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AN UPDATE OF THE “MULTIPLE GRAPH” APPROACH FOR THE PRELIMINARY ASSESSMENT OF THE
EXCAVATION BEHAVIOUR IN ROCK TUNNELLING

G. Russo
Geodata Engineering (GDE), Corso Bolzano 14, Tutaly

ABSTRACT: The so-called “multiple graph” approach is a uktgol for the preliminary assessment of excavatiehaviour in rock
tunnelling, as well as to rationally select the-gedined support section type at the tunnel faegind the construction phase. In a
simplified but rational way the potential typicaéfdrmation phenomena (hazards) for tunnelling iokrare identified through the
guantification, in a logical sequence, of fabrig, @rength (2), competency (3) and self-supportiagacity (4) of a rock mass. Based on
this preliminary analysis, the tunnel design canseguently focus on the detected potential prohlémslementing with the required
detail the most adequate methods of analysis aledlations. In this paper, the fundamental basethefmethod are summarized and
some new considerations are prese

1 INTRODUCTION

The “multiple graph” approadi®1] is a useful tool either for the preliminary assesst of the excavation behaviour in
rock tunnelling and, as it has been experieriggtl12,20,26}0 select the support class to be applied atuthee face on
the basis of the pre-defined design criteria.

In particular, the so-called “GDE multiple graph&ported in Fig. 1, is a 4-sector graph based erdbical sequence of
the engineering steps in Table 1.

Graph 1 Rock block volume + Joint Conditions = Rawkss fabric
Graph 2 Rock mass fabric + Strength of intact re¢kock mass strength
Graph 3 Rock mass strength + In situ stress = Ctanpg

Graph 4 Competency + Self-supporting capacity = Excavatiehaviour  Potential hazards

Table 1: Logical frame adopted for the identifioatiof the excavation hazards.

In the next section, the technical bases of eaohten are summarized, pointing out the relativekgeound of each
sector. At the same some new considerations ararked.

2 THE GDE MULTIPLE GRAPH

As previously mentioned, the multiple graph is cosgd by 4 sectors (Fig. 1), each of them finalioed user-friendly
quantification of the corresponding properties préad in Tab. 1. The first graph is in the lowghtiquadrant and progress
is clockwise through system.

2.1 Graph I: Estimation of Rock Mass Fabric

Graph | (lower right quadrant in Fig.1) estimatexRMass Fabric (GSI) based on Rock Block Volumb)(&nd Joint
Conditions (jC).

When the rock mass can be reasonably treated eguivalent-continuum, with isotropic geomechanipabperties, the
geo-structural features of rock masses can be sspieby a “fabric indexX'33], which may be defined as a scalar function
of two components: rock structure and joint cowditiin the present case, the reference fabric irglthe GSI and its
estimate is derived by the method proposed by ultieoa[30,32]

Such a new method for calculating the GSI has leeeloped taking into consideration the concepqgaivalence
between GSI and JP (Jointing Parameikthe RMi systeni24,25], considering that both are used to scale dowimtaet
rock strengthd.) to rock mass strengtio ).

In fact, according with the two systems, we have:

RMi: ogm = 0.XIP (1)



Il - Rock mass strength (s )+in situ stress (2*y"H)=Competency (IC) V- Competency (IC)+self-supporting capacity (RMR)=Excavation behaviour
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(*) only for the susceptible region, otherwise the development of plastic region and moderate radial convergences are more probable
(**) depending also from the length of the potential proned zone: given a possible "silo effect”, for short zones included in good quality rocks, a caving behaviour it is most likely

Fig.1: The GDE multiple-graph for the preliminaretting of excavation behaviour. Noteg?) Only for the susceptible to
spalling/rockburst region for brittle rocks [IFsy{o; )>8], otherwise a shear type failure should octiue; two new lines remarking the
expected intensity of the brittle phenomenon arplaémed in the section 2.4*) Squeezing involves pronounced time-dependent
deformations and is associated to rocks with lowrgjth and high deformability: otherwise, prevalplastic deformations (no time-
dependent) occur, frequently associated to cawiqgeezing depends also from the length of the fiatgarone zone: given a possible
"wall effect" [1], for short zones included in good quality rocksaging behaviour is most likely to occur. Symbals:o.,= intact, rock
mass strength @z*s%); jC= joint condition factor, Vb= block volumg;s rock mass density.

GSI: 0= 0.*s? (2
where s and a are the Hoek-Brown constgirisl 7]
Therefore, JP should be numerically equivalent tind given that for undisturbed rock mag4és one has:

s = exp[(GSI-100)/9] and 3)
a = (1/2)+(1/6)*[exp(-GSI/15)-exp(-20/3)] (4)
a direct correlation between JP and GSI can berdatai.e.:

Jp:[exp((GS|_100)/9§}/2)+(l/6)*[exp(—GSI/15)—exp(—20/3)] (5)

For the inverse derivation, the perfect correlafi@h= 0.99995) can be used with a sigmoidal (logigtioction of the
type:

GSI = (A1-A2)/[1+(JP/>%)p]+A2 (6)
with A1=-12.198; A2=152.965; =0.191; p=0.443. Then G81153-165/[1+(JP/0.18¥ (7)

Based on such a correlation, a “robust” quantieaéistimation of the GSI can be made, by definieg#rameters
concurrent to the evaluation of JP, i.e. the blemkime (Vb) and the Joint Condition factor (jC). glaphic representation
of the described correlation is presented in Fig. 2

The sector | of the graph shown in Fig. 1 is detifrem the above equations. The quantificatiorhefdoint Condition
Factor (jC) is based on published tables (seexXample Palmstrom’s web sitevw.rockmass.netwhere a complete
treatment of the RMi method can be found). Follayiine suggestion of Palmstrdtb], some typical jC values are
reported in the graph as well for a quick prelimynavaluation.

Finally, it should be noted that the use of thecdbed (GRS) approach is not recommended in corrguhelx
heterogeneous rock masses, such as a flysch, wWieespecific charts proposed by Marinos and Haekmay be a more
opportune reference for calculating the GSI.
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2.2 Graph II: Estimation of rock mass strength

Graph Il (lower left quadrant in Fig.1) estimathe Rock mass strengtigm) based on Rock Mass Fabric (GSI) and Intact
rock strengthdc)

The estimation of the rock mass strength is baseti@equations of Hoek et &l.7], already presented above. In
particular, such a value is graphically obtainedh®yintersection of the estimated GSI and intaength curves. The
reliability of the rock mass strength estimatioipiisnarily related to both the effective applicéibf the Hoek-Brown
failure criterion (based on an assumed homogenaodissotropic medium) and the occurrence of shgse failure.
Differently, a “spalling type” failure, which inveés intact rock strength, may occur when overstigss good quality,
hard and brittle rock mass. In such a case, acuptdi the spall prediction approadd’;10,11,19) the mobilized strength at
failure may result either some higher and lowenttieao,, derived by the GSl-based Hoek et al. equatiai§ basically
depending on the value of both the GSI itself dredstress for the cracks initiation.

For a preliminary estimation of the possibilitystfess-driven instabilities of brittle rocks [Bletindex IF= ¢ /0;)>8], in
the graph I, the region susceptible to spallingittaurst, if in the presence of adequate stressittons, is highlighted.

Taking into consideration the cited references/aler boundaries of such a region have been také&vour of safety
as coincident with values of GSI aagd(MPa) both correspondent to 60.

10000000

Block volume Vb?cmsj

Joint Condition Factor jC

Fig. 2: Diagram for the assessment of GSI baseti@RMi parameters jC and \JB0,32]

2.3 Graph IlI: Estimation of rock mass competency

Graph Il (upper left quadrant in Fig.1) estimaties Rock mass competency (IC) based on Rock masgy#t ¢..) and In
situ stressdp)

The Competency Index (IC) is simply defined asrtt® between the rock mass strength,f and the tangential stress)
on the excavation contour.

It is important to note that a simplified assumptabout the original in-situ stress is here adoptedonsidering a value
of k=1, where k is the ratio between the in sitdzuntal and vertical principal stresses.

Consequently, for a circular tunnel one bigs 2yH, withy= rock mass density (assumed value = 0.025MN&nd H=
overburden. In the case otk and/oryz0.025MN/nT a reasonable approximation may consist in calicgahe maximum
tangential stressgma=(301-03) and then divide the result by @.e by 0.05), in order to derive the fictitiougesburden that
origins the sameg =0gmaxfor k=1 andy=0.025MN/n¥. Consequently, the classification point will betd as referring to
the correspondent fictitious overburden.

The value of IC=1 separates in the graph the deftbom response of the excavation into the elaatioye) and plastic
(below) domains.

Moreover, in the graph are also reported some botde dotted lines which represent the best caiogiaf the
Competency Index with the GDE behavioural classifan reported in Fig. £28,29,32]



As later presented (Fig. 5), in such a classifizafour classes (a/b, c, d, e/f) were originallgritified [27] as function of
both the radial deformation at the excavation f@ggand the normalized extension of the plastic zmoeind the cavity
(Rp/RO).

Two further distinctions were considered: 1) in tase of elastic response (i.e. classes a/b) éiss th” indicated a
discontinuous rock mass prone to wedge instabRixyhe class “f” was associated to conditionshafiediate collapse of
the tunnel face.

As treated in the next section, more recently thgirmal GDE-classification has been updated todvdtike into account
the real discontinuous character of the rock maasdsonsequently to improve the prediction ofedéht deformation
phenomena, such as the gravitational type andrttike pstress-driven instabilities (Figs. 4, 5).

To transfer such a classification on the graphctieacteristic lin¢7] and the Monte Carlo methods have been
implemented to find an approximate correlation leetavthe IC and the GDE-classes.

In particular, as reported in Fig. 3, a large Maitiy of the input geomechanical parameters hanlmnsidered by
referring to adequate uniform distribution. Morenvier the calculations:

i) a strain-softening behaviour has been consideyeéferring to the approach proposed by Cai d6alkcentred on the
concept of “residual GSI” (GR);

ii) the rock mass modulus of deformability has besnivdd by the simplified equation proposed by Hael Diederichs
[14];

iii) &, has been obtained by the equation proposed by kloal{15].

5,=0.006*IC™**  (R’=0.89)

o}

INPUT DATA (UD=Uniform Distribution) AND FORMULATIONS:

0, = yH = UD(2-20)MPa
GSI = UD(10-50)

-0.0134*GSI

GSI_=GslI (Cai et al., 2007)
254 o, = UD(5-50)MPa
204 m= UD(5-15)
- E,= [100000/(1+e™**"*")]MPa  (Hoek and Diederichs, 2006)

u/ u= exp[-0.15(Rp/Ro)}/3 (Hoek et al., 2008)

Radial deformation at the face & (%)
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Fig. 3 Updated correlation between the radial defornmatad the face &) and the Competency Index (IC). Note;,wi = radial
displacement at tunnel face, final.

In Fig. 3, the results of 2000 iterations by théin&lypercube sampling method, as well as the inéstpolating curve
are shown for the relationship -

Moreover, the combined state of the two paraméterdved in the GDE classification (i.80 and Rp/Ro) has been
analysed and the approximate correlation linesrtegan the graph have been finally assessed.

Given the related uncertainty, the correlation regmbin the multiple graph reflects only the mosit@able conditions for
the parametrical variability assumed in the prolistid calculation.

2.4 Graph IV: Estimation of excavation behaviour

Graph IV (upper right quadrant in Fig.1) estimates Excavation Behaviour based on Rock mass compe{¢C) and
Self-supporting capacity (RMR).

In the last quadrant of the multiple graph, thegnated behavioural classification is applied ipragimate form, by
using the previous correlations with IC.

Following the conceptual scheme presented in Fithetoriginal GDE-classification system has begegrated4,5] by
the RMR classes (Fig. 5) considering also theit-kiebwn empirical relationship with the self-suppiog capacity of the
rock masses.
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Fig. 4: Conceptual scheme for a general settintgefround behaviour upon excavation

With the same logic of Fig. 4, some of the mainahndsg for tunnelling are consequently delimitechi@ hew graph
reported in the Fig. 5.
The termcavingis here used to identify generic gravitational ap#le of portions of highly fractured rock mass frtbm
cavity and/or tunnel face. Therefore, given thennpoor self-supporting capacity, the highest askaving is associated

to the most unfavourable RMR classes.

Squeezings.s.) involves pronounced time-dependent defaomatand is generally associated to rocks withdtnength
and high deformability such as, for example, pkelyy schists, serpentines, mudstones, tuffs, nddads of flysch,
chemically weathered igneous ro¢k3]. Otherwise, plastic deformations should prevad aaving is also probable.
Further detailed analysis, based on a more accomadelling of geomechanical properties, shouldltle to remark the just
described distinction.

The terms “severe” and “very severe” have beendcatsal to GDE-classes “d” and “e”, respectively. &ysidering also
the type of stabilisation measures applied, they bearoughly related to the correspond&nbased classes of squeezing
proposed by Hoek and Marinfss], if one incorporates in the last term also thelgréxtremely severe”.

Rock mass
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Fig. 5: GDE classification scheme of the excavaliehavioui{28,29,32]

Notes:do=radial deformation at the face; Rp/Ro=plastic rafiladius of cavitygg=max tangential stress;,=rock mass strength.
The limits of shadow zones are approximated ancesemt the most typical condition; see also thest Fig. 1 and further
explanations in the text.

With respect to the original version, two lines édeen added in tigpallingrockburstregion to remark the potential
intensity of the brittle phenomenon. This indicatie based on the approximation that for very gamk the RMR rating
could be assumed equal to the GSI. Consequenthgrahe GSl-based equatiog=0../s" (2) and the empirical
relationship proposed by Martin et f13] between the ratiog/o, and the expected depth of failure (dof) have been
considered (r=tunnel radius):

dof/r =1.2564/0,)-0.51 (8)

In particular, the classification proposed by Diécles et al[11] has been implemented, reporting in the graph the
equivalent lines for minor and severe intensityhef brittle failure:



e “minor spalling” e/0. <0.6 ~ dof/r <0.25)
»  “serious overbreak’dy/0.>0.8 ~ dof/r >0.5)

It is important to observe that the depth of fal(dof) does not necessarily imply (or not onlyji@ent phenomenon
(“rockburst”), which mainly depends to the rockestgth and its related capacity to store energy.

The potential ofock wedgdailureis mainly associated to good (/fair) rock masségesatied to relatively low stress
condition, i.e. when the response at excavatialoiminated by the shear strength of discontinudies a “translational”
failure should occuf3]. Further detailed analyses, for example by ukimi equilibrium methods, should verify the
effective possibility of kinematical instabilities.

Two “improbable” zones have also been marked irgtlaph corresponding to unrealistic combinatiortsvben GSI and
RMR: the first below the “spalling/rockburst” regi@nd the other in the upper right part (“cavinghe), where RMR class
V and elastic behaviour theoretically overlap.

2.4.1Some remarks on the RMR assessment

In the case that the RMR,5] values are not available for the application ef thultiple graph, it may be useful to
consider the procedure described in the following.
The RMR results by the sum of the following ratings

rl=uniaxial rock strength

r2=RQD

r3=spacing of discontinuities

r4=condition of discontinuities
r5=groundwater condition

r6= adjustment for discontinuity orientation

Accordingly to Tzamos and Sofiangk3], the parameters r2, r3 and r4 represent the gmbstal component of RMR
and their sum is therefore conceptually equivatierhe GSI (“fabric index”). Consequently, givemthhe possible ranges
of variability are 8 to 70 and 5 to 100, respedtivthe following approximate equation can be dediv

(r2+r3+r4)= 0.65GSI+5 9)
or, more in general
RMR = 0.65GSI+5+r1+r5+r6 (10)

In the Fig. 6 the reliability of the equation (8)dhecked by the data collected with n. (257+188¢ fmappings realized
in two tunnels crossing volcanic/igneous rocks (@ai mountains), actually under construction.

Consequently, as remarked by the equation (10ndahkto account that either GSI and are known, the RMR can be
reasonably assessed by estimating the two remapargmeters (r5 and r6), i.e. the expected groutedvemndition (for
tunnel below the water table, frequently relateth® geostructural conditions and then to the @&®lf) and the correction
for the orientations of the discontinuities witlspect the tunnel advancement, respectively.
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Fig. 6: Check of the proposed relationship betwbenGS| and the RMR geostructural component (r2+iBemdhe basis of n.(257+188)
face mappings collected during the constructiotwoftunnels crossing volcanic/igneous rocks (Andeanintains). It is important to
remember that the reference equation is basedeocldhsification ratings of the involved parameters
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3 PRACTICAL APPLICATION OF THE MULTIPLE GRAPH

As remarked in the introduction, the multiple grdyas two main field of application:

1) Inthe preliminary design phases to assess thectegh excavation behaviour and related hazarasder also to
orient the successive detailed analysis;

2) inthe construction phase, to select at the tufawel the support section type to be applied intianof the
encountered geomechanical condition. Consequentlyei fourth quadrant the pre-defined field of &gtlon of the
support section types are remarked according thigueriteria of reference.

In the Figg. 7 and 9 some examples of applicatierr@ported with reference to these two practipéibns.

In particular, the graph in the Fig. 7 refers te fireliminary analysis for a zone of tunnel of 74€ssing igneous rock
masses with an overburden of about 1000m and Bepoe of anisotropic in situ stress (k=1.5). Cousatly, according to
the procedure previously described, a fictitiousrburden of about 1700m is considered to simulaearax stress at the
tunnel crown and invert.

Taking into account the hypothesized variabilitytled main geomechanical parameters by adequat#digins, a
probabilistic analysis (MonteCarlo method) has beeriormed and the results graphically presentete(that the GSI was
already estimated and therefore the first quadsambt compiled).

Given the high variability of the rock mass quali®&SI20+80) and generalized overstress conditions,dheviing
main hazards should be expected:

e 20% moderate/severe spalling/rockburst;

*  50% severel/very severe squeezing

Il - Rock mass strength (¢ )+in situ stress (2*y*H)=Competency (IC) IV- Competency (IC)+self-supporting capacity (RMR)=Excavation behaviour
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Fig. 7: Example 1 of multiple graph applicationroPabilistic analysis for a tunnel zone of 740nigimeous rock mass (see details in the

text).
Note: the red symbols remark the cases fallintpén‘Susceptible to spalling/rockburst region”fe l quadrant and therefore

effectively subjected to such a hazard if in cdodibf overstressing.



It appears rational that in the development ofstinectural design some specific mitigation measaresassociated to the
different type of hazards and relative intensitjefiefore, the dimensioning of the stabilization sugas and the consequent
composition of the support section type derivehl®ygelection of the most adequate design acfizjseither in advance
and during the tunnel excavation. In the Fig. 8y example, some typical mitigation measuredistezl and combined to
guarantee the most adequate section types to &pehted geomechanical hazards.

Following the same logic, in the Fig.9 the differsaction types of support systems are localizétdermultiple graph,
covering the correspondent field of applicationtia 4" quadrant.

During the construction phase, the main geomechbparameters are defined at the tunnel faceladupport section
type to apply is consequently identified (see tkengple in the figure).

It is evident that diverse criteria can be analatypimplemented, reflecting the defined combinatidéthe main
geomechanical parameters and therefore the spapifimach of different designers.

EXAMPLE OF RISK MITIGATION (STABILIZATION) MEASURES FOR TUNNEL [D&B] Prevalent Hazard
GC Typical
Code N . . L ypic
a) In to the ion Gravity | Stress Excavation behaviour ST | mitigation
driven | induced GDE | RMR measures
Ma1 Controlled drainage ahead the tunnel face/contour
Ma2 Pre-confinement/reinforcement of instable rock wedges (inclined bolts, spiling,..) a | Stable rock mass, with only possibility of Ma1-Mb3
local rock block fall; rock mass of very A
Ma3 Pre-confinement of excavation contour (reinforced grouting, jet grouting,..) good quality with elastic response upon
excavation
Ma4 Pre-reinforcement of rock mass contour (by fully connected elements) N —
b 1} Rock wedge instability; rock mass of good Ma1-Mb3
Ma5 Pre-support of excavation contour (forepoling, umbrella arch,..) H1 ) Wedgle quality . with  elastic  response  upon B
instability/ excavation
Ma6 Tunnel face pre-reinforcement (injected fibreglass elements, reinforced grouting, jet gr..) Rockfall c m Pronounced tendency to rockfall: rock Ma1-Mb5
. . mass of fair quality, with possible
Ma7 Grouting for water-tightness occurrence of a moderate development of
lastic zone
Ma8 De-stressing holes/blasting P c1
c I-Il | Mild brittle failure even associated to rock
----- minor rock block ejection; overstressed
3 N hard, good rock mass (—Minor
b) During the excavation spalling/rockburst)
Mb1 Over-excavation to allow convergences (stress relief) c I-1l Sudden brittle failure; overstressed hard, Ma1-
Spalling/ good rock mass (—Moderate | C3 Mb6-Mb7
Mb2 Controlled de-confinement to allow convergences (sliding joints, deformable elements,..) Rockburst spalling/rockburst).
H2
Mb3 Radial confinement of instable rock wedges c 111 Sudden and violent brittle failure, even Ma1-(Ma5)
associated to rock block ejection; highly (Ma8)-Mb6-
Mb4 Radial rock reinforcement (fully connected elements) overstressed hard, good rock mass | C4 Mb7-Mb8
(—Severe spalling/ heavy rockburst)
Mb5 Confinement by differently composed system (steel ribs, fbr shotcrete, bolts,..) d - Development of plastic/viscous Ma1-Ma5
. . . V- deformations; overstressed fair to poor (Ma6)
Mb6 High energy adsorbing composed system (steel mesh, yielding bolts, fbr shotcrete,..) V) rock mass, resuling in a significative | D | (Mb4)-Mb5-
Mb7 T T . extrusion of tunnel face and radial Mb7
unnel face protection Plastic convergences (—Severe Squeezing)
- deformations
Mb8 Additional protective measures H3 | /squeezing e 1Il- | Intense development of plastic/viscous Ma1-Ma4
V- deformations; overstressed fair to poor Ma6-Mb1-
----- (V) rock mass, resulting in a large extrusion of | E Mb2-Mb4-
tunnel face and radial convergences Mb5-Mb7
(—Very Severe Squeezing)

c [\ Gravity-driven instability; reduced self- Ma1 Mab
supporting capacity of poor rock mass, (Ma6)
generally associated to a moderate | C2 | Mb5-Mb7
development of plastic zone

Caving/

Flowing Severe gravity-driven instability, ~with Ma1-Ma3

H4 ground immediate  collapse of the tunnel Ma5-Ma6
(e)/f \% face/excavation contour, including flowing | F/ (Ma7)

ground; very poor quality, cataclastic rock | Fe | Mb5/(Mb2)-
mass, generally under conditions of high Mb7-Mb8
hydrostatic pressure/water inflow (fault
zones, etc.)

Note: GC=Geomechanical Classification; ST=Section Type

Fig. 8: On the left, one example of typical mitigati(stabilization) measures for D&B rock tunnellirogn the right, the GDE general
rational for associating the different Section Tyjé support to the expected geomechanical hazerdiselative intensity. According
to the hazard specificity, adequate calculationhm@s are consequently adopted for the structusade
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Il - Intact strength (s )+rock mass fabric (GSI)=Rock mass strength (s, )

Fig. 9: Example 2 of multiple graph applicationpgling the GDE us

the | to the IV quadrant):

| - Rock block volume (Vb)+joints conditions (jC)=Rock mass fabric (GSI)

ual field of application of the popt section types associated to the
correspondent regions of hazards. One practicalisagmarked on the basis of the estimations dottee tunnel face (proceeding from

I_[Vb=20dn? & jC=2 — GSK55]; II_[GSK55 & 6,=100MPa—. 0¢,=8MPal; lll_[0¢,78MPa & Hcijous) =1750m - 1C=0.09];

IV_[IC=0.09 & RMR=53 -,

4 CONCLUSION

An update of the “multiple graph” approach for gireliminary
consequently, of the probable hazards for tunreetias been

(prevalent hazard: wedge instability/rockfall) Application of the support section type C1].

estimate of the rock masses excavdigtaviour and,
illustrated.

Such a prediction of the excavation response igindt by means of the quantification, in a loggsduence, of (1)
fabric, (2) strength, (3) competency and (4) sefigorting capacity of rock mass.
Despite the preliminary character of the predittiohich involves some simplified assumptions @gample, circular

tunnel in homogeneous/isotropic rock mass, equiNaentinu
tool, either in the first phases of design, foruéck identificatio

sensitivity analysis, and in the construction ph&sethe selection of the adequate support sedyipa at the tunnel face on

the basis of the pre-defined design criteria.

um modelling, k=1,..), the described rédtmay be a useful
n of potential critical scenariaad for performing

On the basis of such a preliminary analysis, the¢ldesign can consequently focus on the detgaeshtial problems,
implementing with the required detail the most agetg methods of analysis and calculations.
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[Notein the following the full-page Multiple Graph]



[l - Rock mass strength (o, )+in situ stress (2*y*H)=Competency (IC) IV- Competency (IC)+self-supporting capacity (RMR)=Excavation behaviour

100 80 60 RMR 40 20 0
1 Simplified assumptions: p Individuation of'potentilal hazards /
] s ] | | :
{#=0.025MN/mT’, k=1 Stable (a)ior Instable Wedges (b) ;
;T DU WU U0 U 1 W S SRS AU RPN SR
T 1 Iso-overburden L[| [Minor | [t :
> ‘ 4t
AN b v
= A Severe
€ C L
I JIs[1TTTT] -
I I Spalling,
Q0.1+ 0:1 7 Rockburst (¥)
1,0 A il L . P B LULLLLLLLO L L L o
| 1 Y \J
1 e 1 'Q Squeezing (**)
H - i a
0.01 7 mprobable] }
1 condition] 80 60 RMR 4 \
100 [ T ] T T e (?\ T T -
0_ : : : ; . : : : :
90 ﬁ S—— S Vb=10m3 ]
1 Iso-rock block volume Vb : :
80 4 : Im3-
70 . .
] 100dm 2
7] S
(7)60 - = 10dm =)
O, ] = <
50 5 t - @
n o 1dm3 = o )
1 %0 . (*)Susceptible to 3 } =) i =
40 - spalling/rockburst 44 2 e 100cms< g) [2ig g &
1 region for brittle rocks 2 : ‘ A
30 39 < g 9_ e :_
1 S S ; =] s >\
20 4 - L : d2o £ Vb=1cm3 = =T ©
| Iso-intact strength curves (g_in MPa) = ‘_; <
10 - 16 £ e e
1 2 = ;
0-f ———t—tt— 4t rr—trr— ' ' — — ' }
10 5 ) 7 6 5 4 3 2 1
0.1 1 9, (MPa) g 100 iC
Il - Intact strength (o )+rock mass fabric (GSI)=Rock mass strength (g ) | - Rock block volume (Vb)+joints conditions (jC)=Rock mass fabric (GSI)

(*) only for the susceptible region, otherwise the development of plastic region and moderate radial convergences are more probable
(**) depending also from the length of the potential proned zone: given a possible "silo effect”, for short zones included in good quality rocks, a caving behaviour it is most likely
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