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A rockburst is defined as:

damage to an excavation that occurs in a sudden and violent

manner and is associated with a seismic event (Hedley, 1992;
Kaiser et al., 1996).

a seismic event that causes violent and significant damage to a
tunnel or excavations of a mine (Ortlepp, 1997).

Explosive failures of rock which occur when very high stress
concentrations are induced around underground openings (Hoek,
2006) .

A rockburst is associated with damage to an excavation or its
support: hence, a seismic event alone without causing damage is
not a rockburst

[extracted from Kaiser, 2017 [18], Cai and
Kaiser, 2017 [1], Diederichs, 2014 [9]
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Rockburst
Olmos (Peru)
Gotthard
Chile site A
Chile site B_1
Chile site B_2
Chile site B_3
Chile site C_1
Chile site C_2
Chile site C_3
Chile site C_4
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Spalling vs Rockburst

Spalling is a mode of '¥
damage and overbreak in |, S
tunnels at depth in hard |\ S0
rocks (low porosity). L T AN

It is defined as the developent of visible ext_ension‘ fraci:u‘_l_'es
under compressive loading near the boundary of an excavation.

Spalling in hard rock excavations, while brittle in nature, can be
violent (rockburst or strain burst) or not and time dependent.
Strain bursting is the violent rupture of a volume of wall rock
under high stress.

The spalling damage (extension fractures) can happen before the
actual rockburst: it is the instability created (example: buckling)
by the formation of parallel and thin spall slabs that provides the
kinematics for the sudden energy release.

While even weak rocks can spall, the ability to store energy,
typical of strong rocks, is required for strain bursting.

Extracted from Diederichs, 2005 [6]
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Spalling vs Shear failure mode

Shear mode

1) Creation of boundary parallel spalling fractures compared to the
progressive shearing assuming in plasticity; (2)Transition from
non-violent spalling (a) to bursting through buckling (b),
interaction with structure (c) and dilational yield (d)
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Different types of rockbursts

Fault-slip rockburst refers to damage to an excavation caused by
energy released from a shear slip or shear rupture source that is
remote from the excavation. Damage is caused by dynamic
disturbances from the fault-slip source and may, in part or
exclusively, be related to the intensity of the related seismic event.
This intensity is directly related to the source size

A pillar-rockburst refers to damage to an excavation that is
caused by excessive loading of a pillar such that the pillar wall
(edge or face) or the pillar core fails.

A strainburst is a sudden and violent failure of rock near an exca-
vation boundary caused by excessive straining of an un-fractured
volume of rock (burst volume). The primary or a secondary seis-
mic source is co-located at the damage location.

[1,3]
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Rockburst Postulated Source First Motion from Richter
Type Mechanism Seismic Records Magnitude M_
Strain-bursting Superficial spalling with viclent ejection of fragments Usually undetected, -0.2t0 0
could be implosive

Buckling Outward expulsion of larger slabs pre-existing parallel to Probably implosive 0to1.5

surface of opening
Pillar or face Sudden collapse of stope pillar, or violent expulsion of large Possibly complex, 10to25
crush volume of rock from tabular stope face or tunnel face implosive and shear
Shear rupture Violent propagation of shear fracture through intact rockmass Double - couple shear 20to 3.5
Fault-slip Sudden movement along existing fault Double - couple shear 25t05.0

Ortlepp and Stacey, 1994, adjusted by Cai and Kaiser, 2017 [1]
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Severity of rockburst damage

If an excavation is supported, the severity of rockburst can be
related to the support damage (minor, moderate, severe..)

The rockburst
damage severity can
also be
characterized by the
depth and Ilateral
extent of the rock
around the opening
that is involved in
the failure process.

severe

[3] for 3+6m underground excavation
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dfﬂ?;g:lgifle Rock mass damage Damag;i;urface Rock support damage
R1 No damage, minor loose 0 No damage
Mo damage, s flia ; Support system 1s loaded,
R2 1 tdi 1’ d <lm" loose 1n mesh, plates
R deformed
R3 1-10 t displaced <10 m’ Some broken bolts
R4 10-100 t displaced 10 to 50 m’ gl ge o rippot
system
RS 100+ t displaced > 50 m? . i

support system

Potvin, 2009; modified [1]
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Strainburst

“"a sudden and violent failure of rock near an excavation boundar
caused by excessive straining of an un-fractured volume of rock.’
Hence, strainbursts occur when the stress near an excavation reaches
the peak strength of the unsupported or supported rock mass and the
rock fails by a combination of extension and shear fractures.

Fractured rocks

self-initiated
mining-induced
seismically triggered

dynamically loaded

Strainburst behind support [1]
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Strainburst types

Features

Energy

Self-initiated

Gradual weakening of rock
mass; relatively soft
loading/mining system

Related to strainburst
intensity (local stress-
strength conditions)

Mining induced

Induced deformations/strains
change local stress reaching
the rock strength

Related to strainburst
intensity (local stress-
strength conditions)

Seismically
triggered

Self-inititiated or Mining
induced triggered by remote
seismic event

Mainly related to
strainburst intensity
(local stress-strength
conditions)

Dynamically
loaded

Remote seismic event
augments strainburst
intensity:

-Depth of Failure deepening
-Ejection for energy transfer

Mainly from remote
seismic event

Derived from [18]
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Rockburst damage mechanisms (dynamic failure modes)

1. Static stress fracturing or

strainbursting due to tangential rock bulking

straining due to fracturing
(with or without

ejection)

2. Rock ejection by momentum transfer
from remote seismic or from high ;oc*eie_ctio'n

= - - rom seismic - o
bulking deformation rate during eSS R Sy

strainburst T

3. Shakedown with stand-up time Seism'f:'c'gf-;‘fuced

reductions
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1. Static stress fracturing or strainbursting due to tangential straining

This failure mode is dominated by
stored strain energy, the Loading
System Stiffness (LSS) and the in
situ stress field

It is associated with rock mass
bulking that causes large static and
dynamic deformations near the
excavations, which are largely
defined by the depth of failure and
the mining-induced tangential
strain.
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2. Rock ejection by momentum transfer from remote seismic source
or from high bulking deformation rate during strainburst

Failure mode is dominated by
energy transmitted from remote
seismic sources and the fracture
rate due to strainbursting

(incoming
seismic
wave)

Example of severe event with failure
of support in andesitic rock. Probably
combined 1-2 mechanism (Estimated
released Energy 25-30k]J/m2)
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3. Shakedown with stand-up time reductions

This failure mode is dominated by
rock quality, span, etc., and
dynamic acceleration forces from a
remote seismic event or other

dynamic disturbances

Examples [1]
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Rockburst damage mechanisms and nature of the anticipated damage

Damage Damage Cause of rockburst ~ Thickness =~ Weight  Closure*® Ve Energy
mechanism severity damage [m] [kN/m?] [mm] [m/s] [kJ/m?]
Bulking Minor highly stressed rock <0.25 <7 15 <1.5 not critical
without Moderate with little excess <0.75 <20 30 <1.5 not critical
ejection Major stored strain energy <1.5 <50 60 <1.5 not critical
Bulking Minor highly stressed rock <0.25 <7 50 1.5t03 not critical
causing Moderate with significant <0.75 <20 150 1.5t03 2to 10
ejection Major excess strain energy <15 <50 300 1.5t03 5to25
Ejection by Minor seismic energy <0.25 <7 <150 >3 3to 10
remote Moderate transfer to <0.75 <20 <300 >3 10 to 20
seismic event Major  jointed or broken rock <1.5 <50 >300 >3 20 to 50
Minor inadequate strength, <0.25 <T7gl(atg) na na na
Rockfall Moderate forces increased <0.75 <20g/(atg) na na na
Major by seismic acceleration <15 <50g/(atg) na na na

ve 18 the velocity of displaced or ejected rock; @ and g are seismic and gravitational accelerations

* closure expected with an effective support system
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Strainburst Susceptibility
- Rock mass quality
- Intrinsic brittleness*

Strainburst Potential (SBP)
+ High tangential stress

Strainburst Severity (SBS)
- Burst volume
- Relative brittleness* (—LSS)
- Consumed energy at failure (-DP)
- Volume increase (bulking)

- Failure (brittle)

- Stress concentration
- Deconfinement

- Energy storage
- Rapid release
- Volume

LSS=Loading System Stiffness (mine)
DP =Deformation Potential

*Tarasov and Potvin, 2013 [28]
[1] modified

Rockburst mechanics
components [9]
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Brittle failure
Intrinsic Brittleness: —>Elastic/Post-peak modulus ratio (E/M)

Class |

Class Il

Gray area: rupture energy dWr=post-peak rupture energy
elastic energy =elastic energy withdrawn during post-peak
Yellow area: excess energy dWa=post-peak released energy
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Brittle failure

Relative Brittleness: — unloading rock (M) and system (L) modulus

STIFF SYSTEM _
UNLOADING

System
Releases

Energy
Elastically

'y SOFT /
* FAILING ROCK - : .SYSTEM

/ Consumes Energy "y ,f Elcese Eneray N\ UNLOADING

mine stiffnass

o ()

excess
& energy

rockmass Yy ——
stiftness A

as Functionof ¥  Converted to
Failure mode and  \ velocity /

stifness

Deformation

Stable failure £

mine stiffiness k

(b)
I,

energy

axcess
/ stiffness A

[
=

Unstable failure £

The lower the LSS is or the softer the mine stiffness is, the higher is
the energy input from the surrounding rock mass and then the

Deformation Potential (DP)
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Geological strength Discnntinuity surface condition
indﬂx 'U'ary
(GSI) good Good Fair Poor poor

.

Guidelines for analysing rock failure as
shearing or spalling based on GSI and
the ratio of compressive to tensile
strength (—strainburst susceptibility)

Bl (Brittle Index) GSl <55 G35l =55t065 | GSI=65to 80 GSl >80
UCSIT<8 SHEAR SHEAR SHEAR SHEAR
UCSIT=9to 15 SHEAR SHEAR SHEAR/SPALL | SPALL/SHEAR

UCS/IT=151t0 20 SHEAR SHEAR/SPALL | SPALL/SHEAR

UCSIT > 20 SHEAR SHEAR/SPALL
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[6,9]
L]
S 300
g,‘: Rockburst failure mode
2 25013 potential indicator
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< L
5 2004 >
I >
2 55
r T4
8 150 - z & MEDIUM
o 3
g 2
o 100 -
- z B 30
5|7 L
T 50 A s
= SPALL POTENTIAL ——— 3 300 - a
0 Low MEDIUM _ HIGH VERYHIGH 2
| .
5 10 15 20 25 30 250 - o
]
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100 +
8
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Rkb Potential and Severity 0 LN i .
(only for stiff environment) 5 10 15 20 25 30 %
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Dynamic Rupture Potential (ORP=UCS*m/1200) «<~Update version [10] and Proposed Ejection
: Velocity assessment [27]

300

250 +

Published version Diederichs, 2017 [10] |

200 A

HIGH VERYHIGH  [SBS]

(=]

Ejection velocity potential (unsupported, m/s)

UCS (MPa

5 : . UCS x mi
IE & Dynamic Rupture Potential (DRP) = (W)
100_% 5 30 1 2 3 4 5 6

{3 3 ..,
1.5 E
on  weoom mow vemvwen | [SBP] e 7
’ 0 . FIJ I ‘II[] . 1I5 I 2I0 . 215 I 3l0 . 35 E
m, or UCS/T or 1.3(UCS/BTS) or 3(CI/BTS) ‘g
250 é E.
: 5
Futher evolution of the JE
Rockburst failure mode BEEEEF g
potential indicator: g |7y
Definition of Dynamic Lk 3
Rupture Potential (DRP) ; g
s
50 =
DRP correlated to rock block eLsoTmTAL — g

Ejection Velocity potential : e

0 5 10 15 20 25 30 35

mi or UCS/T or 1.3(UCS/BTS) or 3(CI/BTS)
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+ GRC
@ Kirsten & Klokow, 1979 0.49(+0.1) + 1.25x

O Jlayou et al, 1991 =
® Martin ot al, 1994 Martin et al.,

¥ Martin, 1989 E

[ Orilepp & Gay, 1984 1999 [20]
* Pelli et al, 1991

A Stacey & de Jongh, 1977

the

l Damage Index (DI) or Stress Level (SL)

expressed by ratio
Omax/ UCS
cymax/c:[

| Crack Initiation Threshold (-CI=UCS¥*)
occurs when

f=i ing levels of Ild
a[—; 8|]ncreasmg of spall damage Omax ~© 0.4-0.6 UCS
14
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80 200

120 10 180

Compressjve Stress

|
\".,II]' .“'II 'k_x\x
\ J \
ues* \| / |
—1 ff |
\ / I -
\ r,l' | 1 | _—_
\[ / ] | | L -
3 __",/ £_ Acoustic Erhission Count (Rate)

N M 60 0 00

The higher
the
difference,
the higher
the stored
energy and
then the
potential for
violent
failure

Damage initiation (UCS*=CI) is taken as the first significant and
sustained increase in Acoustic Emission rate after the initial flurry

of events associated with crack closure

[6]
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Cl = (0.45+0.06)*UCS
R*=0.90

e Igneous
o Sedimentary
A Metamnrphbc

100 150 200 250 300 350 400
UCS (MPa)

T
o
<
B
@
e
%
| ==
o
—
I,
=
S
I
O

Relationship between UCS and CI for various rocks

Nicksiar and Martin, 2013; modified by
Hoek and Martin, 2014 [13]
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g,

O Martin et al 1999 [13]
@ Additional case histories

Depth of Spalling, r/a

Maximum Stress around tunnel.

=304~-03 il

0.0 0.2 4 . . 1.0
Maximum Tunnel Stress / UCS
Maximum Tunnel Stress / UCS ®
0.0 0.5 1.0 15 2.0 2.5
EEE————— e s JEEE—— 1 | W
Stable Minor Moderate Serious
(Mo Stress Damage) Spalling Overbreak Overbreak

Empirical estimation tool for spalling depth
UCS* is the Crack Initiation threshold (CI)
[Moderate and Serious overbreak indicate strainburst potential]

[8]
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Moreover, it should be observed that estimation of Depth of Failure (DoF) refers to the

maximum value and not to the medium value. /2:6,1'0 a(f n qu PL@M

& 15 = 125 (der) - 0.5

Peter Kaiser notations
(Jinping II study, 2010)

e

3
€
A
T .
5

S &0
“eo 8z o0 oe | é”"l}f df ’Odséé&
mmmhrmnlalv-‘-mm okO'O

Figure 5. Empirical approach for DoF estimation (Martin et al, 1996).

Note that the Depth of Failures (DoF) reported in [20] refer mainly to
no-violent events and max values for the stress Ilevels

(—high DoF does not necessary mean violent event with rock
ejection).
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DoF line should coincide with the Inner Excavation Damage Zone
EDZi (connected micro-fractures —visible damage)

P Nl BN <In situ-measurements of
s Y W Pl EDZ depths compared with
— g N & Martin et al. equation for
18 + " o = i
- ’ T DoF. 3% £ - Excavation Demage Zone
16 ‘ O Crown EDZo . ® EHW*H ."i-i S zm
: A Sidewall HDZ o © o W £0F - Soansteuction Damsge 26
“hmm o L ] |
8 = EDZ, /m
1.9 1 . EDZ, / R =140.58(0,ng/CI-1)°% =
1.8 1 » EDZ, 2.z
1.7 1= - EDZ/ R =140.36(d,,,/CI-1)¢2 i
. i
Calculation example of damage 163 402 s :
zones for granitic rock. S = v
Note that EDZi over-predict DoF for 141" Fatlro (Diodorichs 2007)—mms— /& &0
about omax/CI>1.5. - s = 301 =05 ;'"3 -l
EDZi is assumed to coincide with s R i
= = = 3 z7 = — =
the Volumetric Strain Reversal. awd AN le-r T
1.1 1 T FG . S W ,,!-l'_fn Y Y
1.0 ;‘::"“:‘ O ’ :
Perras and Diederichs, 2016 [22] 0.0 05 1.0 15 2.0 25 3.0
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Il - Rock mass strength (o )+in situ stress (2*y"H)=Competency (IC) V- Competency (IC)+self-supporting capacity (RMR)=Excavation behaviour
100 80 60 RMR ap 20

:Sm*mfﬁ‘redas mption’s: m'dividuéﬁon ofpoi‘enffafhazérds '/
_Foozsmmm,. 4Bk 1 stable(a) or Unstable Wedges (b)

Yy
11l

VETITFE: e -
Minor | | oS
o [ -

(2yH)

Severe |
R

Spalling,
Rockburst (*)

.LIJIllll I.JJ.I

om

=g |

IJC

[Fictictious overbu rden @

for anisotropic in situ stress]
: ﬂ(n [condition]30
T T T T T T A 3 |. T

(*JSusceptibfe to
spaliingfrockburs t
region for brittie rocks

A ra gh

<=
Hf

il e R —nl ; -
0.1 1 o,(MPa) 4 ¥
Il - Intact strength (g J*+rock mass fabric (GSI)=Rock mass strength (o_) | - Rock block volume (Vb)+joints conditions (jC)=Rock mass fabric (GSI)

or{—-Undulating

(*1 onlv for the susceptible region. otherwise the dev elooment of plastic reoion and moderate radial convergences are more orobable

The same classification for spalling depth is applied in the GDE multiple graph
Russo, 2014 [26]
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Another example: CJo.<045  G/a=0 60,206 0/a2025  Cuw.=08  dlaz 060

= g= - No spailing, s1abla - no support Minor spalling - spot rockbolts Moderate spalling - pattern rockbolts
The classification requred and mesh andt mosh and, in somo cases, straps
limits are a little
- 350 -
different
g
= 300 4
]
bu
£ 250 1
5
c
@ < A
w200 1 T = 1.2 dfa= 1.0
Hoek’ 2010 [12] g Sewvare spaling - steel sets with
. rockbalts and mesh usually nequirad
g w0
a
: E
Legend: S 100 -
B South African deep level mines ®
© AECL URL 240 level, Canada - Stable g -
[0 SKB Aspo tunnel, Sweden - Stable g
@ AECL URL 420 level, Canada - Moderate spalling Increasing support requirement

B SKB Aspo pillar, Sweden - Minor spalling o
A Lotschberg tunnel, Switzerland - Moderate spalling \ -~
& Niagara Falls tunnel, Canada - Significant spalling Maximum boundary stress o___ - MPa TG = 1.6 diax15

@ OImos tunnel, Peru - Severe spalling mﬂ of Wﬁ”ﬂﬁpﬁﬂ H‘:’:‘mﬂ o

M Gotthard tunnel, Switzerland - Minor spalling required

0 50 100 150 200 250 300 350
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Dynamic ground stress — increase of DoF
As remarked, a seismic event or blast may add
an increment of dynamic stress that may trigger
strainburst or increase the depth of stress
fractured ground.
The dynamic stress pulse of the shear wave
modifies principal stresses

1
s

10} suiened uoneipel
)ney

)nej e Buoje Jeays

uonebedoud

Ac,9 = +p*ppVv .*Vs and Ac3d = -p*ppv *Vs
The max resulting tangential stress variation on
circular excavation contour oscillates at each pulse g direction of

Gt %:;ncident wave
ACax = T4p*ppv .*Vs _ Y

p = rock mass density

ppv, (or PGV,) = Peak particle (or Ground) Velocity
of shear waves

Vs = shear waves propagation velocity

[3] Refer also to [1, 20] for Seismic source characteristics,
Ground motion velocity/acceleration, etc.
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*for p=0.026MN/m*

direction of
incident wave

/
ey

500 600 800 900 1000
ppv_ (mm/s)

Chart for assessment of tangential stress variation for
different ppvs and Vs [27]




B GEODAIA

GEOENGINEERING CONSULTANTS

Depth of Failure (d,=DOF) increase for Dynamic ground stress

(1 for dynamic depth of failure determination; (2 = SL, (; (Kaiser, 2006)

ppv [m/s] C: Mean SL, ford;=0
static 1.37 0.42
0.5 1.54-1.74 0.35
1.79-2.08 0.29
2.17-2.86 0.23
2.63-3.64 0.18

d./a= C1(c,,.,/0.)-C2=C1*SL-C2

For static condition on average C1=1.37 and C2=0.57 [15]
d./a= 1.37(0,,../0.)-0.57
(SL=Stress Level=Damage Index)
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Constitutive models for brittle yield simulation
Mohr-Coulomb “error”

£
— c
H g
E =
[=,]

[a]
< 5]
c
g g
o =
& g

o

prd

\
— Cohesion

0.4 06
Normalized Damage W/, ,

In brittle rock the mobilization of the cohesive and frictional
component is strain dependent. Cohesion mobilizes before than

friction angle [¢, and ¢ ; are residual and interlocking (dilation)

component "m=0 approach”
- - = Martin, 1997 [19]
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Transitional

A
Spalling /
a, Tt - ‘/
“/ (o %} lert// A‘ Shear Failure
A
Upper Bound Field
Long Term Lab Strength
Sample Response

Distributed Damage

\." and Acoustic Emission
L _
A . o
" Spalling  *
Failure Ladaes

i % e
A o
//‘Lower Bound Field
Strength

1l o=

r/"‘\

Direct Tensile /
Strength=T

<L ¥

Unravallingl e

CI= Crack Damage
Initiation threshold
(usually 0.4+0.6UCS)

transition—»>Spalling Limit Ratio
SLR = 61/063 ~10+15 or more

CD= Crack Damage
Interaction threshold
(usually 0.7+0.9UCS)

[5, 10]

Il construction Damage Zone (CD2)

Inner Excavation Damage Zone (EDZ;) | ® nravelling

Excavation Influence Zone (EIZ)
| Outer Excavation Damage Zone (EDZ,)
Highly Damaged Zone (HDZ)

-

The composite strength envelope
illustrating in principal stress
space the zones of behaviour as
bounded by the damage initiation
threshold, the upper bound shear
threshold (damage interaction),
and the transitional spalling limit

4 N
] o
Pre-Excavation/Stress

Tension
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Numerical modelling: Elastic analysis:
“"m=0" approach

Simulation of brittle
spalling behaviour by Hoek
and Brown failure criterion

Hoek et al., 2002 [11]

Oc

ﬂ.f a
0, = a3 +ac(m—3+s)

Hoek-Brown constants:
m=0
a=0.5
s0-5=0.33 > s=0.11
(s®5=0.41- s=0.17 for Kaiser, 2016 [18]

o) =03 + /502

Hoek-Brown
Brittle
Parameters

O m=0,5=0.11

01 02 03 04 05
03/0,
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Examples of 2D-3D elastic (m=0
type) analyses by Rs2 and

Examine3D

ROCSCIENCE

Spalling criterion
(o-os)fo: =0.7
(Potential for bursting)

Examine3D (Rocscience):
Differential stress and
Spalling Criterion Congoer Legend

[}

The Spalling Criterion (Castro et al, 1995, 1997) is given by:

91793
Ucs
. . . . . Differential stress
As a general guideline, spalling criterion values of: (&1-G) (MPa)

¢ 0.4 indicate damage initiation, beginning of fracturing

e (.7 potential for rockburst (in particular strainburst) to occur
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Numerical modelling: Elastic-plastic analysis
DISL (Damage Initiation Spalling Limit)
@ Hpz

Shearing EDZ Crack Damage
\®\ E0Z, _

rslisiomhaniic” ,.«"' Excavation
syengmenng: .- Damage Zones

"

-
- = F

Long Term
Spalling - Shear

Maximum Stress o,

® ez

Stress Change ',.-"-

Damage Initiation

nput as “Peak
Parameters

in situ
O scritic

Ravelling |}

Ja L

Tension Minimum Stress o,

lastic Limit (Yield) ====Composite ===Damage Initiation =« ++Spalling Lirnitl

Modelling method Peak Residual

Input Value/equation Input Value/equation
parameter parameter

ap 0.25 0.75
1/ !
(_CL) aP 0 001
ucs

p=peak 8 (y_c_g) 6—12
r=residual P\TT
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Maximm
Shear Strain
0. 004000

9.00e-003
1. 80e-002
2. T0e-002
3.60-002
4. 30e-002
5. 40e-002
6. 30e-002
7. 20e-002
6. 10e-002
9.00e=-002

Maximum Shear Strain

Distmncefm]

A = Elastic

B=Damaged ("Yielded”
in Phase2)

C=Yielding and Failing

Note: B can fail if C is
completely removed

C

PHASE 2 marks an X

Large Plastic B PHASE 2 marks an X

Very Small Plastic Strain

Strain Only

A No X

No plastic Strain

Example of DISL application with distinction of damaged and yielding zone
as a function of Maximum Shear Strain (PHASE 2=Rs2 Rocscience)

[6]
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Sigma 1
min (stags): -29%.81 MPa

Volumetric Strain Reversal

18.00
Z4.00

42.00
max (stage): 41.52 MPa

Tension

Example of DISL application in severe rockburst environment with
indications of Yielding zone and Volumetric Strain Reversal (referable to
Depth of Failure of Martin et al., 1999).

Case 1: equivalent-continuum modelling by Rs2 (Rocscience)




B GEODAIA

GEOENGINEERING CONSULTANTS

> M vielded
B Elements
min (stage): 0 [per—-cent]
0

10
20
30
40
50
60
70
80
S0
1 100
] max (stage): 100 [per-cent]

Example of DISL application in severe
rockburst environment

Case 2: joint network modelling by Rs2
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Strain Energy

In terms of principal stresses the Strain Energy Density (SED) is
calculated by the formula:

SED = [(c12+022+032)-2v(0c162+6203+6351)]1/(2E,)

c1,62,62= Principal Stresses; v=Poisson Ratio; E,=Young Modulus

The stored strain energy can be -~ Hoek Spaling _//__ GSI=T5

Brown according to

consumed by process as rock g%%gggk Biedenchs /. Rockmass shear

fracturing or to be released In FaF
form of kinetic energy. . osiss

The severity of rockburst is
essentially related to the amount
of the energy in excess

Stress Palh-m

Burst potential based on energy— ' s——
storage and release according to P
stress path [9] Sig3 MPa
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¥ Eventreleased energy E
Best fit events E=0.24*DI** (R*=0.9)

NN
o

w
o

N
o

—
o

el

(:l_\
=
—_—
)
=<
>
(@)
| .
Q
C
11
©
Q
)]
O
Q
Q
d
©O
Q
[
]
£
i
)]
L

moderate \L

severe event

minor,

/
0 e SRR

1.0 111213 14 15 16 1.7

18 19 20 21 22 23 24 25
Damage Index (c__ /Cl)

Example of relationship between Damage Index and estimated
Released Energy of severe rkb events in Andesitic rocks
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- d

Trajectory of rock thrown during a rockburst (Tannant et al. 1993)

Kinetic
Energy release

-

7, = d-J g
- 2h cos?9 + sin29

Where:

9 is the initial angle of motion measured upwards from the horizontal plane in degrees;

g is the gravitational acceleration.

Ejection velocity

200 100 080070 060 0.50 0.40
275
0.30
250 § T By Sl a4 | .
; (/7 XA A / ] S
225 § VLA 7
200 § {;’ L) A A ‘,."" LA
= WIS N A A
f”'s Rea! 965" LI il 4% Y 4 7 B 020
£ 150 ] LSS KA AAA A A
x T B [ 17 L7 S PP S 0 7 P s "1 ™
S5 3 ; £F 40 S . = =
: / /S "l "JA’I /"’ t;(:'_[_l.75m, \.I'—5ITI/5 . “‘,.
100 . ’," / 5 'n-"..-u ._'.7&_.-. = - ;._."‘
| S e .
' TE (A" A d=0.75m, v=3m/s '
- r"v"a' 'd-' _." e, oEs
50 + “,.o',-"-."‘.‘ —— .'_'__.--
25 - LOW e e e S W B L
000 050 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

v (mis)
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Excavation host rock UCS (MPa) R Y L — Very Strong
120 140 160 180 00 | ——20 .
. T2 1 1 0 50 100 150 200

T * i T ‘i il T * T
65 70 75 8.0

Ejection velocity v (m/s)

12.5kPa

10kPa

7.5kPa

5kPa

L 2 5kPa

TChart derived according the cited Authors

Ejection velocity
and Energy demand

Based on laboratory tests,
Villaescusa et al. 2016

[31] relate ejection velocity
to intact rock strength
(UCS).

The Energy demand is
derived as a function of the
potential Unstable mass.

[n.d.r.: Caution in estimating the
ejection velocity is required for the
reduced scale of tests!]
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Hazard Minor Moderate Severe Very severe
for brittle rock mass ® spalling overbreak overbreak overbreak ©
G max/UCS 0.4-0.6 0.6-0.8 0.8-1.0 >1.0
G max/Cl 1.0-1.5 1.5-2.0 2.0-2.5 >2.5
DOF/a (man® (=) 0.25 0.5 0.75 >0.75
Energy (kJ/m?) <5 5-10 10-25 >25
(indicative for Bulking causing
low moderate high v.high to extreme
ejection)
"Hhenehans, 2010, Kinetic energy | Damage
®Martin et al.,1999: DOF/a=1.256max/UCS-0.51 with a=tunnel radius ) . .
‘very sever overbreak class has been added with respect to the original formulation (kN’m ) intensity
<5 Low
Proposed correlation between the 5to 10 Moderate
Overbreak classification, the Depth of 10 to 25 High
Failure (DOF=r-a) and the expected .
( ) P 25 t0 50 Very high
released Energy [26]
[3]> =~ 50 Extreme
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Rock mass bulking in brittle rocks

Extension fracture initiation/propagation and shear along joints lead to
rock mass disintegration and rock mass bulking.

Bulking process is result of geometric block incompatibilities, leading to
large volume increase. If the rock mass is supported, bulking can be
restrained to smaller value.

Location and support condition Average support load Recommended Severity of
capacity [kN/m?2] bulking factor  anticipated

(BF) damage
Floor heave 30+5% minor to moderate

> 50 % Major

Walls and backs 10+3% minor to moderate
Light standard bolting and loose, light mesh

Yielding support 5+1% minor to major

Strong support with rock mass 15+£05% minor to major
reinforcement

WD (Inelastic Wall Displacement)=
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60
ol ; & Additional
230 [ BF =03\ |- iona
3! (P in kPa) equations for
o 20 t+ -
£ Bulking
= Factor [7,8,9]

0 GRC 1996 100

Support Pressure (kPa) __7
WD = DOF[O.Be 70)

DOF = depth of failure P =su
40

WD = wall displacement

- | Bulking Factor (%) = 75 x (Support Pressure) 0.6
‘ .'..
30 B T : . |
N 3 € £ ‘E £ ‘E
S 25 38 @ u - o o
2 25 — o - s
© L * n x n
= 20 E® o < N o &
= 15 N & ® ® ©® ©
= Steel Ribs or Ribs :
= 10 Channels @ @ Ribs
\ 1m spacing 0.75m Plus
5 —— Rebar
v

Empirical"f'ianges (Kaiser et al 1996) [

0 25 50 75 100 125 150 175 200 225 250 275 300
Support Pressure (Distributed Capacity), kPa
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Support in burst prone ground
[1,3,18]

Yielding bolt/hold

Rock mass
bulking

_ Mesh-reinforced
shotcrete/retain

~ Strap/connect , i
P/ Rebar/reinforce

- Reinforce the rock mass to strengthen it and to control bulking;
- Retain broken rock to prevent fractured block failure and unraveling;
- Hold fractured blocks and securely tie back the retaining element(s) to stable

ground.
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Required
support functions

Damage severity

Damage mechanism

A All support functions are
”dn-g; needed, with different
duatofracturir@_ b Contributions..
, -1 Reinforce [+

= - X A

oot == =

u::eismic energy \ p HO].d ﬁ i Britile ‘ Strong

tra r i 7 . y = = II =

(AN --ip %\ ' P o g |l-— — E

/ ‘ == '?1-‘:‘ / 1 Retain » = I.' J.-"f Ductile/yielding =

y 5 | ."Ie":l -
Seismically-induced R |/

rockfall Major |
- (b) —
Deformation Deformation

Optimal support system combines L,
adequately the deformation E

properties and capacity of each Bt |

basic component: | o

Reinforcement [bolts, cables,..] Soft

- s d r-

and Surface Support [(fiber- " W Displacemet

reinforced) Shotcrete , mesh,...]

[16]
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AL L L L «~Load-displacement curves

Ii[\ resin-grouted rebar ]
conebolt (GRC tests) —:
g mechanical rockbolt conebolt (S.A tests) i
- 100 yielding Swellex bolt :
g Split Set boit )
- 50 7
||||||||||||||||||||||||-

D 100 zm 300 4m 500 rrrr [ rrrurqrrrroprrrrprrrd

Wall displacement [mm] Conebolt ]

Conebolt

(GRC tests) South African tests y

2 20 -

| Resin- 1

>., -

. : . © | oruted Split Set bolt |

Reinforcing/Holding elements o -

w 1 Yielding Swellex bolt i

Mechanical rockbolt 7

0 L L1 1 | L L 1 1 | 1 L1 1 l 1 1 1 1 l 1 [ 1 [ ]

0 100 200 300 400
Static energy absorbing capacity— Displacement (mm)




[30]

Reinforcement types ) Pe
YF O Falhuore by nupture ] ®

A 24 m 550 MPa 20 mm threaded bar—T2X0 —>»High mpact testing
A 2.4m 550 MPa X mm threaded bar —T20—no plate l
A 24 m 550 MPa 20 mm thresded bar—TX) -
A 2.4 m 550 MPs 20 mm thresded bar—Securs T20—resin l
A 24 m 550 MPa 23 mm threaded bar—Secura R27 —resin 50 l
A 24 m 550 MPa 25 mm threaded bar— ] TECH-—resin- SE —>A
© 30 m 550 MPa 20 mm theeaded bar—T20-— 1.6 m centrally decoupled | 1 9

mEne nut | —>A
® 30 m 550 MPa 20 mm threaded bar—T2X0—1.6 m centrally decoapled l . § ®

imtegrated nut/'washer o~ —r% & g
O 24 m 550 MPa 20 mm thresded bar—T20—1.0 m centrally decoupled | pum, 40 <= - -

Posimix bolt—reein — -] e I &
© 3.0 m 280 MPa 22 mm threaded bar— Saferock—{our buffes — .‘:"
@ 3.0 m 280 MPa 22 mwm threaded bar—Saferock—two bufler -8 &- --‘?l
8 2.2 m 250 MPa 22 mm thread od bar—Saferodk—HC (weak grout ) P é" @ @
@ 24 m 580 MPa 22 mym G foad solidd wielding boll version 1 a ﬁ @ “
© 24 m 580 MPa 22 mm Garford solid yiebding bolt version 2 S — & 5
© 2.4 m 580 MPa 22 mm Garford solid yielding bolt version 2—resin 7z 30 W & Very
0 2.4 m 580 MPa 22 e Garford solid vield ing balt version Q-=risin - E & ﬂ. I @
® 24 m 400 MPa 22 mm cone bolt =40 MPa g rout - L —>0 ; -J--" r
& 24 m 400 MPa 22 mun cone bolt =40 MPa LE groal },} ®
& 2.4 m 400 MPa 22 mim cone bolt >40 MPa HE grout 11 i l
@& 2.4 m 400 MPa 22 mm cone bolt 25 MPa grout E:"' JI ,,s"b I_
& 3.0 m Roofex | 25 mm—cement grout = 20 A ry v I.& T
# 3.0 m 450 MPa D Balt 22 mm—cement grout LL‘] I
W 3.0m Yield-Lok 17.2 mm—775 mm yield length—cenwent grout ich v
B 26 m Cablebolt-A 1532 mm -plain sirand —2 .0 m toe anchos ruplure - # v
B 16 :1{;)!.-!:41-“ A 15.2 mm -plain strand-—1.5 m toe anchos [ | g = ™ v |

toe sl =
B 26 m Cablebolt-A 152 mm—plain strand — 0.6 m collar slid 10 1 1 ch'd‘ l - = -
B 34 m Cablebolt-A 152 mm—plain strand— 1.7 m centrally debonded v ¥ "9’1‘}' SI@Jﬁcaﬂl
® 34 m Garford yielding cablebolt - Version 2 L‘IE ' | damge to gm'face
W 3.0 m Cablebolt-C 15.2 mmy—plain strand—two buller LC —— |
W 310 m Cablebalt-C 15.2 r|'|rr|-—p|.u[| strand—four buller LI a _SuEme
¥ 3.0 m Cablebolt-C 15.2 mumy—plain strand-—damaged wire |
¥ 14 m47 mm split tube bolt—1 8 m average toe anchor LU“’! i
¥ 212 m inflatable bolt— 1.5 m average e anchor K 0 g 1;]0 Ebﬂ 36{] 4'00 5;}0 5&1 700

Deformation at failure (mm)




Energy Capacity of Surface support

Total Energy Absorption (kJ)
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12

10

Energy (kJ)

@
L4
R

3

0 S0 100 150 200 250 300 350 400 450
Displacement (mm)

XTECCO G80M4
A TECCO GB0M (no rupture)
@®DELTAX G803

X DELTAX G80/3 (no rupture)

# Heavy mild steel chain-link mesh

(5mm, 100 x 100mm)

B Heavy mild steel chain-link mesh
(Smm, 100 x 100mm) No rupture

X Weld mesh (5.6mm, 100 x
100mm)

+MINAX M85/2.7 (rupture)

inLink Mesh

400 500

Displacement (mm)

= Unrenforced shotcrete (O)
® 100 mm FRS dramix (30mm fibres) (0)
A Weld Mesh (100x100) 3.5mm (O)
Weld mesh (100x100) 3.5mm + 10 & 12mm lacing (O)
& Weld mesh (100x100) 3.5mm + 8mm lacing (O)
B Chain Link mesh (75x75)3.2mm (0}
O Chain link (100x100)3.5mm + 12mm lacing (O)
@ Chain link (High strength mesh) (P)
MRS moderate damage (K)

@ 100 mm FRS plastic (S0mm fibres)(0)
A Weld mesh (5.6 mm) (P)
A Weld Mesh (100 x100) 4mm (0)
A Weld mesh (100x100) 4mm + shotcrete (O)
W Chain Link mesh (100x100)3.2mm (0)
Chain link (100x100) 3.2Zmm + 8mm lacing (O)
W Chain link (75X75) 3.2mm + lacing {O)
@ FRS + lacing (O)

[FRS=Fiber-Reinforced Shotcrete]

Potvin et al. 2010, [24]
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Table 2.1 Rockburst damage mechanisms and nature of the anticipated damage
Damage Damage Cause of rockburst ~ Thickness  Weight  Closure* Ve Energy
mechanism severity damage [m] [kN/m?] [mm] [v/s] [kT/m?]
Bulking Minor highly stressed rock <0.25 <7 15 < 1.5  not critical
without Moderate with little excess <0.75 <20 30 <1.5 notcritical
gjection Major stored strain energy <1.5 <50 60 < 1.5  not critical
Bulking Minor highly stressed rock <0.25 <7 50 1.5to 3 not critical
causing Moderate with significant <0.75 <20 150 1.5t03 0
ejection Major excess strain energy =15 <50 300 1.5t03 ! @
Ejection by Mitior seismic energy <0.25 Table 2.5 Supporf\systems appropriate for burst-prone ground
A re1.note Modgrate . transfer to <0.73 Mechanism Damage  Load D1$ce. Energy Examples of suggested support systems *
fseismic event Major  jointed or broken rock <15 severity  [KN/m?] [my] [kJ/m?)
Minor inadequate strength. <025 <7 Bulking Minor 50 30 not critical -mesh with rockbolts or grouted rebars (and
Rockfall Moderate forces increased <0.75 <20 without shotcrete)
Major by seismic acceleration < 1.5 <5 ejection Moderate 50 75 not critical -mesh with rockbolts and grouted rebar (and
shotcrete)
Major 100 150 not critical  -mesh and shotcrete panels with yielding
bolts and grouted rebars
Bulking Minor 50 100 pot critical  -mesh with rockbolts and Split Set bolts (and
causing shotcrete)
ejection Moderate 100 200 -mesh and shotcrete panels with rebars and
Example of suggested | gl |
Major 150 =300 -mesh and shotcrete panels with strong
S u p po rt Syste m yielding bolts and rebars (and lacing)
Ejection Minor 100 150 10 -remforced shotcrete with rockbolts or Split
( a n d Safety fa Cto r am ) bY remote Set bolts
[ 3 ] setsmuc Moderate 150 300 30 -reinforced shotcrete panels with rockbolts
event and yielding bolts (and lacing)
Major 150 =300 >50 -remforced shotcrete panels with strong
yielding bolts and rebars and lacing
Minor 100 na na -grouted rebars and shotcrete
Rockfall Moderate 150 na na -grouted rebars and plated cablebolts with
mesh and straps or mesh-reinforced shotcrete
Major 200 na na -as above plus higher density cable bolting
Limats (MPSL) 200 300 50 Maximum practical support limit
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Rock support capacity

In general, three Factor of Safety should be satisfied in Design

_ Support Load Capacity o SupportDisplacemat Capacity FS _ Support Energy Capacity
" Load Demand - Displacemait Demand

FSLD{Id = En‘_)_rg]r o

Energy Demand

Key factor: Capacity of the combined Support System

According to Potvin et al., 2010-2013 [24,25], the surface support (FRS and chain-
link) could guarantee an additional safety margin or represent a potential
“weakest link” depending if the support system, in function also of the bolt
spacing, will be able to work on “serial” or “parallel”, respectively.

Cala et al. ,2013 [2] remarked a redistribution of the energy in the different support
elements variable in function of the stiffness of the surface component: typically
for stiff conditions the reinforcement and surface support adsorbed 75% and 25%
of the released energy, respectively.

In other tests [30] the reinforcement adsorbed 72 to 93% of the released energy.
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GDE design approach applied in Rockburst environment

Rockburst Energy
Demand

Reinforcement
Capacity

Surface Support
Capacity

ED

22ED

2ED

Example

High Energy
(Severe Event)

n.2 orders of high
capacity grouted
elements

n.2 FRS+high
capacity chain
link mesh layers

Basic Safety statement: Automatized support installation without any workers exposure
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Outline of Microseismic Monitoring

Seismic monitoring enables the quantification of exposure to
seismicity and provides a logistical tool in prevention, control and

prediction of rockburst (from Mendecki et al., 1999).

Fracture source Acquisition and Data transmission and Displaying and
digitization of signals | | time svnchronization processing
Zr——mm—— , 'ﬁ

Data transfer units

Sensors

Data acquisition Center server/
Instruments processing software

Magnitude

-4.00
-3.33
-2.67
-2.00
-1.33
-0.67
0.00

& .
e —> Workingface.
. 200 Excavationdirection+

First day Second day
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Cai et al.,2007,

reported in [1]

Mi i :
Rock bu (in underground Acoustic emission
(inmines) | ¢, cavations) (in rocks)

Amplitude( > 10 m/s)
[ S R T R S S Y

Amplitude(x 10-m/s)

0.0 {I'I.E [1'.4 !]r.{} {II.S ; ; 00 02 04 06 08 10 12

Time(s) . e It __’ Time(s)

Rock fracturing pr7 obn Blasting
<l1ls : > K
10-3000Hz 100-500Hz

Examples for typical time domain 10-2-10-3 m/s
waveforms of microseismic signals
in tunnels ISRM, 2016 [14]

102-107 m/s
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385500 385600 385700 385800

6285000 i - 6285000

Example of seismic

\ monitoring weekly report for

6254500 6284300 tunnels of Hydroelectric

project in Andean region

showing the concentration of
events (Mw=-3+1)

6284700 RENM Jo 6284700

6284600 O, { - | 6284600

385500 385600 385700 385800

09114 09/15 09/16 0917 09/18 09/19 09/20

Dotted lines remark some hypothesis of preferential alignment of
events along main shear zones, while square symbols are tunnel
faces in advancement.

An insight on a presumably Seismically triggered strainburst
occurrence is shown in the following.
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The analysis* focus on the time lapse between two blastings (B2 and B3) in
tunnels #2 and #3 (distance ~ 100m)

B2=h7:20 (day 1) * Elaborated by Carlo Chiesa
B3=h19:00 (day 2)

[Note: previous blasting in #3= h2:05 (day1): Some related seismicity still measured in
#2 and #3 at B2 time]

Seismic event and Rockburst coordinates Seismic event and rockburst coordinates
(%Y} |t==5min_from_B2 [(anyway before B3) [%.¥] | t==1h_from_B2 [anyway before B3)

&SN

684950 284950
Fras RO 284900
6284850 284S0

BB E00

Morthing [m)

5284700 ¥}« Excavation fronts

Y=

[ SN ]

Seismic events before
G R RO0 h Iast blasﬁng

Precedent blastings

Seismic events afterlast; 5 g "B
blasting : 2 u g :

Last blasting X = Ensting [m]

X = Eating [l
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Selsmic event and rockburst coordinates Seismic event and rockburst coordinates
(X.¥]|t<=6h_from_B2 (anyway before B3) [X.¥)|t<=1Bh_from_B2 [anyway before B3)

Excavation fronts

R SR

% = Easting [m]
Seismic events before
last blasting

. . . Precedent blastings
Note ( ) some new seismicity

between tunnels and increase around Tunnel #3 Seismic events after last

(previous blast was in #2) blasting
Last blasting
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Seismic event and rockburst coordinates

(M,¥) |te=24h_from_B2 (anyway before B3
G 2ELTKH]
G'281'950
B2 B 500
' 2B1'E50
' 2RO

oy '
O =g 4 50

E
3
=
s

B G250

Y

G'2EL'650
G2 &L 600
628550

6250500

Severe rockburst occurrence in tunnel #3
(after 19h from B2 and 24h from previous blast in #3)

Tunnel #3 estimated
conditions:

DRP—-Moderate to High

Damage Index— Moderate
to Serious overbreak

befﬂre tas biastin g

;after.last blastlrg
Last blasting

- Rockbursts
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Seismic rate (events per hour) and max Moment Magnitude (Mw)

event after B2.
[Mw=(2/3)log,,(M0)-6 and Mo=Seismic Moment=pAAu

n=rock mass rigidity, A=fault area; Au=slip displacement]

Seismic activity during the day Seismic activity during the day
250 3 Legend 20 . . . . . . . . . . . 3 Legend
® Magnitude @  Magnitude
. Frequency N Frequency

Events per hour
Events per hour

Maximum event durng an hour (M, ]

Maximum event during an hour (M, ]

0 3
0 3 0000 01:00 (4:00 D600 08:00 10:00 12:00 1400 1600 18:00 20:00 22:00 00:00
00:00 02:00 0400 0600 08:00 10:00 12:00 1400 16:00 18:00 2000 22:00 00:00 1016 1016 1016 1096 1016 1016 1046 1016 1015 1016 1016 1016 10.17

10-15 10-15 10-15 10-15 10-15 10-15 10-15 10-15 10-15 10-15 10-15 10-15 10-16
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Distance from
tunnel #2

i 1000

Seismic events from B2 to B3: chart comparison
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Seismic event rate after B2 and comparative Omori decay laws

Seismic event rate from B2 to B3
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Other example with induced main seismic event, successive

seismicity reduction (E and Mo) and final rockburst occurrence
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Conclusive Remarks

e Blasting induces seismicity in the
surrounding rock mass and local geo-
conditions may increase the radiated
energy, eventually resulting in strainburst [
in other tunnel.

Seismicity from successive blastings, in the
same or different tunnels, may
overlap/interfere, o) increasing the
probability of triggering strainburst

Some drop of energy after main seismic . e e

IIIIIIIIIBIIIIIHEEIEIEIDIII
012 78 9101112131415161718192021 2223

event is frequently observed before
strainburst (see also [13, 20])
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Thank you for your attention!
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