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| - General setting (1 di 12)

The design methods of underground constructions can be
basically divided in [7]:

“analytical ” methods - mainly based on stress/strain
analysis around the cavity (for example: numerical
methods);

“observational ” methods > mainly based on
behaviour monitoring during excavation, as well as on the
the analysis of ground/support interation (for example, in
general terms the NATM);

“empirical ” methods - mainly based on previous
experiences of tunneling (for example, the
geomechanical classifications)



| - General setting (2 di 12)

The geomechanical classifications developed and
widespread as a design empirical methods with the main
purpose of [7]:

« subdividing the rock masses in geomechanical groups with
similar behaviour;

 providing a valid base to understand the mechanical
properties of rock masses;

 making the design easier, based on statistical analysis of
precedent experiences;

e assuring a common language between different types of
technicians involved in the design.



| - General setting (3 di 12)

e According to the “ltalian Guideline for Design, Tendering
and Construction of Underground Works” [37] (LGP, fig.1), an
exhaustive design should consider analytical (most
Important), empirical and observational components;

 following this approach, in the Italian current practice, the
Geomechanical Classifications are only a part of a more
complete design procedure, mainly useful for:

- the geomechanical zoning and the definitions of
Input parameters for the design analysis;

- the assessment of loading condition on structures;
- temporary support recommendations.



General setting (4 di 12)

Main themes Key aspects Subjects (n °) Development
®-General setting
—| Al,..., A4 - AL1..A44 (10) |
®-Geological — Bl,.., B8 - B11,..B81 (19) |
survey
(©-Geotechnical- Geomechanical
geomechanical — Cl,..,C4 —{c11..635.c37 13)| classification of
studies the rock masses
|
©@:-Prediction of
excavation Assessment of
: — D1,..., D4 D1.1,..021, ..D4.2 (7)
behaviour | — - l the tunnel face
and contour
behaviour
®_Dr?jlgn|0h|0|t(':er? N E1_. E4 €11, Ei3 .E41 (12) | Definition of
and calculations . section type
|
@“Design of
auxiliary work
and ten{jer — F1,F2 —— F1.1,..F2.2 (9)
documents
|
@‘Monitoring
Sgggtgruction and — B0 Bcicer e
operation

Schematic structure of the
Guideline for Design, Tendering and
Construction of Underground Works

[talian

Fig.1




| - General setting (5 di 12)

It is conceptually important to distinguish [46]:

Geomechanical classes

groups (G.G.)

or

— Constituted by rock masses
with comparable geomechanical

characteristics (intrinsic
! properties)
Behavior categories (C.C.) — Describe the deformation

l

response of the cavity upon
excavation, corresponding to
different combinations of
geomechanical and in-situ stress

conditions

Technical Classes (C.T.)

— Are directly associated with the
different project solution (i.e. with
the typical sections of excavation
and support)




Main Classification Systems

| - General setting (6 di 12)

Method Author Year G.G. C.C. C.T.
Rock loads (T) Terzaghi 1946 (combined system) indications
Stand-up time Lauffer 1958 +1988 v v
RQD system Deere 1964 v v
RSR system Wickham 1972 v v
RMR system Bieniawski 1973 +1989 v v
Lombardi Lombardi 1974 v
(R-P) Rabcewicz- 1974 (combined system) indications
Pacher
Q system Barton et al. 1974 +1999 v v
Strength-size Franklin 1975 v v
RMi Palmstrom 1995 +2000 v 4
GSI Hoek et al. 1995 +2000 v
Adeco-RS Lunardi 1993 v indications
GD Classification Russo et al. 1998 +2007 v indications




| - General setting (7 di 12)

* As shown previously, (fig.2) the geomechanical classifications of
an underground project can be used as:

- a method of assessment of Input geomechanical
parameters (equivalent-continuum model) about
design analysis (-GEO);

- an empirical method of design (- PRO)

* Therefore, the choice of the most appropriate Geomechanical
Classification is also a function of the foreseen usage:

- In the first case (-GEO) “pure
guantitative” system are more advisable [for istance GSI
(fabric index) and RMi];

- Inthe second case ( - PRO) traditional “quantitative”
systems are more indicate (such as RMR, Q- System,
and even RMi).



| - General setting (8 di 12)

CLASSIFICAZIONI GEOMECCANICHE
GEOMECHANICAL CLASSIFICATIONS

STRUMENTO PER LA CARATTERIZZAZIONE E
ZONAZIONE GEOMECCANICA
“TOOL” FOR THE CHARACTERIZATION AND PROFILE
SEGMENTATION INTO GEOMECHANICAL ZONES

CLASSIFICAZIONI GEOMECCANICHE
GEOMECHANI CAL CLASS FICATIONS

METODO EMPIRICO DI PROGETTAZIONE
EMPIRICAL METHODS OF DESIGN

METODI QUALITATIVI
QUALITATIVE METHODS

"PURE": SIBASANO SOLO SULLA
QUALITA' GEOMECCANICA DELLA
MASSA ROCCIOSA
"PURE": BASED ONLYON
GEOMECHANICAL QUALITY OF THE
ROCK MASS

"IBRIDE" : CONTENGONO
VALUTAZIONI PARAMETRICHE NON
INTRINSECHE ALLA MASSA ROCCIOSA
"HYBRID": CcoONSIST OF
EVALUATIONS OF PARAMETERS NON-
INTRINSIC TO THE ROCK MASS

INDIRETTI: LE INDICAZIONI
PROGETTUALI DERIVANO DA UNA
CARATTERIZZAZIONE QUALITATIVA E DA
UNA CONSEGUENTE VALUTAZIONE DEI
CARICHI
INDIRECT : PROJECT SUGGESTIONS
DERIVE FROM A QUALITATIVE EVALUATION
AND AN ASSESSEMENT OF LOADS

DIRETTI: LE INDICAZIONI PROGETTUALI
DERIVANO DIRETTAMENTE DA UNA
CARATTERIZZAZIONE QUALITATIVA DELLA
MASSA ROCCIOSA
DIRECT: PROJECT SUGGESTIONS DERIVE
FROM A QUALITATIVE EVALUATION OF THE
ROCK MASS

Tradizionali Descrizioni
Traditional quantitative Terzaghi (8) Rock loads (8) Rabcewicz Pachg
RQD (1) Qualitative RSR (9) (12)
Strength-size (2) description Q-System (10) RM|
GSI(3) AFTES (5) (11)
RMi (4) SIA 199 (6)
ISRM (7)

Note: (1 Deere, 1964; (2) Franklin, 1975; (3) Hoek, 1994 and Hoek et al., 1995; (4) Palmstrem, 1996; (5) 1993; (6) 1975; (7) 1981; (8) Terzaghi, 1946;

METODI QUANTITATIVI
QUANTITATIVE METHODS

LE INDICAZIONI PROGETTUALI
DERIVANO DA UNA CARATTERIZZAZIONE
QUANTITATIVA ED EVENTUALMENTE
DALLA VALUTAZIONE DEI CARICHI
PROJECT SUGGESTIONS DERIVE FROM A
QUANTITATIVE CHARACTERIZATION OF THE
ROCK MASS, AND EVENTUALLY FROM
EVALUATION OF LOADING CONDITIONS

Basati su un solol Basati su diversi p§| Raccomandazion|
parametro geomecc. Recommendations
Based on one Based on various AFTES (5)

parameter only
Stand-up time (13
RQD (1)

geomech. param.
RMR (11), RSR (9
Q-System (10)

Strength-size (2)

(9) Wickham,1972; (10) Barton et al., 1974, 1994; (11) Bieniawski, 1973, 1989; (12) 1974, (13) Lauffer, 1958, 1988.
Per la bibliografia si veda Russo (19¢ For bibliography refer to Russo (1994)

Fig.2 [46]
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Note: q./q*=with qualitative/quantitative assessment;

() proposed by other authors.

| - General setting (9 di 12)

RQD | GSI | RMi
M Va'p | Va'p | VO'p
v v

(v)
(v) v

p/i = “pure”/ibrid index;
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Geomechanical Classifications limitations (1 of 3):

e As according to Guidelines (LGP), Geomechanical
classifications cannot be the only means of design,
particularly in more detailed phases and for permanent
lining definition;

« often a problematic application to weak rocks
(>>tendency of a geomechanical over evaluation of
continuous rock masses) and/or to structurally complex
rock formations (>> difficult parameter definition) [44];

e as an empirical method, they are generally more reliable
for dimensioning radial stabilization measures iIn
fractured rock masses, where mainly gravitational
failures occur;



| - General setting(11 di 12)

Geomechanical Classifications limitations (2 of 3):

e The limits of using only empirical method for the design
are even more evident under difficult geomechanical
conditions, where:

— an analytical method of the ground-structure
Interaction is essential for structure dimensioning;

— special interventions are often necessary, generally
not proposed by classifications systems, whose
definition varies from case to case (for example, the
face and the profile preconfinement, presupport
(“umbrella”), the rock mass improvement, etc.).



| - General setting(12 di 12)

Geomechanical Classifications limitations (3 of 3):

*Hoek & Brown (1980) “recommend classification systems for
general use In the preliminary design of underground
excavations”

*Bieniawski (1997) is of the opinion that “rock mass
classifications on their own should only be used for
preliminary, planning purpose and not for final support”

Stille & Palmstrom (2003) “strongly argued against using the
existing classification systems as the only indicator to define
the rock support or other engineering items”



Il - Empirical methods (PRO) A

QUALITATIVE INDIRECT METHODS

Basic scheme:
Qualitative rock mass characterization -

— Definitions of structure loads -

— Support dimensioning



Il - Rock Load Classification (PRO - Al)

ROCK LOAD CLASSIFICATION (Terzaghi,1946)

Main features:

Formulated for the assessment of rock loads for
dimensioning a support composed by steel ribs;

N. 9 rock mass classes are defined (fig.4), with
correlated rock load conditions (function of the tunnel
dimensions), and iIndications about the expected
behavior of the cavity are given;

the rock load mobilization mechanism is showed In the
figg. 3 and 5;

the modification proposed by Deere (1970) Is presented
In fig.6



Il - Rock Load Classification (PRO - Al)

Surface

.................

Fig.3: Load movement scheme on the tunnel (Terzaghi, 1946)[35]
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Tunnel Diameter D 15m ( =49in. ) |n granlte H= 100m

Spacmg (2 systems L random) O 6 2m ( ~2-6.5in.)
Prevalent System (K1) with dip direction against

tunnel advance and dip= 80°, slightly weathered and
rough. Dry.

- Terzaghi:

» Massive rock, moderately jointed;
* Rock load H ,=0+0.25D (according Deere H =0+ 0.5D)

* Light support to prevent the falling of localized
blocks



Il - Empirical Methods (PRO) B

QUALITATIVE DIRECT METHODS

Basic scheme:
Rock mass qualitative characterization —

- Support dimensioning/ Construction phases and
procedures



Il - Rabcewicz-P. (PRO - B1)

RABCEWICZ-PACHER CLA SSIFICATION (1974)
Main features

Developed on the system base classification proposed
by Lauffer! (1958) originating The New Austrian
Tunnelling Method (NATM)

n.6 rock classes are considered (fig.7), a qualitative
description of the characteristics and the behaviour is
associated to applicative procedures and support
dimensioning

For the mechanized excavation with TBM specific
adaptation and development have been arranged, as
proposed by the Austrian Norm (ONORM) 2203 (fig.8),
furthermore modified in fig.9.

Note: 1 The classified method proposed by Lauffer will be shown in the “ direct
guantitative methods” section






Rock tvpe Rock behavior Requrements for excavation and support measures for
continuous advance
A Al Stable Support 15 not necessary.

Stable rock to rock hable
to rockfall. This rock tvpe
includes all rock, which
can bear loading without
signs of rupture.

Verv quickly subsiding, low deformations,
no chips falling after the removal of loose
rock pleces.

Stand-up time: more than three weeks.

A2 Liable to rockfall

Veryv quickly subsiding, low deformations,
1solated loosening of rock pieces from the
crown and upper sides due to jointing.

Support is only necessary in the crown, abutment and upper area of
tunnel sides to secure isolated blocks.

Installation of support in working area 2 without interruption of the
machine advance.

Stand-up time: 3 weeks to 4 days.

B

Fractured rock.

This rock type covers all
rock, which due to lack of
bonding strength in the
joints and/or lack of lack of
interlocking, tends to loosen.

B1 Fractured

Very quickly subsiding, low deformations;
low rock strength due to joints and
blasting vibration cause loosening and
de-bonding of the rock bonding in the
crown and upper parts of the tunnel sides.

B1.1 Systematic installation of support to a low extent, primarily in
the crown, abutment and side areas in the work-free area 2, without
interruption of the machine advance.

Stand-up time: 2 to 4 days.

B1.2 Systematic installation of support in the crown, abutment and
side areas in the working areas 1 and 2. The machine advance is
affected by the installation of support.

Stand-up time: 2 days to 10 hours.

B2 Strongly fractured

Deformations subside quickly; low rock
strength determined by the joints, low in-
terlocking, high movement of pieces and
blasting leads to quick, deep loosening
and collapsing of rock from free unsup-
ported surfaces.

B2.1 Systematic installation of support measures, beginning imme-
diately behind the cutter head, the duration of support installation
zenerally determines the advance rate. Cutting proceeds only in
partial strokes.

Stand-up time: 10 to 5 hours.

B2.2 Systematic preliminary support in cutter head area and sys-
tematic support installation to the entire working area in working
area 1.

Stand-up time: without preliminary support, 5 to 2 hours.

Austrian ONORM B 2203 (1994) for TBM (1 of 2)

Fig.8 [29]







Tunnel Diameter D = 15m ( =49in.) in granite;
H=100m; oc = 50-100MPa; ROD'=(80)-100% "
Discontinuity Spacing (2 systems + 1 random) =
=0.6-2m (=2-6.5in.)

Prevalent System (K1) with dip direction against
tunnel advance and dip= 80°, slightly weathered
and rough. Dry.

- Rabcewicz- Pacher:

» Massive sound rock: Class I (stable);

» Full section excavation, stand-up time of
several weeks in the tunnel crown

e Local bolts + mesh in the crown or shotcrete



Il - Empirical Methods (PRO) C
QUANTITATIVE DIRECT METHODS
Basic scheme:

Quantitative characterization of rock masses -

— eventual derivation of geomechanical properties
and/or load conditions -

— support dimensioning/ Construction phases and
procedures

There are methods based on a single parameter (such as
“Stand-up time” by Lauffer and RQD by Deere) and methods
based on the definition of more than one parameter (for
example RSR, RMR, Q, RMi)



Il - Stand-up time (PRO - C1la)

“STAND-UP TIME” SYSTEM (Lauffer, 1958+1988)
Basic features

Based on the following concepts of (fig.11):

— Active unsupported span (lw) = Minor dimension
between (1) the distance from tunnel face and the first
Installed support and (2) the width of the tunnel.

— Stand-up time (ts) = Time in which the tunnel, for an
active unsupported span, can remain stable after the
tunnel excavation.

7 rock classes brought up to 9 in successive updating,
are considered in the stand-up diagram.
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Relationship between active span and stand-up time for different classes
of rock mass. A - Very good rock, G - Very poor rock, (After Lauffer)

Fig.11 [21]



Il - Stand-up time (PRO - C1la)

Features introduced in the up-dating of 1988 (fig.12,13,14):

The stand-up diagram was modified, introducing the
following expression:

2 — 8.9-1.7z
where:

z = stand-up coefficient associated to the rock mass characteristics,
variable between 0 (superior limit class AA*) and 8 (limit between
classes G/H*)

z=(8.9-logt, - 2logl,)/1.7
new classes AA* e H*

parallel lines spaced 1.7logtg divide different stand-up
classes

to determine the active unsupported span, a corrective
factor “x” Is introduced to consider the three-dimensional
face effect

also the TBM characteristics are considered (fig.10)



Il - RQD System (PRO - C1b / GEO - G1)

RQD SYSTEM (Deere, 1964 and following)

Main features

e Based on the parameter Rock Quality Designation
(RQD) defining 5 geomechanical classes (fig.15);

e Associated with these 5 classes, quantitative indications
about necessary supports, are given, differing traditional
and mechanized tunnelling with TBM (fig.16);

 As seen before (fig.6), Deere linked the index RQD to
Terzaghi’s classification.
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Procedure for measurement and calculation of rock quality designation.

(After Deere, 1989.)

Fig.15 [8]






Tunnel Diameter D = 15m (' =49in. ) in granite;
H=100m; oc = 50-100MP&a-RQD ={80)/100%
Discontinuity Spacing (2 systems + 1 random) =
=0.6-2m (=2-6.5in.)

Prevalent System (K1) with dip direction against
tunnel advance and dip= 80°, slightly weathered
and rough. Dry.

- ROD (Deere):

 Good to excellent rock mass

» Occasional to systematic bolting (spacing
1.5-2m)

U



Il - RSR Concept (PRO - C2a)

RSR Concept (Wickham, 1972)

Basic features:

o Definition of a rock quality index RSR (Rock Structure
Rating) derived from the sum of three geological and
constructive parameters (fig.17)

RSR = A+B+C
A = General area geology
B = Joint pattern, direction of drive
C = ground water, joint condition.



Rock structure rating — Parameter A: general area geology (after Wickham et al., 1974)

Basic rock type Geological structure

Hard Med. Soft Decomp. Massive Slightly Moderately Intensely

Igneous 1 2 3 4 faulted of faulted or faulted or
Metamorphic | 2 3 4 foided felded folded
Sedimentary 2 3 4 4

Type t 3 n 15 9

Type 2 27 20 13 8

Type 3 2% 18 12 7

Type 4 19 15 10 6

> Rock structure rating - Parameter B: joint pattern, direction of drive (after Wickham et al,, 1974)

Average Strike L to axis Strike | to axis
joint spacing
Direction of drive Direction of drive
Both With dip Against dip Both
Dip of prominent joints* Dip of prominent joints*

Filat Dipping Vertical Dipping Vertical Flat Dipping Verteal

. Very closely jointed

< 2in, 9 il 13 10 12 9 9 ki
2. Closely jointed 2-6in. 13 16 19 15 17 4 14 11
3. Moderately jointed

6~12in, 23 24 28 19 22 23 23 19
4. Moderate to blocky

1-21 30 32 36 25 28 3 28 24
5. Blocky to massive

2-41L 36 38 40 33 35 . 36 34 28
6. Massive > 4ft. 40 43 45 37 40 40 38 34

Table 16¢ Rock structure rating - Parameter C: ground water, joint condition (after Wickham et al,
1974)

Anticipated Sum of parameters 4 + B
water 13-44 45-75
inflow
(gpm/1000f1) Joint condition**

Good Fair Poor Good Fair Poor
None 22 18 12 25 22 8
Slight <200gpm (<13 e4) 19 15 9 23 19 14
Moderate 200—-1000 gpm 15 11 7 21 16 12
Heavy > 1000 gpm (>63%) 10 8 6 18 14 10

*Dip: flat: 0—20dcg; dipping: 20-50 deg; and vertical: 50-90deg.
**Joint condition: Good = tight or cemented; Fair = slightly weathered or altered; Po-
weathered, altered, or open.

Fig.17 [7]



Il - RSR Concept (PRO - C2a)

 The method experimentally developed for defining a support
composed by steel arches, although there are suggested
different correlations with other supports (bolts and
shotcrete).

 To correlate the index RSR to the particular type of support,
the "RIB RATIO“ (RR) was defined, so that different
situations can be compared:

RR = [theoretical spacing (Sd)/ real spacing (Sa)] * 100

 Each support with steel arches was related to a theoretical
spacing (Sd, fig.18) calculated using Terzaghi’'s expression
to determine the loads in sandy grounds under water table.



Il - RSR Concept (PRO - C2a)

Theoretical spacing of typical rib sizes for datum condition (spacing in feet). %
a TUNNEL DIAMETER
RIB SIZE 10 (2 14 16 18 20 22 24 26 28 30
417.7 .16 )
4H13.0 2.01 181 1.16 0.92
6H15.5 3.19 2.57 1.81 1.42 1.14
751{20 3.02 2.32 1.82 1.46 1.20
6H25 2.86 2.25 1.81 1.48 1.23 1.04
8WF31 | 324 | 261 | 214 | 178 | 1.51 | 129} 1.11
8WEF40 3.37 2.76 2.30 1.98 1.67 1.44 1.25
YSWE-'48 3.34 2.78 2.35 2.01 1.74 1.51
10WF49 2.59 2.22 1.91 1.67
12WES3 2.19 1.91
“l 2WE6S 2.35

Fig.18 [57]



Il - RSR Concept (PRO - C2a)
« Empirically, the following expressions were derived:
(RR+ 70)(RSR+8)=6000
W, = (D/302)*RR
W, = (D/302)*[(6000/(RSR+8))-70]

S =24/Wr
t =1+W./1.25 = D(65-RSR)/150
where

Wr = rock load (k;,¢/ft* = 4.882t/m?)
D = tunnel diameter (ft) (1ft=0.304m)

S = bolting spacing (ft) with elements of 25mm
diameter and design load 24000Ib (=11t)

t = shotcrete thickness (ft)

e Using the above formulas, diagrams were derived for the
dermination of necessary support fig. 19-20

 |n case of use of TBM a correction of the value of RSR iIs
apported, as shown in fig.21.



- Correlazione tra RSR carico di roccia ¢ diametro della galleria.

9.00m
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CARICO DI ROCCIA

6.00 m

Carico di roceia oy (t/m?)

Diametro
galleria 5 75 10 \ 20,0 30,0 40,0
D (m)
Valori RSR
3.5 55,0 47,7 41,9 27,2
5,0 59,5 53,0 47,7 33,2 24,7
6,0 62,5 56,8 51,9 38,0 29,4
7,5 64,7 59,5 55,0 41,9 33,2 27,2
8,56 66,3 61,6 57,0 45,0 36,5 30,4
9,0 66,9 62,5 58,6 46,4 38,0 31,9

Oy (t/m?) D=350m

20
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100
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—

7.5

10

20

Dimensionamento centine per gallerie di 3,5 m, 6,0 m ¢ 9,0 m di diametro.

Il - RSR Concept (PRO - C2a)

«—Correlation between RSR, rock
load and tunnel diameter

«—Steel ribs dimensioning for a
tunnel with 3.5m, 6.0m and 9.0m
of diameter

Fig.19 [13]



Il - RSR Concept (PRO - C2a)

1"Diameter
Rock Bolts
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Support requirement for a 20 ft (6.1 m) diameter tunnel using the RSR
concept (after Wickam et al., 1972). Fig.20 [35 ]



Tunnel Diameter D = 15m ( =49in.) in granite;
H=100m; oc = 50-100MPa; ROD"=(80)-100%
Discontinuity Spacing (2 systems + 1 random) =
=0.6-2m (=2-6.5in.)

Prevalent System (K1) with dip direction against
tunnel advance and dip= 80°, slightly weathered and
rough. Dry.

- RSR (Wickham):

* Igneous rock of intermediate strength (Type 2);

» Geological structure: massive to slightly faulted
(A = 20-27);

« B =35 (Blocky to massive & Strike [axis,
against dip)

« A+tB =55-62 -~ C=22

* RSR = 77- 85; Wr = 0.5t/m? - systematic support
not required



Il - RMR System (PRO - C2b)

RMR SYSTEM (Bieniawski 1973, 1989)
Main features:

 Definition of a rock quality index RMR (Rock Mass
Rating) derived from the sum of six geological-
geomechanical and constructive parameters (fig.22):

RMR=a+b+c+d+e+f

Intact rock compressive strength

RQD

Spacing of discontinuities

Condition of discontinuities

Ground water

D Q|0 |T|(D

Adjustment for discontinuity orientation




Fig.22: General table for
RMR ratings [8].

Note:

 For a more detailed definition
of the ratings recent diagrams of
the same Author are used
(1989) Fig.23+27;

* when the characteristic
conditions of the discontinuities
result mutually exclusive (for
example infilling and roughness)
use A4 and not E.



Il - RMR System (PRO - C2b)

CHART A Ratings for Strength of Intact Rock
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Il - RMR System (PRO - C2b)

CHART B Ratings for RQD
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Il - RMR System (PRO - C2b)

CHART C Ratings for Discontinuity Spacing
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Fig.25
[8]



Figura 26 - Abacus for the
rating for the Bieniawski
classification to determine
spacing parameter, in a
rock presenting more than
one discontinuity set [in
the example A=0.2m,
B=0.5m, C=1m from which
derives a rating of 7.

[8] modified after Laubsher
(1981) and Brook and
Dharmaratne (1985).

Il - RMR System (PRO - C2b)
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Il - RMR System (PRO - C2b)

CHART D Chart for Correlation between RQD and Discontinuity Spacing
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Fig. 28:. proposed
diagram for the
definition of the
rating for the “f”
parameter [45]

Il - RMR System (PRO - C2b)
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Il - RMR System (PRO - C2b)

In function of the RMR values 5 technical classes are
defined from I (very good rock) to V (very poor rock).

The sum of the first 5 parameters (except “f”) supplies
BMR (Basic Mass Rating), connected to the main
parameters of rock strength and deformabillity:

¢ = 5*BMR (kP a)
& = 5+BMR/2 (°)

E, = 2*BMR-100 (GPa, per BMR>50)
E, = 10(BMR-10)/40 (1)

Note: () The original version of Serafim e Pereira (1983) considered the
index of RMR. Other expressions, proposed for the determination of Hoek
and Brown parameters, have been recently made with the GSI index and
are regarded in a specific chapter.



Il - RMR System (PRO - C2b)

Typical stand-up times for different roof spans of tunnel are
proposed, according to the concepts proposed by Lauffer

Fig.29 [7]:
traditional
excavation -

Note: The points

represent collapse

limit conditions v.
registered

line of max unsupported
span for different RMR



More properly, the following equation is proposed [10] in combination of the
D&B chart: RMR;g,=0.8RMR¢g+20

Anyway this is not on the safe side for RMR<40 and the following is preferred

G. Russo, 2014



Il - RMR System (PRO - C2b)

e The load (P) on the support and the active rock
height (h,) can be derived by the following equations
(Unal, 1983,[7])

_100-RMR, o - _100-RMR,
10C 10C

where

P B

B= tunnel width (m)

Y = rock mass density (kg/m?)

In the previously cited update [33b]:



Il - RMR System (PRO - C2b)

Associated to each class, quantitative indications about ways of

tunnelling and which support is necessary are given (fig.31),
with the hypothesis of:

* “horse-shoe” shaped tunnel section

 tunnel width 10m

o vertical stress in situ less than 25MPa

e tunnelling with a traditional drill & blast method



Il - RMR System (PRO - C2b)

Rock mass class | Excavation Rock bolts Shotcrete Steel sets
{20 mm diameter, fully
grouted)
[ - Very good Full face, Generally no support required except spot botting
rock 3 m advance
RMR:81-100
II - Good rock Full face , Locally, bolts in crown 3 | 50 mm in None
RMR: 61-80 1-1.5 m advance. Complete support | m long, spaced 2.5 m crown where
20 m from face with occasional wire required
mesh
[II — Fair rock Top heading and bench Systematic bolts 4 m 50-100 mm None
RMR: 41-60) 1.5-3 m advance in top heading. long, spaced £.5-2 min in crown and
Commence support after each blast. | crown and walls with 30 mm in
Complete support 10 m from face wire mesh in crown sides
IV —Poorrock | Top heading and bench Systematic boits 4-5 m 100-150 mm | Light to medium
RMR: 21-40 1.0-1.5 m advance in top heading. long, spaced 1-1.3m in incrown and | ribs spaced 1.5 m
Install support concurrently with crown and walls with 100 mm in where required
excavation, 10 m from facc wire mesh sides
V — Very poor Multiple drifts Systematic bolts 5-6 m 150-200 mm | Medium to heavy
rock 0.5-1.5 m advance in top heading. long, spaced 1-1.5 min in crown, 150 | ribs spaced 0.75 m
RMR: < 21 Install support concurrently with crown and walls with mm in sides, | with steel lagging
excavation. Shotcrete as soon as wire mesh. Bolt invert and 50 mm and forepoling if
possible after blasting on face required. Close in-

vert

Fig.31 [7]




Discontinuity Spacing (2 systems + 1 random) =
=0.6-2m (=2-6.5in.)

Prevalent System (K1) with dip direction against
tunnel advance and dip= 80°, slightly weathered and
rough. Dry.

- RMR (Bieniawski):
e a=7: b=17-20;c=15:d=25:e=15;:f=-5
* RMR =74-77 (Class II: good rock)

e Full face: 1-1.5m advance; complete support 20m
from the face

* Locally bolts in crown (3m long, spaced 2.5m with
occasional wire mesh) and 50mm of shotcrete In
crown where required



Il - RMR System (PRO - C2b)
Applicative example

A tunnel with its axis orientated south-north should be excavated in a
guartz rock mass, considering the entry data:

* B = 10m (section “horse-shoe”)

e 0. = 80OMPa

* ROD =70%

* The most significant set of discontinuities is characterized by:
- joint set orientation 45/70 (dip direction /dip)
- persistence = 15m; aperture = 0.1-1mm;
- slightly rough, without infilling , moderately alterated,;

e wet rock mass.

sTasks:

RMR, BMR, rock mass class, rock loads on the supports ed necessary
stabilization interventions.




Solution lIl - RMR System (PRO - C2b)

Parameter Reference Value Rating
a Fig. 23 o.=80MPa 8
b+c Fig. 27 RQD=70% 21
d Fig. 22 1+4+3+6+3
e Fig. 22 wet 7
f Fig. 28 -6
RMR 47
Class I
BMR 53
ht = [(100-RMR)/100]*B 5.3m

Construction assessments (from fig.31):

« Top heading and bench: 1.5-3m advance in top heading;
commence support after each blast and complete support 10m
from the face;

e Support: Systematic bolts (4m long, spaced 1.5-2m in crown
and walls, with wire welded mesh in crown) and shotcrete (50-
100 /30mm in crown/sides).



Il - RME method (2008)

Recently, the Rock Mass Excavability (RME) index
was proposed by Bieniawski et al. [10bis] for
estimating the performance of different types of TBM

The Rock Mass Excavability index is calculated on the
basis of the following parameters:

« Uniaxial compressive strength of intact rock
o Drillability index

 Rock mass discontinuities

e Stand-up time

e Groundwater inflow



Il - RME method (2008)

Uniaxial compressive strength of intact rock [0-25 points]

o (MPa) | <5 | sa0 | asoe0 | o080 | =180

Rating | 4 | 14 | 25 | 14 | 0
Drillability [0-15 points]
DRI | <B0 | BO-65 | 65-50 | 50-40 | <40

Rating | 15 | 10 | 7 | 3 | 0

Discontinuities in front of the tunnnel face [0-30 points]

Homogeneity Number of joints per meter | Orientation with repect to tunnel axis
Homogeneous | M D—4| 4-5 | E—1E|15—ED| =30 | Perpendicular | Oblique | Parallel
Rating (10| o | 2 | 7 |15 |10 | 0 | 5 B
Hours | <5 | 524 | 2498 | ee-192 | >192
Rating | 0 | 2 | 10 | 15 | 25
Liter/sec =100 70-100 20-70 10-30 <10
Rating 0 1 2 4 5

Fig.31a: RME rating system



Il - RME method (2008)
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Il - RME method (2008)
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Il - RME method (2008)

Fig.31d [10ter]

The following approximate correlation is reported by Palmstrom [40]:
DRI=1000*0, 0 (with o, in MPa)



RME CALCULATION

TUNNEL., Abdalajis o 34245

LITHOTYPE.., limestones

OVERBURDEN:....250mM = RMR:.... 43 o @ EXCAVATION:.....10,0 m_

1.- Stand up time estimation.

| ooy 1wk | ol 1 e 10 o
1 1 1 T

i 10? 1.u' n? |Irj‘ |Ir;'1 |:$" |Iu'
STAND UP TIME (Howrs)
RMR 15, =0,80-RMR+20=...94.. stand up time: .1.10. hours
2.- RME Parameters evaluation.
* Uniaxial compressive strenght of intact rock Gc-.87  MpPa =
* Drillability DRI-.Z8... =

* Joints

NC OIS POr MOIEE. ... e Bh ey | 12 = II'

Orientation with funnel axis:..........ccoce= 3 |

* Stand up fime: hours 1“1 =
* Water inflow at funnel face: Us....88 :>|I|

775

Il - RME method

(2008)

Fig.31e: example RME
calculation (Bieniawski et al. 07)



Il - RME method (2008)

 Mainly on the basis of practical experience, the RME index
IS correlated to the Average Advance Rate (ARA)
 |In particular, one theoretical (t) and one real (r) ARA are

considered, the latter taking into account some practical
correction factors.

« The following correlations have been derived:

TBM type n. 0. >45MPa 0.<45MPa
Open TBM 49 | ARAt=0.839*RME-40.8 ARAt=0.324*RME-6.8
(R=0.763) (R=0.729)
— limitation: no data for RME<35
Single Shield 62 | ARAt=23*[1-242(45>RME)17] ARAt=10LNnRME-13
(R=7?) (R=0.784)
— limitation: few data for RME<35
Double Shield | 225 | ARAt=0.422*RME-11.6 ARAt=0.661*RME-20.4
(using grippers) (R=0.658) (R=0.867)
— limitation: only for RME>45




Fig.31f: Graphical representation of RME-ARA correlation Il - RME method (2008)
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Note: The concept of “Optimized” Double shield may be considered considering for low
RME values the single shield advance mode and for high values the double shield mode



Il - RME method (2008)

The real Average Advance rate is calculated according the
following equation:

ARAr= ARAt* F.*F,*Fg
Where
Fc= factor of crew efficiency = 0.7+Fg;+Fg,+F¢,
F,= factor of team adaption to the terrain

Fo= factor of tunnel diameter

Note: Remember correction in the text












IV: Q-System (PRO - C2c)

Q-SYSTEM (Barton et al., 1974-1999)
Main features:

* Rock mass quality index Q (variable from 0.001 to
1000) obtained by the following equation:

— RQD* ‘Jr* ‘Jw
J J, SRF

n a

Q

RQD Rock Quality Designation
Jn joint set number

Jr joint roughness number
Ja joint alteration number

Jw joint water reduction factor

SRF

joint stress reduction factor







IV: Q-System (PRO - C2c)

ROQD | - block size

kS
J. — Inter-block shear strength
%
J,, - active stress

SRF

The table on fig. 32 gives the classification of individual parameters used to
obtain the Tunnelling Quality Index Q for a rock mass.




A. Rock quality designation (RQD) B. Classification with ratings for the Joint set number (Jn)

Very poo RQD =0-25% Massive, no or few joints Jn=05-1
Poor 25-50 One joint set 2
Fair One joint set plus random 3
Good 75-90 Two joint sets 4
Excellent 90 - 100 Two joint sets plus random [
Three joint sets 9
Notes: -
_ ) ) Three joint sets plus random 12
(i) Where RQD is reported or measured as < 10 (including 0), — - - -
a nominal value of 10 s used to evaluate Q Four or more joint sets, heavily jointed, "sugar-cube”, etc. 15
(i) RQD intervals of 5, i.e. 100, 95, 90, efc. are sufficiently Crushed rock, earth-like 20
acourate Notes: (i) For tunnel intersections, use (3.0 x Jn); (i) For portals, use (2.0 x Jn)

C. Classification with ratings for the Joint roughness number (Jr)

a) Rock-wall contact,
b) rock-wall contact before 10 cm shear €) No rock-wall contact when sheared
Discontinuous joints Jr=4 Zone containing clay minerals thick enough to prevent rock- =10
Rough or irregular, undulating 3 wall contact ]
Smooth, undulating 2 Sandy, gravelly or crushed zone thick enough to prevent rock- 10
Slickensided, undulating 1.5 wall contact .
Rough or irregular, planar 15
Notes:
Smooth, planar 1.0 . o ) .
ik o T 0r ) Add 1.0 the mean spacing of the refevant joint set is greater than 3 m
Slckensided, p iy Jr=0.5 can be used for planar, slickensided joints having lineations,
Note: i) Descriptions refer to small scale features, and provided the lineations are oreinfated for minimum strength
intermediate scale features, in that order
. D. Classification with ratings for the Joint alteration humber ( Ja )
F | g 3 2 [2 O] . Q - _ JOINT WALL CHARACTER Condition | wall contact
L] n .
] Healed or welded joints:  filling of quartz, epidote, etc. | Ja=075
. 22 CLEAN JOINTS: o : ) . -
S Ste m ratl n E § ) Fresh joint walls: na coating or filling, except from staining (rust) | o
y g g k= Slightly altered joint walls: non-softening mineral coatings, clay-free particles, etc. | 2
g5 JOINTS WITH - o it calcio, ol - |
8 COATING OF: riction materials: sand, silt calcite, etc. (non-softening)
asseSSI I I e n a e Cohesive materials: clay, chlorite, talc, etc. (softening}) 4
= . Wall contact before | No wall contact
1 Of2 g FILLING OF: Type 10 cm shear when sheared
g E Friction materials | sand, silt calcite, etc. (non-softening) Ja=4 ~ Ja=8
i § sive materials | compacted filling of clay, chlorite, talc, etc. [
% ‘Soft cohesive materials | medium to low overconsolidated clay, chlorite, talc, etc. 8
& Swelling clay materials |fi||ing material exhibits swelling properties 8-12 13-20

E. Classification with ratings for the Joint water reduction factor (Jw)

Dry excavations or minor inflow, iL.e. < 5 I/min locally P < 1 kgicm?
Medium inflow or pressure, occasional outwash of joint fillings 1-25
Large inflow or high pressure in competent rock with unfilled joints 25-10
Large inflow or high pressure, considerable outwash of joint fillings 25-10
Exceptionally high inflow or water pressure at blasting, decaying with time =10
Exceptionally high inflow or water pressure continuing without noticeable decay =10

Note: (i) The last four factors are crude estimates. Increase Jw if drainage measures are installed

(i) Special problems caused by ice formation are not considered



















IV: Q-System (PRO - C2c)

9 classes are distinguished : from a “very poor” rock
mass (Q<0.01) to an “excellent” rock mass (Q>400)

* In relating the value of the index Q (fig.34) to the stability
and support requirements of underground excavations,
an additional parameter is defined, called “Equivalent
Dimension” of excavation, (De)

De = Excavation span, diameter or height (m)/ESR

where ESR= Excavation Support Ratio, is related to the
degree of security which is demanded and has a similar
meaning to the reciprocate of the safety factor (fig.33)

 For the determination of a temporary support could be
used Qemp=2Q and ESR;.,»=1.9ESR






IV: Q-System (PRO - C2c)

Span or height in m

ESR

Exceptionally | Extremely Very : Very | Ext. | Exe.
poor poor poor Poor | Fair| Good good| good | good 2
100 ! ‘ X 23 25 m ____________:-—
ered 8% 21 m™ m——7"’
| a0 7 m ,7/ p
50 L 4oeein® s o 10
B 3 m / /] / /
1.2m / 7 / 7
20 I_Er/% / 7 / /] // . 5
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1
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Rock mass quality Q@ = Rg_D X :ZJ"_ X g_;’ﬁ
n a

REINFORCEMENT CATEGORIES

1) Unsupported
2) Spot bolting

3) Systematic bolting
4) Systematic bolting with 40-100 mm

unreinforced shotcrete

(50)

v

5) Fibre reinforced shoterete, 50 - 90 mm, and bolting

6) Fibre reinforeed shoterete, 90 - 120 mm, and bolting

7) Fibre reinforced shoterete, 120 - 150 mm, and bolting

R) Fibre reinforced shotcrete, > 150 mm, with reinforced
ribs of shotcrete and bolting

9) Cast concrete lining

Bolt length in m for ESR =1

Fig.34
[20]



IV: Q-System (PRO - C2c¢)

Fig.34bis
[41ter]

According Palmstrom and Broch [41ter], outside the unshaded area supplementary
methods should be applied



IV: Q-System (PRO - C2c)

Empirical correlations with geomechanical parameters (see also fig.35)

Max unsupported span (m) Doy | 2Q0-66
2ESR*Q04
Radial pressure acting on support (MPa) Pr [=0.1Q'53
Rock mass deformability modulus (GPa) M =10Q, 13
Longitudinal sismic waves velocity* P (km/sec) |V, |=3.5+logQ,
Tunnel radial displacement (mm) A = D/Q
Lugeon Unit (U.L.) L =1/Q,

Note: Q.= Q*0./100; o.= intact rock strength (MPa); D = excavation
dimension; lcalculated with a refraction method with a maximum depth of
25m.



Tunnel Diameter D = 15m ( =49in.) in granite;
H=100m; oc = 50-100MPa; RQD =(86):100%
Discontinuity Spacing (2 systems + 1 random) =
=0.6-2m (=2-6.5in.)

Prevalent System (K1) with dip direction against
tunnel advance and dip= 80°, slightly weathered and

rough. Dry.

- Q (Barton):

e ROD=90; Jn=6;Jr=1.5-2;Ja=2;Jw=1,SRF =1
e Q=11+ 15 (Good rock mass)

*sESR=1

 Sistematic Bolting (3-5m long, spaced 2-3m)



IV: Q-System (PRO - C2c)
Proposed equation for TBM  (figg. 36-37)
Ovew =Q0* SIGMA, 20, q , oo
F°2C¢° CLI 20 5

Qo = index calculated estimating RQD in the direction of the excavation and
referring Jr/Ja to the joint set that mostly influences the tunnel excavation;

SIGMA = rock compressive strength (SIGMAcm=5 y*Qc'/3) or tensile strength
(SIGMAtm=5 y*Qt/3), in case ( ac/Is50)>>25 and favorable orientation of the
excavation;

Qt=Q*Is50/4 where 1s50 is the Point Load Test Index;  y=rock volume weight (g/cm3);
F/20 = thrust per cutter (t), normalized against 20;

CLI = Cutter Life Index
g = quartz content (%)

00/5 = average bi-axial stresses along the tunnel face MPa, normalized against a
value corresponding to 100m depth.



RELATIVE DIFFICULTY OF GROUND FORTBM USE \YA Q—System (P RO - C2C)
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Fig.36 [3]

. General trends of deceleration from 145 TBM projects consisting of more than 1000 km of
tunnels. (Barton, 2000b).
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IV: Q-System (PRO - C2c)



IV: Q-System (PRO - C2c)

Q:gy IS correlated to the TBM advancement parameters

Penetration rate PR (m/h) | 5Q.gy %2
Advance rate AR (m/h) U*PR
Utilisation factor U Tm
Decelaration gradient (negative) m (m/h2) (*)

*) m=m,* (%) 0.20 % (2%L|)0.15* (%d 0.10 % (%)0,05

Q

0.001

0.01

0.1

1

10

100

1000

my

~
—~

-0.9

-0.7

-0.5

-0.22

-0.17

-0.19

-0.21

note: T=time in hours; n = porosity (%)




IV: Q-System (PRO - C2c)

Applicative example:

e Circular tunnel excavated by TBM
e L=2500m; D =8m; H=300m; k=(0,/0,) =1
o Y= 2.5g/cm3;

* RQD_=15%;

e J =6;

e J=J,=1;

 J,~0.66;

 SRF=1

* 0.=~50MPaq; I;;,=0.5MPaq;

* N =1%; g=20%

e F=15t; CLI=20

Tasks:

Q,: Q. Qrgw» the advance of the TBM in 2 months time and the time for
completion




IV: Q-System (PRO - C2c)

Result (1 di 2)

Parameter | Formula Value
Q, (15/6)*(1/1)*(0.66/1) 1.65

o /I, 50/0.5 100

Og 2*y*H = 2*0.025*300 15MPa
Q. Q,*a./100 0.83
SIGMA,,, |5V Q.3 12MPa
Q; Q. s /4 0.21
SIGMA,,, |5 VY Q3 7.AMPa
Qrem 1.65*[7.4/(151°/20°)]*(20/20)*(20/20)*(15/5) |= 33




IV: Q-System (PRO - C2c)

Solution (2 di 2)

- TBM advancement in 2 months (L omonths))

- Completing time (T ,q4)

PR 5Q1gy 2 = 5*330-2 2.5m/h
m, (from table) -0.20

m -0.20%(8/5)°-20*(20/20)°-15*(20/20)0-10*(1/2)0-05 -0.21

T 2*30*24 1440h
U=Tm 1440021 0.22
AR PR*U = 2.5*0.22 0.55m/h
L 2months) | 0-55*1440 792m

T(end)

(L/PR)M/(1+m)] = (2500/2.5)[1/(1-0.21)]

6273h = 9 months







V - Rock Mass index (GEO - G3) / PRO - C2e

ROCK MASS index (RMi, Palmstrom, 1995 +2000)

 The RMi Index expresses the quality and the
geomechanical strength of rock mass (MPa) through
the multiplication between the uniaxial intact rock
compressive strength (o.) and a corrective factor (JP)
depending on the geostructural conditions (fig.38)

- for jointed rock masses (JP< f,):

0 _ . D
RMi =c_, *JP=06_%0.2,/|]C *VD
— for massive rock masses (JP>f):

RMi =c_*f_=0_(0.05/Db)"* = 0.55_



V - Rock Mass index (GEO - G3) / PRO - C2e

[ RMi |
{ Joint Parameter (JP) } { Uniaxial Comp()crye)sswe Strength }
(03
[ — |
[Joint Condition Factor (jC) J [ Block volume (Vb) J [ Rock material ]

N
Joint Roughness (JR) L[ Joint density (Jv) }

J
~

Joint Alteration (JA)

J
~

Joint Size and
Termination (JL)

Fig. 38 [41]: RMi Conceptual scheme



V - Rock Mass index (GEO - G3) / PRO - C2e

« JP = Jointing Parameter, correlated to rock block
size and to discontinuity properties. JP can vary from
O (very fractured rock) to 1 (intact rock).

JP=0.2* ./|C * VbP D=0.37jC"*

JC = Joint Condition factor = JL*(JR/]A)

JR = Joint roughness factor, similar to Jr of Q-System

JA = Joint alteration factor, similar to Ja of Q-System

JL = Joint size and continuity factor: reflects the discontinuity
persistence

The criterion for assigning the rating are shown in fig. 40.



V - Rock Mass index (GEO - G3) / PRO - C2e

e Vb = volume of elementary blocks, expressed in m?3
(fig.39)

. Db = equivalent block diameter, for cubic block Db=3/Vb
o f_ = massivity parameter [f,= (0.05/Db)°?]

Generally, for a massive rock, Db>approx. 2m
and so f,=0.5.



V - Rock Mass index (GEO - G3) / PRO - C2e

Fig. 39 [41bis]: Correlations between diameter and volume of the rock block,
and other parameters of fracturing



Continuous

Discontinuous

Joint size (length) factor, jL Length joints joints
Crack " (irregular, discontinuous break) <~0.3m - 10
Parting (very short, thin joint) <1m 3 6
Very short joint 0.3—1m 2 4
Short joint 1=3m 1.5 3
Medium joint 3 —10m 1 2
Long joint 10 — 30m 0.75 -

Y Introduced 3 years ago (2004,n.d.r.)

Fig.4

0 [41bis]




V - Rock Mass index (GEO - G3) / PRO - C2e

RMi [(-) (MPa)]

DESCRIPTION (-)

ROCK MASS (MPa)

<0.001 extremely low extremely week
0.001-0.01 very low very week
0.01-0.1 low week

0.1-1 moderate medium

1-10 high strong

10-100 very high very strong
>100 extremely high extremely strong




V - Rock Mass index (GEO - G3) / PRO - C2e

Geomechanical correlations

s =JP>
m, = m*JP%%4 (undisturbed rock mass)

m, = m*JPY8>7 (disturbed rock mass)
E, = 5.6RMi0-375

where
m;, m,, S = Hoek and Brown costants, (1980);

O., O,y = Intact strength, rock mass strength
E, = deformability modulus



[— INPUT DATA —3|

BLOCK VOLUME (Vi)

TUMNEL SPAMN (D)
or WALL HEIGHT (W)

WEAKNESS ZOME
THICKMESS (Tx)

QRIENTATION OF
MAIM JOINT SET (Co)

NUMEBER OF
JOINT SETS (N[}

| Adjustment factors

F—CALCU.LAT.I'DHS—}

ROCK STRENGTH (ma) |-----

JOINT CONDITIONS (&)=

ROOF or WALL () femmemmeneemsees

STRESS LEVEL (SL) pr=ees-

JOINTIMNG
FARAMETER

ROCK MASS INDEX

For FILLED JOINT (Ts1}--omrcmmemmmemeeme e

).
D

TAMGEMTIAL STRESS ()

FOR IMPUT

Full lines: required value for input

Dotted lines: values can be assumed
for approximate estimates

[

BLOCK - c &
DIAMETER = o
Db o= ==
o 3 g 1]
= e T o
g =
& 53 R
AL ) ij EE
e ............{ 1
R =
-
[ ——— ] —ree y
] P @ g
=[2 zls 5
o) = = = o]
HE 4 E E
al [ g
o Gc
Support chart for

blocky materials

Support chart for
continuous grounid

Fig.41 [41]



V - Rock Mass index (GEO - G3) / PRO - C2e

According to the flow chart of fig.41, for deriving the
support required, the Continuity of Ground CF=Dt/Db

(Dt, Db = tunnel, block diameter) must be before
defined:

CF>100 CONTINUOUS: particulated (crushed) rocks

5>CF>100 | DISCONTINUOUS: blocky rocks

CF<5 CONTINUOUS: massive rocks




V - Rock Mass index (GEO - G3) / PRO - C2e

Fig.42 [41]: Instability and rock mass behaviour
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TIME DEPENDENT BEHAVIOUR

10004

100

—
=
]

[4]]

—
|

e on o amener
Cantinuity of ground CF = S

0.14

E FLOWING GROUND S

g'a (water dependant) PLASTIC E

g‘g RUNNING GROUND behaviour  ~ ol
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depands an mingral properties from pocuwmance of swalling clay seams
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BLOCKY GROUND (DISCONTINUOUS)

For support definition, the Ground Condition Factor (Gc)
and the Size Ratio (Sr ) are defined:

> Gc= RMi*(SL*C)=0_*JP*(SL*C)
>  Sr=CF*(Co/Nj)=(Dt/Db)*(Co/Nj) (1)
where:

C= Gravity Adjustment Factor = 5-4coso [d=angle (dip) of the opening
surface measured from the horizontal]

SL= Stress Level Adjustment (from table in fig.43)
Co, Cos= Adjustment factor for the main joint orientation
Nj= Adjustment factor for the number (n;) of joint sets (Nj=3/n)

Note: (1) for weakness zones of thickness Tz < Dt the equation
Sr = (Tz/Db)*(Co/Nj) is used









1/3

(Dt/Vb )*(ColNj)]

Size ratio [Sr

V - Rock Mass index (GEO - G3) / PRO - C2e

Rock bolt spacmg in shotcreted area (m)

1 s*“'f)
; INC A
=i L% -
- L b 6\
\_\\6*'\'
154 L
100 - e
] 2‘,&*"'
1 ’ " A‘// 3f \
J o \
,///
=1 1] WITHOUT SHOTCRETE
10 ’O’CK BOLT Spot bolting 50.7%
] 9 3.0%3.0m 26.4%
o : T O
3 3 £ S 2.0%2.0m 7.5%
O =
’ 5 ® 8 | 1.5%1.5m 0.0%
] . X : ; @ 1.3%1.3m 0.0%
- 'l—
Rock| bolting ’L"‘ Yo ; WITH SHOTCRETE
1 spacing (m) 1:5’ | ‘ Frequency | Shotcrete | Bolts
L] L LI L L LI B IIII L] LI L] L] L B | llll L] L] L thiCkneSS Patterns
0.01 0.1 1 10 100 (mm) (m)
Ground condition factor [Gec = ¢ *JP*SL*C] 15% 25 2 0%2.0
0.3% 60 2.0x2.0
Fig.44bis: Example of implementation by probabilistic approach [o.1% 60 1.5x1.5




V - Rock Mass index (GEO - G3) / PRO - C2e

CONTINUOUS GROUND

Since the tunnelling behaviour is influenced essentially by
the stress conditions, the Competency Factor Is
considered (Cg=rock mass strength / stress condition):

e for massive rocks:
Cg = RMi/og = f,*0 /05 = 0.50./00

o for particulate rocks:
Cg = RMi/ay = JP*0. /0y



V - Rock Mass index (GEO - G3) / PRO - C2e

Fig. 45 [41Dbis]. Chart for estimating support in continuous ground



V - Rock Mass index (GEO - G3) / PRO - C2e

Fig. 46 [41]: Recommended application of the support charts
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Tunnel Diameter D = 15m ( =49in. ) in granlte
H=100m; oc = 50-100MPa; RQD'=(80)/100%'
Discontinuity Spacing (2 systems + 1 random) =
=0.6-2m (=2-6.5in.)

Prevalent System (K1) with dip direction against
tunnel advance and dip= 80°, slightly weathered and
rough. Dry.

- RMi (Palmtrom):

* 0.= 75MPa; jR=2-3; jA= 2; jL=1, Vb= 0.5m 3;

« RMi=11.6-14.3 (o0°™ = 11.6-14.3MPa)

e Nj=1.2; Co=1.5; SL=C=1; - Gc=12-14;Sr=24

« Sistematic Bolts (3-4m long, 1.5-2m spaced) and
50-60mm of shotcrete



V- Table of Comparison

(& a)

Bolts (L/spacing) m bhotcrete mm

Terzaghi (light localized support)
Rabcewicz-P. |Localized + wire mesh (in alternative)
RSR-Concept (no systematic support)
RMR-System |3/2.5 + wire mesh 50 (eventual)

Q-System (3 +5)/(2+3)

RMi (3+4)/(1.5+2) 50 + 60




GRs VI -Geological Strength Index (GEO - G2)

GEOLOGICAL STRENGTH INDEX (GSI, Hoek et al., 1995 +2000)

 The GSI is introduced to better represent the rock mass structure, without to
take into account other parameters such as intact strength, stress conditions,
the orientation of discontinuity, the presence of water, etc.

e |nitially, the Authors suggested to derive GSI.

- a) from a modified RMR

- b) from a modified Q-index
* In the following:

- ¢) from graphs (qualitative assessment: Figg.47,48,49) [26,36]
* More recently, other Authors proposed.:

—»d) from the same graph but with quantitative assessment
(Figg.50a,b) [11]

—~€) quantitative assessment by the same input parameters for the JP
estimation of RMi system (Figg. 51a,b,c,d,e) [49,50]



VI - Geological Strength Index (GEO - G2)

a) From RMR ;g9
A modified RMR is calculated (RMR’) considering a dry

condition (parameter e=15) and disregarding the
adjustment for the orientation of discontinuities (f = 0).

If RMR’ > 23 :

GSI=RMR -5 (¥

 If RMR' < 23 the GSI must be calculated using the Q-

System.

Note:

(*) if the 1976 RMR System version is used (max rating for water’s
parameter e=10), than GSI =RMR’ 1476

conceptual problem— GSI is mainly used to scale intact rock properties to
rock mass conditions and than should be a pure geostructural index:
nevertheless, RMR includes intact rock strength and than the calculation of
GSI by RMR does not appear a correct procedure.



VI - Geological Strength Index (GEO - G2)

b) From Q

 Analogously, a modified Q is calculated (Q’), with
JW/SRF = 1.

Therefore:
GSI=9InQ’ + 44

e Use this expression even when RMR’'<23.



GEOCLOGICAL STRENGTH INDEX

From the description of structure and surface conditions of
the rock mass, pick an appropriate box in this chart. Esti-

C mate the average value of lhe Geological Strength index
(GSi) from the contours. Do not attempt to be loo precise.

Quoting a range of GSI from 36 to 42 is more realistic than

stating that GS1 = 38. It is alsc impertant to recognize that
the Hoek-Brown criterion should only be applied to rock
A - masses where the size of the individual blocks or pieces is
F I g . 47 2 6 . smali compared with the size of the excavation under con-

sideration. When individual block sizes are mare than ap-

Slickensided, highly weathered surfaces with

Smooth, moderately weathered and altered
compact coatings cor fillings of angular

Very rough, fresh unweathered surfaces
Rough, slightly weathered, iron stained
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BLOCKY/DISTURBED - folded and/or faulted
with angular blocks formed by many inlersect-
ing discontinuity sets
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DISINTEGRATED - poorly interlocked, heavily
broken rock mass with a mixture of angular and
rounded rock pieces

/)
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FOLIATED/LAMINATED - Folded and tectoni-
cally sheared foliated rocks. Schistosity prevails
over any other discontinuity set, resulting in
complete lack of blockiness

N/A N/A
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VI - Geological Strength Index (GEO - G2)
C) Fig.48 [26]: GSI chart for heterogeneous rock masses



VI - Geological Strength Index (GEO - G2)

C) Fig.49 [36]: (new) GSI chart for heterogeneous rock masses

GEOLDGICAL STRENGTH INDEX (GS51) FOR HETEROGENEOUS ROCK MASSES SUCH AS FLYSCH
(V. Marinos, 2007, under publication)

Heterogensoos rockmasses ane meant thase with altermating fayers of deardy different lithology types with significant differences in
the strength properties, For fysch, a typical formation with heterogeneous rock masses, ese shemabons are consisting of
sandstones and sfistones. Clay shales may be present. From a description of the lithology, structure and surface conditions of
discontinuities {particutarly of the bedding planes), choose a box in the chart, The selection of the structure should be based on the
tectonic testurbance (undisturbed, sightly disturbed, strongly dsturbed - folded, desintegroted, sheared), the proportion of sitstones
againgt sandstones and the expressed o not stratificalion inside the siitstone layers. In the type [V and V when the thickness of
sandsions beds excesd  50em an ncrease of e GS] valse by 5 is suggested. From type IV and the following types, 1he stratification
planes. are porceptible inside the sitstons mass. Locate the position in the box that cormesponds (o the conditions and estimate the
avirage value GSI from the contours, The determination of the structure and the conditon of decontinuities may rangd betwoen two
adjacent fieids. Note that the Hoek - Brown oriterion does not apply to structurally controlied failures. Where unfavourably onented
contimeous weak planar discontinuities are present, these will dominate the behaviour of the rock mass. The strength of some rock
masses B reduoed by the presence of groundwater and this can be allowed for by a slight shift to the nght n the columns for i
ponr and very poor conditions. Water pressure does not change the value of GSI and it s dealt with by using effective stress analysis,
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VI - Geological Strength Index
(GEO - G2)

d)

Fig.50a [11]: Modified GSI
graph proposed by Cal et
al. (2004)

Quantitative assessment of
Input parameters



Table 2

Terms o deseribe Large-seale waviness [27]

Waviness lerms Undulation Rating for
waviness Jw
Interlocking farge-scale) 3 D
Stepped 2.5 -
Lurge undulation = 3% 2 [ T
Smill o moderate undulation 0.3 3% 1.5
Plinar < ().3"%, | -
Undulation = a/D
D - length between maximum amplitudes
Tuble 3

Terms to deseribe small-scale smoothness [27]

Smoothness terms

Description

Rating for

smoathness Jg

Very rough Near vertical steps and ridges oceur with interlocking effeet on the joint surfuce 3
Rough Some rrdge and side-angle are evident: asperities arc clearly visible; discontinuity surface feels 2
very abrasive (rougher than sandpaper grade 30)
Shightly rough Asperities on the discontimuily surfaces are distinguishable and can be felt {like sundpaper grade 1.5
30300
Smooth Surface appear smooth and fecls so (o touch (smoother than sandpaper grade 300} |
Polished Visual evidence of polishing exists, This is often seen in coating of chlarite and specially tale 0.75
Shickensided Polished and striated surfuce that results from sliding along a Fault surface or other movement 0.6-1.5
surlace
Tuble 4
Rating for the joint alteration factor Jy [4.27
Term Deseription Ja
Rock wall contact Clear joints
Healed or =welded™ joimis Softening. impermenble filling {quarts, epidote. cle.) .75
funweathered)
fresh rock walls (unweathered ) Na coating or filling on joint surface, except for staining |
Alteration of juint wallz slightly The juint surlace exhibils one cluss higher alteration than the rock 2
1o moderately weathered
Alteration of joint wall: highly The joint surface exhibits two classes higher alteration than the rock 4
weathered
Caating or thin fifling
Sand. sil calene, ete. Coaling of Imcuonal material without clay 3
Clay, ehborie, take, ete. Coating of seltening and cohesive minerals 4
Filled joints with Sand. sl caleite, cle, Fitting of frictional matertal without clay 4
partial vr no contict
between the rock
witll surfiaces
Compacted clay materials “Hard™ filling of softening and cohesive mate [
Solt clay materials edivm 1o low over-consolidation of filling N
Swelling elay materials Filling materiul exhibits swelling propertics 812

Geological Strength Index
(GEO -G2)

d)

Fig.50b [11]: Tables for
evaluating the Joint Condition
Factor J.

Jo = Iyl



e) VI - GSI (GEO - G2)

jC TYPICAL CONDITIONS?
24 Discontinuous cracks

12 Small, rough fessures

6 Undulating, rough short joint
3 Undulating, rough joint

1.75 Slightly undulating, rough joint

1 Smooth, planar joint

0.5 Weathered joint wall

0.2 Clay coated joint
0.1 Filled joint

Palmstrom, 2000 (refer to the original RMi
tables for a more precise estimation of jC)

Fig.51a [49,50]: Integrated GSI-RMi system (GRs approach, 2007-2009) -
Quantitative assessment of the same input parameters for estimating JP of RMi






wdd (=jv)
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Fig.51c  [49,50]:
Probabilistic
application of the
GSI quantitative
approaches

«Statistical analysis of available data (from boreholes, geostructural survey,..)

 Best fitting analysis and evaluation of the of the most appropriate probabilistic

distribution (continuous or discrete) for each input parameter

 Definition of the eventual correlations among parameter

* Application of MonteCarlo sampling method to derive the possible GSI
variability, as result of the variability of input parameters and their random

combinations






VI - GSI (GEO - G2)
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Fig.51e: differences between the Cai and GRs approaches [50]



Fig.51 f

Some H&M GSI estimates (10f2)

SMLP(LTF): graphitic schist GSI=25-40

A
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»

Geostructural index;: GSI

Yacambu-Q.: graphitic phillite GSI=35

1.5m
Peridotite GSI=55 Volcanic rock GSI=30 Yacambu-Q.: graphitic phillite GSI=25







VI - Geological Strength Index (GEO - G2)

The GSI Is correlated to the main geomechanical rock mass
parameters (—equivalent-continuum modelling)

Shear strength

Referring to the generalized Hoek and Brown failure criterion
[27]

G,=0,%C, (mb +S)

o,,05 Effective principal
stresses
- mex GSI_]-O m,,s,a | Hoek and Brown rock
m, 1 29-14D mass constants?
D Disturbancy factor (0 - 1)
GSI-10
S=eX ;
0-3D for intact rock: my=m;; s=1; a=0.5

q= E 4= 1 a GSI/5 _ e—20/3)
2 0



Residual Shear Strength VI- GSI (GEO - G2)

GSlIr= GSI*e(-0.0134*GSI)  [11b]

Fig. 52: relationship between the ratio GSIr/GSI and GSI [11b]
Note: the dotted linear equation has been previously proposed in [46]



- VI - Geological Strength Index (GEO - G2)
Deformability

D GSH10
For 0,<100MPa—  E4(GPa)= (1‘5)\/ ©./100)*10 [27]
D GSH10
Foro,>100MPa . Eq(GPa) :(1—5) *10 40 [27]
More recently, Hoek and Diederichs [25] have proposed:
1-D /2
implifi ion: E, GPa)=10
Simplified formulation: Ej4 ( ) q ¥ exp((5+ 25 - GS )/11))
Complete formulation: EOI = Ei (002+ 1-D/2 )

t exp(0+ 1D -GS )/1)

where Ei= Elasticy modulus from laboratory test



VI - GSI (GEO - G2)

1~ . E/E=[0.02+1/(1+exp((60-GSI)/11))] ;
0.9 o N s - (Hoek and Diederichs, 2005) .. —

C

o_lo, s (Hoek et al., 2002)

4 S= exp((GSI 100)/9) : 5 : 5
a—(1/2)+(1/6)*((exp( GSI/15) exp( 20/3)))f ______________ ] . A Y

08 | N, GSlres/GSI=exp(-0.0134*GSI) ; ]
~ o7 o \\ (Caietal. 2007) '\ -/ A o
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Fig.53: Equations based on GSI are used to derive the H&B rock mass
constants (m,s,a) and the modulus of deformabillity (E )



The parameters 12, 13 and r4 represent the geostructural component of RVMIR
and their sum 1s therefore conceptually equivalent to the GSI (“fabric mdex™).
Consequently, given that the possible ranges of variability are 8 to 70 and 3 to 100,
respectively, the following approximate equation can be derived:

(12+13+14) = 0.65GSI+>5

or, more in general

RMR = 0.65GSI+5+11+15+16
Note that according the RMR
update [33b] r2+r3 is assigned by

the number of disconinuities per
meter

GSl and RMR
parameters affinity

[ref. 51 ter]
Fig.53 a



Tunnel Diameter D = 15m ( =49in. ) in granlte
H=100m; oc = 50-100MPa; ROD ='80:100%!*
Discontinuity Spacing (2 systems + 1 random) =
=0.6-2m (=2-6.5in.)

Prevalent System (K1) with dip direction against
tunnel advance and dip= 80°, slightly weathered and
rough. Dry.

- GSI (Hoek et al.):

by RMR: GSI = 74-77

by Q: GSI =66 - 68

by Hoek graph: GSI = 65-75

by Cai approach: GSI =56-61 (Vb=0.5m?3,Jc=1-1.5)
by GRs approach: GSI =67-70 (Vb=0.5m?3,jC=1-1.5)




Correlations between classification indexes

RMR = 9InQ+44 Bieniawski |1976
RMR = 13.5logQ+43 Rutledge 1978
RMR = 50+15log,,Q Barton 1995
RSR = 13.3logQ+46.5 Rutledge 1978
RSR = 0.77RMR+12.4 Rutledge 1978
RMi = 10M(RMR-40)/15] Palmstrom |1996
GSl = 9InQ’+44 Hoek etal. |1995
GSI = 10InQ’+32 (R2=0.73) |Russo etal. |1998
GSI| = 153-165/[1+(JP/0.19)0-44] Russo 2007







VIl — Introduction to Behaviour Classifications

Fig.59: Some types of excavation behaviour (partly from Martin et al. 1999 and Hoek et
al. 1995, as reported in [41guintum])















VIl - Behaviour Classifications

A quick overview on the Classification of the Behaviour of
the excavation

It is possible to observe that there are methods based on

o stability of the cavity: for example the original Lauffer [30] system
distinguished n.7 categories, from stable to very squeezing conditions

o stability of the tunnel face: for example Lunardi [34] proposed the Adeco RS
approach, based on three categories: A (stable face), B (stable face in the short
period) and C (unstable face)

o stability of both cavity and and tunnel face: for example, Lombardi [33]
distinguished n.4 categories, taking into account all the possible combinations:
from class | (face and cavity stable) to class IV (face and cavity unstable)

All these systems involve a qualitative assessment of the behaviour and
therefore they are often open to individual interpretations. In the following a
guantitative classification system developed in Geodata [46,47,48], based on
deformation index of tunnel face, as well as of the cavity, is outlined.



Fracturing degree

v

v
Rock  * >  Squeezing —

Stress

Fig. 63: General setting of behaviour of excavation by Geodata
classification: Stress analysis + geo-structural conditions [47]



VIl - Behaviour Classifications

Fig.65: General scheme for the evaluation of the excavation behaviour [47,48]

Notes: oo=radial deformation at the face; Rp/Ro=plastic radius/radius of the cauvity;
o0=max tangential stress; acm=rock mass strength. The limits of shadow zones are just
indicative



VIl - Behaviour Classifications
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Fig.67: General scheme for the evaluation of the excavation behaviour: example of a
probabilistic analysis for a relatively shallow tunnel in prevalent poor rock mass (Italian
North Apennines)



Fig.67b: Additional considerations: Squeezing

Plastic deformations/Squeezing

Extremely severe squeezing

Very severe squeezing

=&in Severe squeezing

Hoek & Marinos, 2000 [ref.26]

H&M classification based on &,
GD classification based on §,and Rp/Ro

Extract of

GD classification

Severe squeezing

Very severe squeezing



Fig.67c: Additional considerations: Squeezing
Excavation behaviour: Squeezing

A relationship between 9o,, &,, and
Rp/Ro is proposed by Hoek et al.
(2008; ref. 27b)

A reasonable
| agreement is
observed..




(we will see later that this corresponds to
the susceptible limit in GD multiple graph)







Fig. 68a: Simplified approach for a preliminary setting of excavation behaviour [51

I) Jc(1.75) + Vb(3dm3)= GSI (40)

IT) GSI(40)+0.(25MPa)=0_,,(0.8MPa)

IIT) 0.,(0.8MPa) +H(500m)= IC(0.03)

IV) IC (0.03)+RMR(35)= severe squeezing

7/}



e 20% moderate/severe spalling/rockburst;
e 50% severe/very severe squeezing.




Fig.68 c [ reference 51ter]

hazards, mitigation measures are selected

Depending on type and intensity of the

IV — Design actions

Prevalent Hazard

and support Section Types composed : o - : b
y Gravity | Stress Excavation behaviour ST | mitigation
driven induced GDE RMR measures
a | Stable rock mass, with only possibility of Ma1-Mb3
local rock block fall, rock mass of very A
EXAMPLE OF RISK MITIGATION (STABILIZATION) MEASURES FOR TUNNEL [D&E] good quality with elastic response upon
Code excavation
a) In advancement to the excavation b Il Raock wedge instability, rock mass of good Ma1-Mb3
H1 Wedge quality with elastic  response  upon | B
Ma1 Controlled drainage ahead the tunnel face/contour instability/ excavation
sl [ il Pronounced tendency o rockfall, rock Mat-Mbs
Maz Pre-confinement/reinforcement of instable rock wedges (inclined bolts, spiling,..) mass of fair quality, with possible
occurrence of a moderate development of
Ma3 Pre-confinement of excavation contour (reinforced grouting, jet grouting,..) plastic zone c1
Mad Pre-reinforcement of reck mass centour (by fully connected elements) € HI | M britile falure gven associated to fock
minar rock block ejection; overstressed
. ] hard, good rock  mass  (—Minor
Ma5 Pre-support of excavation contour (forepoling, umbrella arch,..) spalling/rockburst)
Ma6 Tunnel face pre-reinforcement (injected fibreglass elements, reinforced grouting, jet gr..) ) G -l | Sudden britlle failure; overstressed hard, | Mas-
Spalling/ good rock mass {—+Moderate | C3 MbE-Mb7
_ ) Reckburst spalling/rockburst).
Mav Grouling for waler-tighlness H2
c -1l Sudden and violenl brillle failure, even Ma1-{Ma5)
Ma8 De-stressing holes/blasting associated to rock block ejection; highly {Mag)-Mb6-
= averstressed  hard, good rock mass | G4 | Mb7-Mb&
{—Severe spalling/ heavy rockburst)
d - Development of plastic/viscous Mai-Ma5
b) During the excavation V- | deformations; owerstressed fair lo poor (MaB)
V) rock mass, resulting in a significative | D (Med)-Mbs-
. . extrusion of tunnel face and radial Mb7
Mb1 Over-excavation to allow convergences (stress relief) Plastic convergences (—Severe Squeezing)
) deformations —
Mb2 Controlled de-confinement to allow convergences (sliding joints, deformable elements,..) H3 | /squeezing € lll- | Intense development of plastic/viscous Ma-hMad
V- deformations; overstressed fair to poor Mag-Mb1-
adial — A ) v rock mass, resulling in a large extrusion of | E Mb2-Mbd-
Mb3 Radial confinement of instable rock wedges V) tunnel face and radial convergences Mb5-MbT
{—\ery Severa Squeazing)
Mbd Radial rock reinforcement (fully connected elements)
C [\ Gravity-driven  instability; reduced self- Mal Mas
. . ; . . supporting capacity of poor rock mass, MaBg)
Mb5 Confinement by differently composed system (steel ribs, fbr shotcrete, bolts, ) generally associated lo & moderats | C2 | MbS-Mb7
development of plastic zone
Mb6 High energy adsorbing composed system (steel mesh, vielding bolts, for shotorete,..) Caving/
Flowing Severe gravity-driven  instability, with Mai-Ma3
Tunnel face protection H4 round immediate collapse  of the tunnel | Ma5-Mat
Mb7 I P - (e)f \ facelexcavation contour, including flowing | F/ (Ma7)
B ) ground; very poor quality, cataclastic rock | Fe | MbS/(Mb2)-
Mba Additional protective measures mass, generally under conditions of high Mb7-Mba
hydrostatic pressure/water inflow (fault
_____ zones, eic.)

Note: GC=Geomechanical Classification; ST=Section Tvpe







Fig.70bis: A composite graph for brittle failures..
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G. Russo (2013) based on Diederichs (2007,2010) and Hoek (2010), modified
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