Seminario Internacional
@ de Mineria — Especialidad

Utilidad del monitoreo sismico en minas
subterraneas: validacion de modelos
geomecanicos y comprension de la
mecanica de estallidos de roca

Frank Calixto
Institute of Mine Seismology

(> Osinergmin



de Mineria — Especialidad

Parte 1: Validacion de los
modelos geomecanicos




Commission de la Carte Géologique du Monde / Commission for the Geological Map of the World

@ WORLD STRESS MAP

GFZ

—

LT

2009 - 2™ edition, based on the WSM database release 2008
Helmholtz Centre Potsdam - GFZ German Research Centre for Geosciences

Authors
Qliver Heidbach, Mark Tingay. Andreas Barth, John Reinecker, Daniel Kurfe3, and Birgit Mller

Coom
CoMwW

Explanatory Text

The Workd Stress Map (WSM) s the global compiation of
nformation on the present-day stress feld in he Earii's crust
t & a colsborative prowct belween academia, induskry and
govarnmen! hal aims b characteriee (he crusial stess
patten and b understand he oowces of lecionic skess The
projct commanced n 1886 as a part of he Inlemalonal
Lithosphers Program, under the leadership of Mary Lou
Zoback, From 1995-2008, the WSM was a project of the
Hedelberg Academy of Sclences and Humanties. Since 2009
i s mairtarwd and further developed al the Helmhole Canire
Potsdam - GFZ German Reseach Centre lor Geoscenoes.
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Al stress information s recorded in 8 standardized fomal
and quality-ranked for relability and comparablity on a
glabal scale, The stress maps on his posier display A-C
guality siress data in the uppar 40 km of tha Earth's oust
from the WSM database release 2008, Focal mechansm
solutions delarmined as being potentially unrelable
{labeled as Possible Plale Boundary Evenls in the
database) are not deplayed. Furter deladed nformation
on the qually ramnking, guidelines for various siress
mndicators, and software for stress map gereralion can be
found on the W5SM websile o www word-stress-map org
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6 formas posibles de ocurrencia de eventos sismicos en minas (Hasegawa et al., 1989)

RO TTARY 0 R e, L O
3‘“*-&- -u--! AT AR Nt
.’.,,.in..-.l..'-‘:ﬂ .[ _. RO M Tk
IR AR 2 wu i *--...;1-:.._.:~.l.-|:.-,---_u,-

: - _'.
T e Cvsd g

.'-'

-
-
r
-
%
-
s s
-
"
-
-
-

&LI [ DR CTNC F"‘! “'I Ayt

(b) PILLAR BURST (c) TENSIONAL FAULT

l I"Jl 5

_'_"'_... U e

SHALLOW
(NEAR HORIZONTAL)

(€) THRUST FAULT (f) THRUST FAULTING

(d) NORMAL FAULT

Seminario Internacional
@ de Mineria — Especialidad



Mecanismos de fuentes sismicas sin cambio volumétrico
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La relacion entre eventos en planos de fallay la
direccion de los esfuerzos principales (McKenzie Bawden (1993)
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Ejemplo mina 1, comparacion con mediciones de esfuerzos in situ
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Ejemplo mina 1, comparacion con mediciones de esfuerzos in situ

Schmidt
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Ejemplo mina 2, comparacion con mediciones de esfuerzos in situ
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Ejemplo mina 2, comparacion con mediciones de esfuerzos in situ

Schmidt
concentrations % of
total per 5 % area
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Ejemplo mina 3, comparacion con modelamiento

Nivel 1: con esfuerzos in situ Nivel 1: con esfuerzos inferidos

<3 Exit Clipping < Exit Clipping

ESSERESIESST e S e e

/A A 7 T

Tmax - 01 Sep 13

SR T The T T T

13 _\*\\\\\‘\

25

S e e e e

SNV
SN NN

Seminario Internacional
de Mineria — Especialidad

Geomecanica




Ejemplo mina 3, comparacion con modelamiento

Nivel 2: con esfuerzos in situ Nivel 2. con esfuerzos inferidos
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Ejemplo mina 3, comparacion con modelamiento

Nivel 3: con esfuerzos in situ Nivel 3: con esfuerzos inferidos
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Ejemplo mina 3, inferir direcciones de esfuerzos en 3D y cambio temporal

Event Timne
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Ejemplo mina 3, inferir direcciones de esfuerzos en 3D y cambio temporal

Evento mL1.7

oh o
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Mecanismos de fuente de los eventos en el pilar 3804 y zonas adyacentes antes del evento mL1.7.
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eventos en el pilar 3804 y zonas adyacentes después del evento mL1.7.
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Ejemplo, mina Williams, Barrick — Hemlo
(Earl, 2014)
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Modelo original

Model 1: Region C

Model 1: Region B

Model 1: Region A
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Nuevo modelo

Max Shear Stross Model 3: Region A Model 3: Region B Model 3: Region C
= s = & o 48
New model (#2): H
L oy - 0799 20° "
- 143 E_é
N 0o 1 1959 30°
}: 03 : 3309 60° 5
= E;
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Bott M.H.P. (1959) Mecanica de fallamiento oblicuo. La falla se desliza en la
direccion del esfuerzo de corte maximo.
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Inversion de esfuerzos
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Inversion de esfuerzos
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Inversion de esfuerzos

Case A Case B
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|0:| = |02 02| = | 03]
R = (|oi| = |02|) / (Jo1] - |o3)) = 0 R = (|oi| = |o2]) / (jo1] - o3)) = 1

Seminario Internacional
de Mineria — Especialidad

Geomecanica

e, ]




=

Az, Q7= P|, 5§

Seminario Internacional
de Mineria — Especialidad

Geomecanica




Time: 10:34:08 Magnitude: -1.5

| Full Moment Tensor (SWD coordinate system)

Waveforms of velocity

| -os8 | 053 | -039
M= | 0.53 | 0.76 . | -0.22 2.8-10 7 N-m
| 03 | -022 [ o3
& i
TOTAL = 014180 +  0.86 DEV
Nodal Planes
# Strike [deg] Dip [deg] Rake [deg]
1 207 61 8
2 . 114 B3 151
Principal Axes
Azimuth [deg] Plunge [deg]
T 67 25
P 164 15
B 281 &0

Ll ]

L) 1080 ae LR ] L 1] B
T fon| T il T ]

Filter: Butterworth, order 4, low pass 150.0 Hz
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Ejemplo:
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Ejemplo:
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Scenario A:

Slip along a structure in the footwall. Dynamic loading to the drives by stress waves. Damage
of drives is expected to be more in a form of seismic shakedown, less as a bulking of stress-

fractured ground.

Engineering Demand Parameter (EDP): peak ground velocity (PGV or PPV) or peak dynamic
stress, cumulative absolute displacement (CAD)

Damage: 0'1

Variant 1 (more widespread): Shakedown N (
g g Damage (R3)

EDP = Ground mation (PGV, CAD) Support type (Sa)

R=7 =it A
Variant 2 (less widespread): Bulking of a ? # gr Gtzm?d motion = ?

stress-fractured ground S8

R=? Damage (R4)

EDP = Excavation Surface Displacement &
3 i o . Support type (Sb)
B e p _
: : LA _ Ground motion = ?

Note that dynamic loading Au(x) = ? e 5. =2
needs to be assessed using ;
the rupt_u re time history Au(Xx, < R=2 No damage (RO)
t) and distance to the rupture ) . Support type (Sa)
R, not magnitude and Seismic location VAN gﬁmiugd motion = ?
distance from source s8
initiation
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Scenario B:

Cascading failure in the floor and bottom corners of drives driven by compressional stress
oriented sub-orthogonal to the lens. Damage of drives is expected to be more in a form of
bulking of stress-fractured ground and less as a seismic shakedown.

Engineering Demand Parameter (EDP): magnitude and rate of tangential straining in the floor
of drives, excavation surface displacement (03).

Damage: g,
Variant 1 (more widespread): Bulking of ~ k
stress-fractured ground 515 . gﬁ;i%eéﬁpg)@a)
EDP = Excavation Surface Displacement d, Seismic * Ground motion = ?
location b B,=7
Variant 2 (less widespread): Shakedown N g R=?
EDP = Ground motion (PGV, CAD) gﬁg"p%ft;?}:}(sb]
; Ground motion = ?
a il 555 =E
b5
R=? 45
No damage (RO)
Support type (Sa)
Ground motion = ?
5. .=7

58
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El hipocentro y la localizacion del dafio pueden no coincidir

Damage

. ()

Seismic location
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Los calculos de la carga dindmica a las excavaciones asumiendo fuentes puntuales

pueden resultar en aparentes contradicciones

‘ R

Seismic location

Damage

PPV /PGV

-()

PPV / PGV
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Puede haber incertidumbre en la localizacion de la fuente
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Puede haber incertidumbre en la localizacion de la fuente

Damage

. ()

Seismic location
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... O las sefiales mas fuertes posteriores pueden haber sido originadas en otros lugares
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Ejemplo de evento complejo

4 54 15:44:36.535663 P12755134¢1 #1)l6 S6 15:44:36,556069 P 136651514 #2
Scale = 7| LIEZ mis ErrF=a Errs=2 Dist= 31 m||5cale = 5.88E-4 mis Lon ENP=D Erre=-2 Dist = 206 m
Maxdmp o 9. P Dist = 30 m || MaxAmp = 7.29E-4 ris 1o SF Dist= 200 m
Length = 0711 Length = 0,116 5

-1 -1.00

- O P - m %%%wv%
GEOFH GEOFH
f0 = 14.0 Hz f0 = 14.0 Hz
ho = 0.51] ho = 0.51
netSP SPT120022 net3P SPT120028
netADC NRE1E001E netADC NA41TO0RS

! & Ealarilty: -0.930) F S Polarilty: -0.973]
O pas ® I P-5V-5H 6kHz D res & O | Corrected 6 kHz
E 53 15:44:36.557163 P 140251556 #3)2 52 15:44:36,557309 P 140351566 #4
Scale = 5.06E-4 s ErrF=0 Erro=-1 Dist = £13 m ||Scale = 5.20E-4 m/s Erf=-3 Err5=0 Dist= 217 m
Maxdmp = 5.06E-4 mfs -o.on S-P Dist = 203 m ||Mashmp = 8.20E-4 /s 0.0 $P Dist=221m
Length = 0.116 s ?-gg Length = 0.116 s ?gg

I.l'lxlﬂl.lnl'\ Iﬂ ! LA i nﬁ"\n.ﬂ s N 2 AW i) !\n‘\l..n N onon AN
W TU‘V‘“ H\( U WV vv w W'UVU,\I»‘J i Uw\f WV VW UW U o
GEQFH GEOFH
f= 1404z =160 1z
netSP SPT1R0028 netP SPT10028
netaDC NAg8180016 netaDC NAB 1800 1R
P S P 15

D pes & ] Corrected 6kHz D pes & O | ] Corrected 6 kHz
1 51 15:44:36.565976 P 145451655 #5|5 S5 15:44:36.570235 P 145351659 #6
Scale = 4.05EA mis E T Ers=3 Dist = 263 m || Scale = £.2E-Amis ErF= Frr= Dist= 261 m
Maxdmp = 5.06E-4 mfs -Lo Blast? SP Dist = 273 m ||Mashmp = 2.26E-4 /s 0.00 5P Dist= 280 m
Length = 0.116 s -Log Length = 0,116 s 0.00

-Lag -Lag

.4 I ‘vm'vﬂv““w i /Jw\\fwnw\“
GEQGFH GEQFH w
=140 Hz =160
netSP SPT1R0028 netP SPT10028
netANC NAZ18001E netADC HALITANES

P Eolarilty: 0.378 P s
D pas & I P-SV-5H 6kHz 1 D pes & O c Corrected 6 kHz
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Ejemplo de evento complejo

F FI3/55 1574 P 13425 1554
Scale — 4.339E2 ] EnP-d Tist = 228 | Geale = 63862 s =] EnE-5 Tist = 247 m
MasAmp = 4, 33E- MERAMP = 6, 45E-3 5 Dist = 262 m
Length = 2.004 5 Length = 2.004 &
\ i
[
. A | |
i, o Lo e P
v =
X ) "
Ul
Ll V
\ [ | ¥
GEOFH L' J
fi - 4.5 ke i
=072
neLsP GELLOODE
atADC G511002
ERT{16360 samples | ORENT: FOOR__ % |
Corrected Corrected £ |

P 13885 1603

|,|_|§ [ ITLNC

FP13205 1506

S s amER s = DRr =51 | Sews = 3METAE ErPe1s TE =T
ExAMD = 7, 23E-2 i} 5P Dist = 266 m | Maxdmp = 4, 70E-24m| S Dist = 230 m
Length = 2,008 & Length = 2.004 &
\ L /
| ! I fl I I
- o = ST ' .
I i L HE j [ “‘ it il ]
1} | I \ i \ J W
V | !
\ I i
I \ | ‘
(GEOPH GEOPH
O - 4.5 ke TEERT ]
-6 no = 6.2
netSF NSPLA0DO2 netSP NSPLADMI2
natADC NAE13011Wrig natADs NAB1S0L 1 Ariy
RIE F s RiED
Prcd & Corrected PIES L Corractad A kb
P 150725 1731 P1296 51581  #6
Scale = 3.01E:2 m/| Erf=18 EmrSmy ErmP=3 EmSm3 Dist

ETTENENITES
Length = 2.004 &

1 = 0,48

ratSP NERLAD0G
MELADC NAd13007
ORIENT: POCR

Dist = 261 m | Scale = 2.81E-2 i
5P Dist = 263 | Mahmp = 3. 65E-2
Length = 2004 &

Srsd O EE

Carerartand

—

m
&P Dist = 352 m

C arvarkacd

& LU=
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Es importante entender la distribucion espacial del deslizamiento en la fuente

Damage

Seismic location
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Los calculos deben hacerse no en relacion a la distancia al hipocentro sino usando la
distancia a la fuente finita.

Damage

Seismic location
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Los calculos
deben
hacerse no
en relacion a
la distancia al
hipocentro
sino usando
la distancia a
la fuente
finita.

172 173° 174° 175"

1. Humps
2. Leader
. 3. Hundalee
! 4. Conway-Charwell
5. Upper Kowhai
6. Fidget
7. Papatea
8. Jordan Thrust
9. Kekerengu
10. Needles

=42"
-x‘
=43
-44"
» .“*

(Kaiser et al., 2017)

e, ]

Seminario Internacional
de Mineria — Especialidad

Geomecanica



17z 17y 1747 175 176

-41 ]
g | &
g, 2
§ | g
30l Lo &
-42° 20, s -
0 10 20 30 40 50 &0 70
Distance along strike (km)
1. Rupture from 0 to 40 s
1
E E
= =
1 3
- 100 km s 5
Slip (m) § §
. gresem 40 O - 2mil:lf I'1‘n$z‘ﬁ"§ﬁ_4'ﬁ"‘5'u 80 70
172 173 174" 175" 176 Distance along strike (km) Distance along strike (km)

(Kaiser et al., 2017)
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Caso de estudio A:

[Fodie = J0TE-Z s
= 4 TOEF M
fLanh= 225 &

GECPH
) = 140 He
il = .48
B 1D 10

fScale = Z03E-2 mis
Mayamp = L 0GE.2 mis
Leragh = 02255

i

.
MW e

i P

¥,
Dist = 110 m|

Langth = B225 &

Digt = 171 m|

GECPH
0 = 140 Hz
il = .45
B D 14

(Manamp = 4. GE 3 mis
[Lergth = 0225 5

133 61,
[5cae = 30%E-2 mis
= 15262 mis
fLangh= 0LZIZis

e, ]
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Caso de estudio A:
Localizacién del inicio del proceso de ruptura y su incertidumbre

68% location

confidence 5% locatian
confidence

|

plan view

looking East
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Caso de estudio A:

Mecanismo de fuente

[ Full Moment Tensor (SWD coordinate system}

-0.41 0.23 -0.42
M= 0.23 -0.82 0.51
-0.42 051 | -D44
cﬁﬂ
a2 G
adk
vl
"anT
TOTAL - [=E I8 —a]
Modal Planes
# Strike [deg] Dip [deg]
1 162 17
2 44 81
Principal Axes
Azimuth [deg)
T 331
B 121
B 221

Date: 2015/0ct/09 Time: 11:58:26 Magnitude: 1.3

3.3-10" N'm

0.2 DY

Rake [deg]

30

105

Plunge [deg)
51
35

15

Waveforms of displacement
south 7 X

| —

P . e——
q\U‘I ;

S TR N—

Wt Y

J

Sl T N—

_..,—.-[\l\/_f.“\‘x}_:.___
B
YV

N 043 | 4488 Dab

= ."\ D

— N Ao
\

03 F4ETH R

_’\f 200 F45TR B
I'I‘ll\l
—— b —;f-r‘_.:-\.___
W

o |0k

0AS[BEAG_HDY

0.0 01 02 03
Timas |3

| Filter: Butterworth, order 4,

A ——— S\ ————-\fvr\f-

0.0 ol a2 0.3
Tirmia 5]

band pass 5.0 - 20,0 Hz

=X:] 1 o
Time {3}

a3

e, ]
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Caso de estudio A;
Interpretacion

A 0.013-{"+@ : _j

pozo- M @

£
9
a
]
B
111090
11000

Az po Pl O g
—

11160

11000
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Caso de estudio A;
Pulsos de alta frecuencia

o =
Langeh = 0225 &

GECPH
l"j = ]’-D HE

B(lx |:) 10

High frequency 5(7} pulses

Lt = onss

[

f-

:-Cﬂc-BDE 2!1“5

-ﬂ:l'

GEOPH
0 = 140 H2
M = 0.43
B i 14

2¢0E2r'|‘s

Loruh-ou

!HHU | .'|' rln A b b p R
ke e

(CECFH
M= 4.5H2

ho =072
B D 5

Graie = 109 mis
Length = B.225 =

pEnAmp = LEZE-Z mis

Ecale.:l!]FZrnﬂ'

Makimp = 5.83E-3 mes
Lergih = 0.23% 5
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Caso de estudio A;
Interpretacion

11100

11000

t0 [s]
0.000 [ ]
o007 {-@"
0.013--@
oozo-M @

A po el o %
-

11100

11a0a

XC. )
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Caso de estudio A;
Interpretacion

4475
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Caso de estudio A:

Parametros de la sub-fuente: Potencia sismica P=1.1 m?, fC:100 Hz. Considerando un

elemento de deslizamiento de 8 m x 8 m, la velocidad de deslizamiento seria 1.72 m/s
(PGV=0.86 m/s). Sin embargo, el PGV calibrado por GMPE resulta en 0.052 m/s para
P=6.3 m® v distancia hinocentral de 40 m.

| A 4-q.!--T-—-a--'*!ﬁ;:::“w-—--T--—-«-= A
\ ] L—‘—“—K{_ﬂ-ﬂ“— — 11080

=

GU4ED

11060
o= ""-—-'-—"F__-_-_ﬂ_‘ — : s - T b
%
i
L]
11043
11024
(=) f=]
i &
A g
=} £

:::::::::

— ——n-‘ll.f:—l j:'?'l" _M,-l'-'\n—‘h-w

02 i 'I S D
|
Ii | J|
f— ——u-:p*'--ll -:.J[\}fi‘*f".l‘!i" — ﬂ-"""ﬁ}'."apm\" — —-—‘IIIEI':'U’[L'I“TH
"i,ﬁ' y V
1 Tud12 rrin | S 4t D
I.',I |'_ J!" -III |I .j : |l| i ;
e ———— 'Ln‘v. lyr aly i .I __LII' llil! 'i.-,‘l‘r. T lw._.l,
. ’

047 | m el

T.bw-3 rrin J

1
f

J"'.ﬂ I W

SEE— P 'W —wﬁ,-l!-'"wflﬁ, e

| W

1 ) 1l i
hl

e e B e T e T e i e T e
an Lon.o [18s] 100.0 0.0
Tirmar [mis| Tima jms] Timee [

e
100u0
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Caso de estudio B: | | | L. Damge Lavs

e AW T == 1 ; WY L A R ! % 850 N
{ J‘-’ G
- F
- 2
3
] .
d’ ._
& W — A\l e ALY A | |- 55 800
-
F 3
F [ ]
X g 4
2~ 3 - .
= * 'y @
% - 750 N
o = = =l |- St L ..l.-. ) A ! N | {
| g.‘ L &l -%% ®
| s (B8
% o® Py . []
| | | % i "5 .*.‘ -
- =\ e & 1] | | | o0
e ' "
| =2 - ry
L
PN T S
| ~' | [ | | | | 550 N
:‘h
Sl |-_|: 1w s i L 1} L L W a00 M
ae. B o0t = 1 7 = & a A 8| & a
=11 W = o =3 = & = m " =
=) o =1 - — i} = - — it

Level 2 Level 3

Replacement of surface ground Surface and reinforcement elements  All support elements have been

support elements is required need to be replaced compromised. Rehabilitation is not
possible sometimes or techniques
such resin injections are required
before attempting rehabilitation
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Caso de estudio

Ondas

B:

Scale = B.0IE-2 mis
Maxchmp = B, 882-2 m/'s
Length = 1,066 5

Firings

hi = 0.72
BI}ZFID_122

Scale = 9.14E3 m/s
Mahmp = 1.286:2 mis
Length = 1046 &

Dist = 118 m

GEQPH

fl =45 He
hD = 0.72
BOX I 101

Seala = 6,166-3 mis
MawAmp = B.51E-3 ms
Length = 1.066 5

GEOPH
10 = 4.5 He

ho = 0.72
BOXID 137

site 137

Dist = 326 m

site 41

Dist = 422 m

site 5

Scale - 4.13E-2 mis
Manmp = 4.418.2 m/s
Langth - 1,066 5

1.14E2 mis
Madmp = 1. 2262 mis
Langth = 1.066 5

Dist = 158 m

Scale = 1,286-2 mis
Mamiimp = 1,33E-2 mys.

i

Langth = 1.066

b sk
o 5

GEOPH

fi= 4.5 He

hd =a.72

BOM 1D 104

site 162

Dist = 338 m

site 115

Dist = 458 m

site 65
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Caso de estudio B:
Hipotesis de fuente compleja distribuida

to [s]
0.00 g @
, 0.05[.
0.104
L ﬁ. = 800N
, 015 +®
| 0.204 O
0.2510
= 4 JO00N
N
%
& [
—_ \ i | | -l 3 | 600 N
Lt (1T} L L
Ly = o o =
fr. 00 P (=] (=) f=] Oi [=]
& = = i o
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Caso de estudio B:
Ajuste entre ondas observadas y modeladas
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Caso de estudio B:
Reconstruccion de la secuencia de dafo en los pilares
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Puntos a resaltar:

- El monitoreo microsismico tiene el potencial de brindar una oportunidad de analisis
sismico avanzado que ayuda en la validacion de modelos geomecanicos.

- El analisis avanzando (mecanismos de fuente) brinda informacion de las direcciones
de esfuerzos y sus variaciones espaciales y temporales.

- Es importante comprender la complejidad de fuentes ya que no todas se pueden
describir con modelos de fuente puntual.

- Las fuentes complejas pueden emitir mayor energia en zonas diferentes durante el
proceso de ruptura. Esto puede explicar que el dafio no necesariamente se observa
en el punto de inicio de ruptura.
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