Case StudiesStudies and and ObservedObserved PerformancePerformance
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