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Abstract In-situ acoustic emission (AE) monitoring is carried out in mines, tunnels
and underground laboratories in the context of structural health monitoring, in
decameter-scale research projects investigating the physics of earthquake nucleation
and propagation and in research projects looking into the seismo-hydro-mechanical
response of the rock mass in the context of hydraulic stimulations or nuclear waste
storage. In addition surface applications e.g. monitoring rock faces of large construc-
tion sites, rock fall areas and rock slopes are documented in the literature. In geome-
chanical investigations in-situ AE monitoring provides information regarding the
stability of underground cavities, the state of stress and the integrity of the rock mass.
The analysis of AE events recorded in-situ allows to bridge the observational gap
between the studies of faulting processes in laboratory and studies of larger natural
and induced earthquakes. This chapter provides an overview of various projects
involving in-situ AE monitoring underground with a focus on recent achievements
in the field. In-situ AE monitoring networks are able to record AE activity from
distances up to 200 m, but the monitoring limits depend strongly on the exten-
sion of the network, geological and tectonic conditions. Very small seismic events
with source sizes on approximately decimeter to millimeter scale are detected. In
conclusion in-situ AE monitoring is a useful tool to observe instabilities in rock long
before any damage becomes directly visible and is indispensable in high-resolution
observations of rock volume deformation in decameter in-situ rock experiments.
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1 Introduction

This chapter will review applications of in-situ acoustic emission (AE) monitoring
in mines on the scale of some hundred meters down to several decimeters. In-situ
AE monitoring refers to the passive measurement of seismic events with magnitudes
ranging –6 < MW < –2 (Fig. 1), which correspond to fracture sizes of centimeter
to meter scale. These small seismic events are called, depending on the science
community, acoustic emission [1] or nano- and picoseismicity [2]. They represent
the formation of novel fractures or the activation of pre-existing fractures in the
underground rock volume.

The principalmechanismof earthquakes is believed to be independent of the scale.
A small portion of the overall accumulated elastic strain energy is released in form
of elastic waves. This imposes that the fundamentals of earthquakes physics devel-
oped at larger (or smaller) scales can be implemented in the analysis of AE events.
Recent studies [4–7] show that the self-similarity of earthquake source parameters
and statistical properties of seismicity hold even for the magnitude range recorded in
the in-situ AE monitoring. Figure 2 summarizes recent studies of scaling relations,
showing that the frequency-magnitude Gutenberg-Richter distribution displays self-
similar behavior between M –3.5 and 7.3. Likewise, the general scale invariance
between the fault size and fault slip is visible, regardless of whether the seismicity
is of tectonic or anthropogenic origin.

Seismic events of all sizes represent the sudden release of stored elastic strain
energy resulting in slip over the rupture area. The mechanism was first described
for large tectonic earthquakes at the San Andreas Fault in California [8]: Exact
geodetic mapping of movement at the fault‘s surface trace allows to measure the
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Fig. 1 Waveforms of small seismic events recorded with an in-situ AE monitoring network in an
hard rock environment. In a raw waveforms as recorded by bottom-view, uni-directional in-situ AE
sensors uncorrected for path or instrument effects of four seismic events with different magnitudes
are shown. Both P- and S-waves are clearly visible. In b the corresponding raw amplitude spectras
are shown, displaying the shift of frequency content of the smaller events towards higher frequencies.
Figure modified from Plenkers et al. [3]
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�Fig. 2 a Similarity between frequency-magnitude Gutenberg-Richter distributions from various
earthquakes datasets spanning from magnitude M –3.4 to M 7.3. For presentation purposes, the
datasets are scaled to their corresponding magnitudes of completeness and total number of earth-
quakes in the dataset above the magnitude of completeness. The datasets show power law distribu-
tion indicating the scale invariance. Printed with permission after Bohnhoff et al. [2]. b Relation
between seismic moment (moment magnitude, average fault slip) and corner frequency (source
radius, source size) for various datasets of tectonic and anthropogenic seismicity. Datasets suggest
the existence of scale invariance between fault size and fault slip expressed in the visible global
trend. The ratio between seismic moment and cube of source radius is proportional to seismically
derived static stress drop. Differences between individual datasets reach 5 orders of static stress
drop are believed to reflect various physical and non-physical processes (see [13, 14] for extended
discussion and intepretation). Reproduced with permission from Bohnhoff et al. [2]

relative movement at the shearing plate boundary and accordingly to estimate the
strain build up. Strain builds up until the friction at one point is exceeded. When
this occurs, one side of the fault suddenly slips with respect to the other side by
a displacement vector up to some metres for very large earthquakes. This is asso-
ciated with radiation of a small part (no more than a few percent) of the stored
elastic energy in a form of elastic waves. The elastic waves are propagating through
the medium with the speed of km/s and can be recorded with the use of seismic
sensors. However, strain energy is also released in form of slow seismic or aseismic
processes. Slow seismic processes include different observational phenomena such
as tremors and (very-)long-frequency earthquakes [9–11]. These can be observed
with seismic sensors sensitive to low-frequency motions, strainmeters or fiberoptics.
Their frequency content is outside of the frequency bands of in-situ AE sensors [12].

Processes outside of the seismic recording band or seismic processes below the
arbitraly defined rupture propagation or fault slip velocity are considered aseismic
(we note here that the perception of what process is considered seismic may differ
between communities). In this chapter we will focus on monitoring of seismic
processes of very small seismic events that originate on faults with m-cm size.
Following Fig. 2b, earthquakes of size produce low amplitudes and high-frequency
ground motions. Figure 3 shows the dependencies between measured corner (domi-
nant) frequency fo of the seismic signal, the moment magnitude MW, the seismic
momentM0, and the source radius r0 for studies in earthquake seismology,microseis-
micity, in-situ AE monitoring, and AE studies in the laboratory (cf. Fig. 2). Seismic
moments and corner frequencies were estimated from the spectral level of ground
velocity or displacement spectra corrected for instrument response and wave propa-
gation effects. The estimation of source radii, and the average fault slip are based on
the model of Madariaga [15].

According to the relationships used in Fig. 3, Table 1 lists nominal seismic
source parameters of natural earthquakes, microseismic events, and in-situ AE events
with magnitude M8, M3, and M–4, respectively. Whereas global seismology typi-
cally exploits frequencies significantly below 1 Hz, local seismology focuses on the
analysis of signals with dominant frequencies of 1–100 Hz.
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field studies
In-situ AE

Fig. 3 Relations between measured corner frequency, moment magnitude, seismic moment and
the source radius for studies in earthquake seismology, microseismicity, in-situ AE monitoring and
AE in laboratory (modified from [16])

Table 1 Comparison of seismic source parameters for natural earthquakes, induced seismicity, and
in-situ AE events in rock

Seismic source
parameter

Earthquake magnitude M8 Microseismic event
magnitude M3

In-situ AE event
magnitude M–4

Corner frequency: 10−2 Hz ≈2 Hz ≈2 · 104 Hz
Seismic energy: ≈6.3 · 1016 J ≈2 · 109 J ≈6.3 · 10−2 J

Seismic moment: 1021 Nm 1013 Nm 103 Nm

Source radius: 105 m 400–500 m ≈1 – 10 cm

Average fault slip 1–2 m 5 · 10−2 m ≈10−4 m

Recordings of microseismicity in dense local (e.g., borehole) networks or under-
ground networks are limited to frequencies up to a few kilohertz because of the use
of pendulum-based geophones or seismometers. The corner frequency in the field
of microseismic measurements ranges between 1 Hz and some hundred Hertz with
magnitudes from approximately 4.0 down to −2.0. Above these frequencies, the
range of in-situ AE monitoring in rock (marked with red dashed vertical lines in
Fig. 3) begins in the frequency range of about 1 kHz up to 200 kHz. For frequencies
f > 25 kHz currently only piezoelectric AE sensors are available, which measure
seismic waves without a spring-mass system, but are purely based on the piezo-
electric effect. Due to strong damping of such high frequency waves, in-situ AE
monitoring is most often applied in underground structures like mines or tunnels.

Studying AE in mines is a promising tool to understand the earthquake rupture
process in more details because it allows novel research approaches: First, a huge
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amount of seismic data is available compared to local seismicity, which allows for
effective statistical and seismic source analysis of acquired catalogs. Second, short
source-receiver distances allow recording the details of the rupture process in a well
resolved scale. And third, the generation process of earthquakes in mines may be
semi-controlled, i.e. the seismicity induced by human mining operations allows to
set-up seismic network “on the spot” of seismic activity.

Many examples of applications of in-situ AE monitoring in mines as found in the
literature are given in Table 2. This table is an updated version of Table 2 from
Manthei and Plenkers [17]. It displays the test site of the project, the resulting
publications, the type of AE networks with source–receiver distances, mode of
recording, and the rock type with the number of recorded events. In Table 2 we
consider peer-reviewed articles in English that describe in-situ AE monitoring in
the underground in the frequency range 1–200 kHz. Additional studies presented
in conference abstracts, proceedings or reports are given in Feng et al. [18]. We
consider only studies using piezoelectric AE sensors, not studies using piezoelectric
accelerometers or geophones, as those sensors are confined to the low kHz range
(<25 kHz) and the limited bandwidth and sensitivity puts significant limitations to
the analysis of AE signals. This chapter does not cover AEmeasurements in the same
frequency range conducted at the Earth surface, but we like to point out the measure-
ments were successfully conducted e.g. in the context of slope stability [19, 20], rock
mass disturbance in open-pit excavations [21], and rock fall [22]. In the main part of
this chapter we summarize the application of in-situ AEmonitoring in hard rock, salt
rock, during hydraulic fracturing, and in soft rock by discussing selected projects.
Besides presenting some large early studies, we concentrate on recent studies that
brought novel observations, novel analysis techniques or hardware/software devel-
opments to the field of in-situ AE monitoring. Owing to advances in IT technology,
in-situ AE monitoring evolved in the last decade from simple event detection and
trigger mode recording to continuous waveform recording and full waveform anal-
ysis giving the research community the possibility to gain more information on the
seismo-mechanical processes in the rock mass.

2 Fundamentals of In-situ AE Monitoring

The International Society for Rock Mechanics has introduced in-situ AE monitoring
as a standardmethod for the detectionof fracturingprocesses as a result of excavations
for tunnels and large caverns in the fields of civil, rock slopes, andmining engineering
[18]. This chapter gives an overview about the most important aspects of the in-situ
AEmonitoring, also pointing out recent developments. A more technical description
including guidelines for installation can be found in Feng et al. [18].



Underground In-situ Acoustic Emission in Study … 409

Ta
bl
e
2

C
ha
ra
ct
er
is
tic

s
an
d
ap
pl
ic
at
io
ns

of
in
-s
itu

A
E
m
on

ito
ri
ng

in
m
in
es

Te
st
si
te
/P
ro
je
ct

K
ey
w
or
d

Pu
bl
ic
at
io
ns
,Y

ea
r

N
et
w
or
k/
So

ur
ce
-r
ec
ei
ve
r

D
is
ta
nc
e
R
/M

od
e
of

re
co
rd
in
g

R
oc
k
ty
pe
/N
o.

of
A
E
ev
en
ts

U
nd
er
gr
ou
nd

tu
nn
el
,

Ja
pa
n

H
yd
ra
ul
ic
fr
ac
tu
ri
ng

Sa
sa
ki

et
al
.[
23
],
19
87

O
ht
su

[2
4]
,1

99
1

17
A
E
se
ns
or
s
(u
p
to

10
0
kH

z)
,1

7
ac
ce
le
ro
m
et
er
s/
R

≈
1
m
/tr
ig
ge
r

m
od
e
w
ith

w
av
ef
or
m
s

Si
lic
eo
us

sa
nd
st
on
e

20
0
A
E
s
du
ri
ng

fo
ur

hy
dr
au
lic

fr
ac
tu
ri
ng

te
st
s
(i
nc
lu
di
ng

m
ic
ro
se
is
m
ic
ev
en
ts
)

U
nd
er
gr
ou
nd

po
w
er
ho
us
e,
Ja
pa
n

Pr
og
re
ss
iv
e

ex
ca
va
tio

n
Is
hi
da

et
al
.[
25
],
20
14

24
A
E
se
ns
or
s
(1
5–
40

kH
z)
/R

≈
40

m
/tr
ig
ge
r
m
od
e
w
ith

w
av
ef
or
m
s

Po
rp
hy
ri
tic

ro
ck

8
A
E
s
in

a
fe
w
da
ys

(f
au
lt
pl
an
e

so
lu
tio

n)

B
ru
ns
w
ic
k
m
in
e,

C
an
ad
a

T
un

ne
lin

g
ex
ca
va
tio

n
B
ut
te
ta
l.
[2
6]
,2

00
0

2
A
E
se
ns
or
s
(2
0–
15
0
kH

z)
/R

≈
10

m
/tr
ig
ge
r
m
od
e
w
ith

w
av
ef
or
m
s

20
,0
00

re
co
rd
ed

A
E
s
in

10
da
ys
,

Ji
np
in
g
II
hy
dr
op
ow

er
st
at
io
n,
C
hi
na

T
un

ne
lin

g
ex
ca
va
tio

n
C
he
ng

et
al
.[
27
],
20
13

12
A
E
se
ns
or
s
(1
–5
0
kH

z)
)/
R

≈
8
m
/tr
ig
ge
r
m
od
e
w
ith

w
av
ef
or
m
s

4,
63
3
A
E
s
in

on
e
m
on
th

U
nd
er
gr
ou
nd

re
se
ar
ch

la
bo
ra
to
ry

(U
R
L
),

C
an
ad
a,
T
SX

Pr
oj
ec
t

E
xc
av
at
io
n/
tu
nn

el
se
al
in
g

Fa
lls

an
d
Y
ou
ng

[2
8]
,

19
98

Y
ou
ng

an
d
C
ol
lin

s
[2
9]
,

19
99

Y
ou
ng

et
al
.[
30
],
20
00

C
ol
lin

s
an
d
Y
ou
ng

[3
1]
,

20
00

Y
ou
ng

an
d
C
ol
lin

s
[3
2]
,

20
01

C
ol
lin

s
an
d
Pe

tti
tt
[3
3]
,

20
02

Y
ou
ng

an
d
C
ol
lin

s
[3
4]
,

20
04

G
oo
df
el
lo
w
an
d
Y
ou
ng

[3
5]
,2

01
4

16
A
E
se
ns
or
s
(4
0–
40
0
kH

z)
,1

6
ac
ce
le
ro
m
et
er
s/
R

≈
10

m
/tr
ig
ge
r

m
od
e
w
ith

w
av
ef
or
m
s

15
O
ly
m
pu
s
V
10
3
A
E
se
ns
or
s

(3
0
kH

z
to

1
M
H
z)
/R

≈
0.
5
m
/tr
ig
ge
r
m
od
e
w
ith

w
av
ef
or
m
s

G
ra
ni
te

15
,3
50

A
E
s
in

5
m
on
th
s

A
pp
ro
xi
m
at
el
y
40
0
m

de
pt
h

42
A
E
s
w
ith

cl
ea
r
pu
ls
e
sh
ap
ed

P
an
d

S
w
av
e
ph
as
es

(c
on
tin

ue
d)



410 K. Plenkers et al.

Ta
bl
e
2

(c
on
tin

ue
d)

Te
st
si
te
/P
ro
je
ct

K
ey
w
or
d

Pu
bl
ic
at
io
ns
,Y

ea
r

N
et
w
or
k/
So

ur
ce
-r
ec
ei
ve
r

D
is
ta
nc
e
R
/M

od
e
of

re
co
rd
in
g

R
oc
k
ty
pe
/N
o.

of
A
E
ev
en
ts

U
nd
er
gr
ou
nd

re
se
ar
ch

la
bo

ra
to
ry

(U
R
L
)

O
N
K
A
L
O
,F

in
la
nd
,

PO
SE

Pr
oj
ec
t

Sp
al
lin

g
ex
pe
ri
m
en
t/h

ea
tin

g
R
ey
es
-M

on
te
s
et
al
.[
36
],

20
14

24
A
E
se
ns
or
s
(≈

35
–1
00

kH
z)
/R

≈
10

m
/tr
ig
ge
r
m
od
e
w
ith

w
av
ef
or
m
s

Pe
gm

at
iti
c
gr
an
ite

60
9
A
E
s
in

ap
pr
ox
im

at
el
y
6
m
on
th
s

Ä
sp
ö
H
ar
d
R
oc
k

L
ab
or
at
or
y
(H

R
L
),

Sw
ed
en

E
xc
av
at
io
n

Pi
lla

r
ex
pe
ri
m
en
t

Pe
tti
tt
et
al
.[
37
],
20
02

A
nd
er
so
n
an
d
M
ar
tin

[3
8]
,2

00
9

24
A
E
se
ns
or
s
(3
5–
35
0
kH

z)
/R

≈
10

m
/tr
ig
ge
r
m
od
e
w
ith

w
av
ef
or
m
s

D
io
ri
tic

gr
an
ite

88
4
A
E
s
in

24
h

H
yd
ra
ul
ic
fr
ac
tu
ri
ng

Z
an
g
et
al
.[
39
],
20
17

L
óp

ez
et
al
.[
40
],
20
17

K
w
ia
te
k
et
al
.[
41
],
20
18
,

N
ie
m
z
et
al
.[
42
],
20
20

11
A
E
se
ns
or
s
(1
–1
00

kH
z)

an
d
4

ac
ce
le
ro
m
et
er
s
(5
0
H
z
to

25
kH

z)
/R

≈
10

m
to

30
m
/tr
ig
ge
r
m
od
e
w
ith

w
av
ef
or
m
s
an
d
co
nt
in
uo
us

re
co
rd
in
g

G
ra
no
di
or
ite
/D
io
ri
te
-g
ab
br
o/
G
ra
ni
te

19
6
lo
ca
te
d
A
E
ev
en
ts
du

ri
ng

si
x

hy
dr
au
lic

fr
ac
tu
ri
ng

te
st
s,
(m

or
e
th
an

40
00

A
E
s
du
ri
ng

on
e
hy
dr
au
lic

fr
ac
tu
ri
ng

fr
ac
tu
ri
ng

te
st
in

co
nt
in
uo
us

da
ta
)

40
0
m

de
pt
h

U
nd
er
gr
ou
nd

re
se
ar
ch

la
bo

ra
to
ry

(U
R
L
)

M
iz
un

am
i,
Ja
pa
n

H
yd
ra
ul
ic
fr
ac
tu
ri
ng

ex
pe
ri
m
en
t

Is
hi
da

et
al
.[
43
],
20
19

16
A
E
se
ns
or
s
(7
0
kH

z)
/R

≈
5
m
/

co
nt
in
uo
us

re
co
rd
in
g

C
re
ta
ce
ou
s
To

ki
gr
an
ite

2,
62
4
du
ri
ng

on
e
hy
dr
au
lic

fr
ac
tu
ri
ng

te
st

Sa
lt
m
in
e
A
ss
e,

G
er
m
an
y

C
av
ity

st
ab
ili
ty
/h
ea
tin

g
E
is
en
bl
ät
te
r
et
al
.[
44
],

19
98

D
ah
m

an
d
M
an
th
ei
,[
45
],

19
98

29
A
E
se
ns
or
s
(1
00

kH
z)
/R

≈
10
0
m
/tr
ig
ge
r
m
od
e
w
ith

w
av
ef
or
m
s

Sa
lt
ro
ck
,

25
0,
00
0
A
E
s
in

11
m
on
th
s

Sa
lt
m
in
e
B
er
nb
ur
g,

G
er
m
an
y

H
yd
ra
ul
ic
fr
ac
tu
ri
ng

M
an
th
ei
et
al
.[
46
],
19
98

D
ah
m

et
al
.[
47
],
19
99

M
an
th
ei
et
al
.[
48
],
20
01

8
A
E
se
ns
or
s
(u
p
to

25
0
kH

z)
/R

≈
10

m
/tr
ig
ge
r
m
od
e
w
ith

w
av
ef
or
m
s

Sa
lt
ro
ck

15
00

A
E
s
du
ri
ng

el
ev
en

hy
dr
au
lic

fr
ac
tu
ri
ng

te
st
s

(c
on
tin

ue
d)



Underground In-situ Acoustic Emission in Study … 411

Ta
bl
e
2

(c
on
tin

ue
d)

Te
st
si
te
/P
ro
je
ct

K
ey
w
or
d

Pu
bl
ic
at
io
ns
,Y

ea
r

N
et
w
or
k/
So

ur
ce
-r
ec
ei
ve
r

D
is
ta
nc
e
R
/M

od
e
of

re
co
rd
in
g

R
oc
k
ty
pe
/N
o.

of
A
E
ev
en
ts

M
an
th
ei
et
al
.[
49
],
19
98

M
an
th
ei
et
al
.[
50
],
20
03

8
A
E
se
ns
or
s
(u
p
to

25
0
kH

z)
an
d

hy
dr
au
lic

fr
ac
tu
ri
ng

to
ol
/R

≈
5
m
/tr
ig
ge
r
m
od
e
w
ith

w
av
ef
or
m
s

Sa
lt
ro
ck

15
,0
00

A
E
s
du
ri
ng

fo
ur

hy
dr
au
lic

fr
ac
tu
ri
ng

te
st
s

Sa
lt
m
in
e
M
or
sl
eb
en
,

G
er
m
an
y
(s
ou
th
er
n
pa
rt
)

B
ac
kfi

lli
ng

C
av
ity

st
ab
ili
ty

Sp
ie
s
et
al
.[
51
],
20
04

M
an
th
ei
et
al
.[
52
],
20
07

24
A
E
se
ns
or
s
(u
p
to

10
0
kH

z)
/R

≈
10
0
m
/tr
ig
ge
r
m
od
e

Sa
lt
ro
ck

50
,0
00

A
E
s
in

on
e
m
on
th

A
pp
ro
xi
m
at
el
y
40
0
m

de
pt
h

Sa
lt
m
in
e
M
or
sl
eb
en
,

G
er
m
an
y
(c
en
tr
al
pa
rt
)

B
ac
kfi

lli
ng

C
av
ity

st
ab
ili
ty

Sp
ie
s
an
d
E
is
en
bl
ät
te
r

[5
3]
,2

00
1

M
an
th
ei
et
al
.[
54
],
20
01

Sp
ie
s
et
al
.[
55
],
20
05

M
an
th
ei
et
al
.[
56
],
20
06

K
öh

le
r
et
al
.[
57
],
20
09

B
ec
ke
r
et
al
.[
58
],
20
10

B
ec
ke
r
et
al
.[
59
],
20
14

48
A
E
se
ns
or
s
(u
p
to

10
0
kH

z)
/R

≈
20
0
m
/tr
ig
ge
r
m
od
e

Sa
lt
ro
ck

10
0,
00
0
A
E
s
in

on
e
m
on
th

ap
pr
ox

im
at
el
y
40

0
m

de
pt
h

(c
on
tin

ue
d)



412 K. Plenkers et al.

Ta
bl
e
2

(c
on
tin

ue
d)

Te
st
si
te
/P
ro
je
ct

K
ey
w
or
d

Pu
bl
ic
at
io
ns
,Y

ea
r

N
et
w
or
k/
So

ur
ce
-r
ec
ei
ve
r

D
is
ta
nc
e
R
/M

od
e
of

re
co
rd
in
g

R
oc
k
ty
pe
/N
o.

of
A
E
ev
en
ts

M
po
ne
ng

go
ld

m
in
e,

C
ar
le
to
nv
ill
e,
So

ut
h

A
fr
ic
a
JA

G
U
A
R
S

pr
oj
ec
t

Pi
lla

r
st
re
ss

lo
ad
in
g

N
ak
at
an
ie
ta
l.
[6
0]
,2

00
8

Y
ab
e
et
al
.[
61
],
20
09

Pl
en
ke
rs
et
al
.[
3]
,2

01
0

K
w
ia
te
k
et
al
.[
5]
,2

01
0

Pl
en
ke
rs
et
al
.[
62
],
20
11

K
w
ia
te
k
et
al
.[
63
],
20
11

N
ao
ie
ta
l.
[6
4]
,2

01
1

D
av
id
se
n
et
al
.[
65
],
20
13

K
w
ia
te
k
an
d
B
en
-Z
io
n

[6
6]
,2

01
3

D
av
id
se
n
et
al
.[
67
],
20
12

Z
ie
gl
er

et
al
.[
68
],
20
15

Y
ab
e
et
al
.[
69
],
20
15

K
oz
lo
w
sk
a
et
al
.[
70
],

20
15

8
A
E
se
ns
or
s
(1
–2
00

kH
z)

an
d
1

tr
ia
xi
al
ac
ce
le
ro
m
et
er
/R

≈
10
–2
00

m
/tr
ig
ge
r
m
od
e
w
ith

w
av
ef
or
m
s

Q
ua
rz
ite
/G
ab
br
o

m
or
e
th
an

50
0,
00
0
A
E
s
in

2
ye
ar
s

ap
pr
ox
im

at
el
y
32
00

m
de
pt
h

Sa
lt
m
in
e
M
er
ke
rs
,

G
er
m
an
y

G
as

an
d
br
in
e
lo
ad
in
g

D
oe
rn
er

et
al
.[
71
],
20
12

M
an
th
ei
et
al
.[
72
],
20
12

Po
pp

et
al
.[
73
],
20
15

Pl
en
ke
rs
et
al
.[
74
],
20
18

8
A
E
se
ns
or
s
(1
–1
00

kH
z)

an
d
4
A
E

se
ns
or
s
(1
–1
50

kH
z)

an
d
4
A
E

se
ns
or
s
(1
–8
0
kH

z)
/R

≈
5–
30

m
/tr
ig
ge
r
m
od
e
w
ith

w
av
ef
or
m
s
an
d
co
nt
in
uo
us

re
co
rd
in
g

Sa
lt
ro
ck

m
or
e
th
an

5,
00
0,
00
0
A
E
s
in

2
ye
ar
s

ap
pr
ox

im
at
el
y
30

0
m

de
pt
h

M
on
tT

er
ri
U
R
L
,S

t
U
rs
an
ne
,S

w
itz
er
la
nd

E
xc
av
at
io
n

L
e
G
on

id
ec

et
al
.[
75
],

20
12

16
A
E
se
ns
or
s
(u
nk
no
w
n)

an
d
4
A
E

se
ns
or
s
(2
–6
0
kH

z)
/R

≈
0.
3–
6.
5
m
/tr
ig
ge
r
m
od
e
w
ith

w
av
ef
or
m
s

O
pa
lin

us
cl
ay

m
or
e
th
an

20
,0
00

A
E
s
in

2
w
ee
ks

(2
12
7
lo
ca
te
d)
,3

00
m

de
pt
h (c

on
tin

ue
d)



Underground In-situ Acoustic Emission in Study … 413

Ta
bl
e
2

(c
on
tin

ue
d)

Te
st
si
te
/P
ro
je
ct

K
ey
w
or
d

Pu
bl
ic
at
io
ns
,Y

ea
r

N
et
w
or
k/
So

ur
ce
-r
ec
ei
ve
r

D
is
ta
nc
e
R
/M

od
e
of

re
co
rd
in
g

R
oc
k
ty
pe
/N
o.

of
A
E
ev
en
ts

C
oo
ke

4
go
ld

m
in
e,

So
ut
h
A
fr
ic
a,
SA

T
R
E
PS

pr
oj
ec
t

M
in
in
g
st
re
ss

N
ao
ie
ta
l.
[6
],
20
13

N
ao
ie
ta
l.
[7
6]
,2

01
5

N
ao
ie
ta
l.
[7
7]
,2

01
5

N
ao
ie
ta
l.
[7
8]
,2

01
5

M
or
iy
a
et
al
.[
79
],
20
15

Y
am

ag
uc
hi

et
al
.[
80
],

20
18

24
A
E
se
ns
or
s
(1
–5
0
kH

z)
an
d
6

tr
ia
xi
al
ac
ce
le
ro
m
et
er
s
(5
0
H
z
to

10
or

25
kH

z)
/R

≈
0–
18
0
m
/tr
ig
ge
r

m
od
e
w
ith

w
av
ef
or
m
s

Q
ua
rt
zi
te

36
5,
23
7
A
E
s
in

ap
pr
ox
im

at
el
y

3
m
on
th
s

10
00

m
de
pt
h

Sa
lt
m
in
e
A
ss
e,

G
er
m
an
y

C
av
ity

st
ab
ili
ty

Ph
ili
pp

et
al
.[
81
]
20
15

Pi
sc
on
ti
et
al
.[
82
],
20
20

16
A
E
se
ns
or
s
(1
–1
00

kH
z)
/R

≈
0–
18
0
m
/tr
ig
ge
r
m
od
e
w
ith

w
av
ef
or
m
s

Sa
lt
ro
ck

m
or
e
th
an

10
0,
00
0
A
E
s
in

10
m
on
th
,

30
0
m

de
pt
h

G
ri
m
se
lT

es
tS

ite
(G

T
S)
,S

w
itz
er
la
nd

H
yd
ra
ul
ic
fr
ac
tu
ri
ng

G
is
ch
ig

et
al
.[
83
],
20
18

Ja
la
li
et
al
.[
84
],
20
18

V
ill
ig
er

et
al
.[
85
],
20
20

V
ill
ig
er

et
al
.[
86
],
20
21

28
A
E
se
ns
or
s
(1
–1
00

kH
z)

an
d
4

ac
ce
le
ro
m
et
er
s
(5
0
H
z
to

25
kH

z)
/R

≈
9–
30

m
/tr
ig
ge
r
m
od
e
w
ith

w
av
ef
or
m
s
an
d
co
nt
in
uo
us

re
co
rd
in
g

G
ra
no
di
or
ite
,

2,
00
0
A
E
s
du
ri
ng

th
re
e
hy
dr
au
lic

fr
ac
tu
ri
ng

te
st
s,
40
0
m

to
50
0
m

de
pt
h



414 K. Plenkers et al.

2.1 Sensors

In-situ AE sensors detect seismic signals in the frequency range from 1 to 200 kHz.
As for pendulum based seismometers (geophones, accelerometers, strong-motion
sensors, long- and short period seismometers), different AE sensors are manufac-
tured that come with differences in the frequency bandwidth, the sensitivity and
the involved resonances. Sensors are chosen in in-situ AE monitoring according to
the needs of the application e.g. choosing specific frequency bands or weighting
sensitivity against the amount of resonances allowed. Very often AE sensors are
installed in boreholes from 0.5 to 100 m length. In-situ AE sensors are manufac-
tured according to the different installation techniques: Sensors are existing both for
permanent installation e.g. in fully cemented boreholes, and for temporary installa-
tions, where the sensor can be retrieved. The latter is common not only for short term
measurements e.g. in experiments, but also for long-term (years) monitoring appli-
cations, as the sensor can be dismantled for maintenance or replacement. Whereas
cemented in-situ AE sensors often have a cylindrical shape (Fig. 4), AE sensors for
temporary installation come in a shape that fits the installation surface, because very
good coupling of the AE sensor to the rock is crucial. For installation at flat surfaces,
e.g. at the flat and polished borehole foot of short boreholes (<2 m), or the tunnel
wall, bottom-view AE sensors are used.

For installation at the borehole side wall side-view sensors are existing that allow
the installation of several sensors within the same borehole. In the latter case it
is important that the sensor shape fits the borehole diameter precisely. Sensors for
temporary installation are pressed against the rock using an acoustically decoupled
spring system or pneumatic pressure.

In contrast to seismic and micro-seismic sensors, AE sensors do not measure
ground movement based on the principle of a spring-mass system, but rather detect
stress changes due to the elastic wave passing through the sensor’s piezoelectric
element. In-situ AE sensors are therefore one component sensors that measure the
stress change introduced into the crystal in three dimensions. For this reason, signals
with movement opposite to the sensor orientation are detected, but to a smaller
amount than signals with moment in normal direction to the sensor. AE sensors

Fig. 4 Various in-situ AE sensors: side-view borehole sensor for temporary installation (left),
omni-directional sensor for cemented boreholes (middle), bottom-view sensor for installation at the
borehole foot or on rock walls (right). The size of the sensors vary according to the target frequency
bandwidth and resonance frequency
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are operated with pre-amplifiers. AE sensors are thus piezoelectric-based sensors,
which are much more sensitive in the kHz frequency range than spring-mass based
accelerometers or pendulum-based geophones/seismometers as shown in Plenkers
et al. [3] and Zang et al. [39]. These piezoelectric sensors (not to be confused with
piezoelectric accelerometers, which utilize piezoelectric ceramics to measure the
movement of themass),workmostly in resonantmode and in general donot have aflat
sensor response. Existence of resonant frequencies improve sensor sensitivity in the
targeted frequency range of operation, but at the same time they introduce complexity
to the analysis of seismic signals recorded.Observed seismic signals are a convolution
of the signal from the earthquake source, path/site effects and instrumental effects.
In order to characterize the earthquake source (e.g. by earthquake magnitude), the
observed waveforms need to be corrected for path/site and sensor-related effects.
While the instrument response of pendulum-based seismometers is prescribed by
manufacturers, the absolute calibration of in-situ AE sensors is missing, because the
calibration for the in-situ frequency range remains challenging. Neither calibrations
using shake tables as typically used for geophones/seismometers can be applied
nor testing protocols using test bodys as common for laboratory AE sensors. Instead,
manufactures of in-situ AE sensors typically provide information about some aspects
of the sensor response e.g. the dominant resonance frequencies or the excitation
response, but this alone does not allow to obtain the full information on absolute
ground motions. This is an important issue in today’s works using in-situ AE data,
as more studies require information about absolute ground motion (e.g. to estimate
moment magnitude, or other source parameters). Although AE sensors used in the
laboratory experiments on rock samples have been successfully calibrated [87], the
in-situ calibration of AE sensors remains difficult. Due to the wave length of seismic
signals with < 100 kHz it is not possible to test in-situ AE sensors in the laboratory
on test blocks. In addition AE sensors are very sensitive to the coupling quality, i.e.
any such calibration must be performed directly at the monitoring site.

To address the in-situ calibration problem, two methods are used nowadays: the
in-situ sensor characterization by signal deconvolution [6, 63, 84] and simplified cali-
bration by regression analysis [5, 78]. The in-situ sensor calibration by signal decon-
volution was first introduced by Plenkers [88]. The approach utilizes the fact that
high-frequency accelerometers are fully calibrated. The amplitude response curve
of the AE sensor is retrieved by dividing the amplitude spectra of transient seismic
signals observed on AE and co-located accelerometer:

UACC( f ) = S( f ) ∗ R( f ) ∗ TACC( f ),

UAE ( f ) = S( f ) ∗ R( f ) ∗ TAE ( f ), (1)

TAE ( f )/TACC( f ) = UAE ( f )/UACC( f )



416 K. Plenkers et al.

where S( f ) and R( f ) in Eq. 1 are source and path effects, common to the two co-
located sensors, UAE ( f ) and UACC( f ) are observed non-calibrated and calibrated
waveforms and TAE ( f ) and TACC( f ) are corresponding transfer function (which is
known for TACC ( f )). This simplified and general schememay be further improved by
relating transfer function shape to incidence angle (see e.g. [62, 63]). The benefit of
the signal deconvolution technique is its application to in-situ installation. By incor-
porating sensor pairs of co-located AE sensors and high-frequency accelerometers
to the monitoring network it is possible to take all aspects into account that influence
the amplitude response, namely the sensors response, the influence of the installa-
tion (rod) system and the coupling effect. The technique is limited to the frequency
range up to 25 kHz, the current hardware upper limit of accelerometer recording.
Another challenge lies in the recording of picoseismic events in this frequency range
on the accelerometer. Due to the significant smaller sensitivity of the accelerometer
several projects that aimed for the recording with collocated sensor pair report that
the recorded number of passive seismic events was not sufficient for applying the
deconvolution method [39, 85]. Instead, active signals e.g. from hammer shots were
used.

2.2 Data Acquisition in In-situ AE Monitoring

In-situ AE data acquisition systems combine analog-to-digital converters, power
supply, analog filters, and a computer for signal processing. As the AE measure-
ments focus on small seismic events with high dominant frequencies, the sampling
frequencies of typical AE acquisition systems used underground range from 500 kHz
to 1 MHz. Multi-channel transient recorders (often with 16 or 32 channel) with 16
bit resolution are used. Recently 20 bit systems able to handle this high sampling
rates came on the market.

Traditionally, due to (past) data storage and computer processing performance
limitations, the the recording is done in triggering mode to efficiently handle large
amout of waveform data. This means that only selected limited time windows (e.g.,
32 ms) are stored and immediately processed, i.e. when a prescribed amplitude
threshold at some number of channels is exceeded (more sophisticated methods are
used aswell, for exampleminimumnumber of P- andS-wave triggers). The recording
window length must be chosen according to the expected event-receiver distance as
the timewindowmust include all signalmodes i.e. Pwave, Swave, andCodawave, as
well as sufficient noise windows before and after the signal. The advantage of trigger
mode recording is only reduced and useful data is stored, which makes especially
long measurement periods more easy to handle. An important disadvantage due to
hardware bufffer capacities is the dead time in between registered events that occurs
when the system is busywith processing, which prevents the recording of events with
very-small inter-event times and results ultimately in data gaps. Recording rates of
10–20 events per second in trigger mode recording are reported [74].
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Due to improvements in digital data storage capacities and computer processing
performance, it is now possible to store the complete waveform data even from a few
weeks or month of AE monitoring. Assuming a 16 channel system and a sampling
rate of 1 MHz the daily, uncompressed data output (16-bit integer sample) of such
a continuous recording system, sums up to 2.76 TB/day or 83 TB/month. Thus, on-
site processing of AE data and associated data reduction is not necessary, as it can
be performed at later stages. This allows to apply computationally more extensive
continuous-waveform processingmethods such as templatematching, finger printing
methods or AI-based techniques to extract more physically useful information from
available recordings [40]. In near future real-time continuous data recording for AE
monitoring is expected, for example in the context of in-situ experiments performed
in the Bedretto Underground laboratory [89].

In both trigger mode recording and continuous recording real-time processing
(P- and S-wave onset picking, localization and relative magnitude estimation) of
events is usually implemented. It is important to note that transient noise of anthro-
pogenic or electronic origin is often localized in the automatic processing step and
can pollute the seismic catalog, especially in active mines [3, 81].

2.3 Network Geometry and Detection Limits

The AE monitoring covers a limited volume of rock mass, typically framing the
cube of length not exceeding a couple of hundreds of meters. In order to allow
event localization a minimum of six sensors is installed, but AE networks with up
to 128 sensors were successfully realized. The number of sensors depends on the
rock volume to be monitored and on the damping. To suppress the influence of the
excavation damage zone surrounding the engineering structures such as tunnels or
exploitation fronts, AE sensors are installed most often in monitoring boreholes that
either remain open or are cemented. One open borehole can host one bottom-view
sensor or several side-view sensors. In the design of the network geometry the same
rules apply as in seismological theory. The recording is best, if sensors are distributed
around the source region in such away that the spherical coverage is good and signals
are recorded from different directions and angles. In cases where this is not possible,
e.g. due to restrictions in accessibility, it is possible to install the sensors only on
one side of the source region or even within an array. In this cases it is nonetheless
important to vary the sensors horizontal and vertical distribution. Typical geometries
are shown in Fig. 5.

Due to the high sensitivity of the AE sensors, the in situ AE method allows to
monitor fractures down to cm size. Due to the high frequencies, the signals of AE
events attenuate more than signals of microseismic events. Observations show that
for hard rocks the in-situ AE monitoring is limited to distances from a few tens of
meters [85] to a few hundreds of meters [3, 63]. For soft rocks (sedimentary rock,
clay-rich rock), the monitoring could be limited to only a few meters [75, 90]. In salt
rock, where the rock is very homogeneous and the attenuation of the seismic waves
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Fig. 5 Different network
geometries shown in
side-view: mine wide in-situ
AE network (a, AE sensors
shown by red circles,
reproduced with permission
from REF), site specific
borehole network (b, AE
sensors shown by yellow
cones, reproduced with
permission from [16, 162]),
array network (c, AE sensors
shown by grey circles,
modified with permission
from [81]). Mine-wide
networks come often in the
context of structural health
monitoring, whereas site
specific networks are typical
for in-situ experiments on
decameter scale. Limitations
in accessible spaces
underground lead to the
installation of array
networks. Shown is an array
installed in two neighbouring
chambers monitoring the
seismic activity in the upper
salt dome in approximately
150 m distance
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is low, longest source-receiver distances are monitored [81]. The distances that can
be achieved are correlated to intrinsic and scattering attenuation of the host rocks,
which should be estimated before planning the network geometry.

Consequently, the frequency content of waveforms can vary strongly, reflecting
rock attenuating properties. It is shown for the same site that e.g. earthquakes with
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Fig. 6 The sensitivity of a small seismic array in a hard rock environment. Shown is the spatial
variation in probabilistic magnitude of completeness as well as in detectability of high frequencies
in mapview (a) and sideview (b). Figure modified after Plenkers et al. [62]

dominant signal frequencies around 145 kHz andmomentmagnitude down tomagni-
tude −5.0 could be recorded from distances up to 10 m only. At 105 m, events with
momentmagnitudes down to−4 could be detectedwith dominant frequencies around
25 kHz [3, 5]. Moreover, engineering structures such as tunnels further reduce the
high frequency content of waves due to scattering of waves passing the excavation
damage zone. This results in enhanced coda waves and further reduction in detec-
tion capabilities as well as inevitable increase in the magnitude of completeness
of the seismic catalog. This means in AE monitoring large and spatially-complex
variations in magnitude of completeness in the seismic catalog are expected, as
shown in Fig. 6. The intrinsic spatial (and sometimes even temporal) heterogeneity
in magnitude of completeness must be taken into account carefully [62]. Especially
harmful for spatio-temporal or statistical analysis of seismicity is the fact thatmissing
AE activity can be erroneously interpreted as “no AE activity occurring”, while in
reality the absence of AE events is attributed to strong spatial variations in network
sensitivity [5].

2.4 Magnitude and Other Source Parameters

The basic form of a seismic catalog originating from AE monitoring contains
information on origin times and hypocenter locations. This can be extended to
other seismic source characteristics present in standard seismological catalogs. The
cardinal parameter is earthquake magnitude, the measure of earthquake size, which
takes the most generic form [91]:
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M = log10(A) + C(R) + D, (2)

where A is the amplitude of ground motions, C(R) is the function describing correc-
tion for source-receiver distance, and D is constant. The of C(R) and D needs to be
calibrated beforehand to adjust for the local conditions, presumably including repre-
sentative attenuation and local site conditions. For example, the IASPEI standard
“local magnitude”, ML takes the form:

ML = log10(A) + 1.11 · log10R + 0.00189 · R − 2.09, (3)

where A is defined in [91] as “maximum trace amplitude in [nm] that is measured
on output from horizontal component instrument that is filtered so that the response
of the seismograph/filter system replicates that of a Wood-Anderson standard seis-
mograph but with a static magnification of 1” under constraint that “earthquakes
(occurs) in regions with attenuation properties similar to those of Southern Cali-
fornia”. We brought this lengthy definition to highlight specific requirements (of
largely historical nature) to calculate local magnitude in a “valid” way. Of course,
many types of magnitudes exist exploiting generic formula presented in Eq. 2. In
modern seismology, the amplitude-based magnitudes were superseded by seismic
moment which has a universal definition [94, 95]. The seismic moment can be then
related to e.g. local magnitude using moment magnitude scale [92].

It is clear that another major problem to calculate magnitude from AE data is
the apparent lack of absolute in-situ calibration of AE sensors to the actual ground
motions, as indicated in the previous section, which means the true amplitude A as
shown in the equation above is unknown. For this reason, magnitudes calculated
from AE data are presented as nominal magnitudes [93] or relative magnitudes [83],
and therefore they are not tied to any established magnitude scale such as local
or moment magnitudes nor do they represent true energy units. These AE-derived
magnitudes are useful to gain insights into the relative event size in-between events
forming the particular data set. However, it is important to emphasize that these AE
magnitudes must not be compared directly to other seismic magnitudes such as local
or moment magnitude. Moreover, due to the resonant characteristics of AE sensors
and the limited operational band, caremust be takenwhile investigating the statistical
properties of seismic catalogs—e.g. the magnitude-frequency relation. Accordingly,
it may be difficult to compare AE-derived magnitudes from different datasets, even
if the same processing scheme is used. This is because estimation of AE magnitudes
for each dataset is subjected to varying local conditions including different attenu-
ation properties of the medium, installation and characteristics of AE sensors (e.g.
resonances). The key element in making the relative AE magnitudes comparable in-
between different studies is to account for path and transfer function of AE sensors.
So far, few studies exist of in-situ AE events, where reliable seismic moments and
moment magnitudes were estimated after careful in-situ sensor characterization and
correction for the sensor response [6, 63, 84].
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Having the AE sensors calibrated in-situ enables calculation of additional source
characteristics that allows to describe in details physical processes of nano- and
picoseismicity [63] and discuss their scale-invariance. These parameters include
static and dynamic characteristics of earthquake [94] such as seismic moment (a
measure of the strength of earthquake), radiated energy (a measure of damaging
potential of an earthquake), and corner frequency (an approximation of the size of
the fault). The derived parameters, such as static stress drop and apparent stress are
detailed indicators of physical processes in earthquake source and damaging potential
of earthquake.

The static stress drop is a measure of the shear stress release due to an earthquake
averaged over the rupture surface area [95] which for the Eshelby type-crack takes
the form:

�σ = 7

16

M0

r30
, (4)

where r0 is the source radius calculated from seismic data assuming (arbitrarily) the
earthquake source model (e.g. [15]). Stress drop is a fundamental seismic source
parameter from the perspective of earthquake physics and description of earthquake
source scaling properties [14]. Stress drop is also important from the perspective of
seismic hazard as it drives near-field ground velocities [96] and is used to characterize
the seismic source contribution in ground motions prediction equations.

Self-similar models of earthquakes imply that small and large earthquakes are
similar in terms of their rupture physics; and as a consequence, the stress drop
should be constant across scales [97]. Many studies indicate that the stress drop is
generally independent of the earthquake size (Fig. 2b, see also [14] and references
therein) at larger scales, as well as in the laboratory [35, 98, 99] implying linear
scaling between co-seismic slip and rupture length. Large variations in static stress
drop between 0.1 and 100 MPa were attributed to physical effects including tectonic
and stress settings, fluid pressure, variations in rupture velocity, and fault plane
normal stress/fault roughness [97, 100–102]. However, they can also originate from
modeling assumptions and observation band limitations [103].

The apparent stress is considered a direct measure of damaging potential of earth-
quakes, as it describes the amount of energy radiated E0 as seismic waves per unit

slip
−
u and unit area A of the fault regardless of scale:
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where μ is the shear modulus. Here, typically observed values range from 0.01
to 10 MPa, with varying average values of apparent stress observed for different
datasets [2, 104, 105]. Differences in apparent stress may result from variations in
partitioning of strain energy that is released during the earthquake rupture process as
heat, fracture growth and damage and the energy spent on radiation of elastic waves.
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Constant apparent stress values are observed by many authors suggesting similar
physical processes govern large and small earthquakes as the same amount of energy
is radiated as seismic waves per unit slip and unit area of the fault regardless of
scale [104, 106]. However, some authors find evidence that apparent stress increases
with seismic moment [107]. This implies that small seismic events radiate a smaller
fraction of the total energy as seismic waves than large events. If this is true, in
smaller events more energy is spent either in heat or in fracturing of the fault plane.

The scale invariance of earthquakes can be also investigate using statistical
features of seismicity. One of the major statistical features of seismicity arguing for
self-similarity of earthquakes is evidenced by the empirical Gutenberg-Richter (GR)
law. The law states that the frequency-magnitude distribution (FMD) of earthquakes
decays as 10−bM where M is earthquake magnitude and b ∼= 1. Gutenberg-Richter
relation forms a power law due to the magnitude being a logarithmic measure of
radiated energy or equivalently seismic moment [67], and is a signature of scale
invariance. Despite of various physical and non-physical factors influencing the
b-value, the relative constancy of FMD exponent indicated that dynamic rupture
processes of earthquakes are universal and comparable in broad magnitude range
[108] down to at least magnitude –4.4 [4, 5]. It has been also found that GR power
law holds in laboratory experiments for AE events recorded during rock friction and
fracture experiments [102, 109–111], in AE signals recorded during polyurethane
foams [112], and even in cracking of single crystals [113].

2.5 AE Versus MS Monitoring in Mines

While this chapter is focusing on in-situ AE monitoring in mines and Underground
Rock Laboratories it must be noted that microseismic (MS) measurements are far
more common underground as a tool used for seismic hazard assessment and struc-
tural health monitoring. Whereas in-situ AE monitoring is typically focused on
limited rock volumes and very small magnitudes, MS monitoring is implemented
throughout the whole mine, covering a magnitude range from about MW approx-
imately –2 to 4 and the frequency range from below 1 Hz to a few kHz. For the
recording in these magnitude and frequency range geophones or accelerometers are
used. Research on mining-induced seismicity has over a century history. A compre-
hensive overview is given by Gibowicz and Kijko [94]. More recent works include
Milev and Spottiswoode [114], Gibowicz [115], Julia et al. [116], Bischoff et al.
[117], Wuestefeld et al. [118], Kuehn et al. [119], Boettcher et al. [7], Kozlowska
et al. [70] and references therein.
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2.6 In-situ AE Monitoring Versus Laboratory AE
Measurements

There are significant differences in boundary conditions between in-situ AE moni-
toring and monitoring of AE in laboratory experiments on rock samples. The main
contrast to laboratoryAEmeasurements are infinite or semi-infinite rockmass bodies
which are involved in the in-situ studies, whereas AEmeasurements in the laboratory
occur in a finite body like a specimen. AE waveform data detected during laboratory
experiments exhibits the following characteristics: First, higher event rates due to
higher sensitivity and thus lower magnitude of completeness is observed. Second,
lower signal amplitudes (smaller event magnitudes down to MW –9 [120] and refer-
ences therein) corresponding to higher dominant signal frequencies (fractures of
sub-millimeter sizes, e.g. [13]). Finally, recorded waveforms displayed enhanced
complexity due to limited size of the specimen.

Laboratory measurements provide very good sensor coverage of the focal sphere
which is necessary for a precise source location, AE-magnitude estimation and reli-
able source mechanism assessment. On the scale of laboratory experiments AE
sensors are piezoelectric-ceramic crystals directly attached to the free accessible
surface of the specimen using e.g. epoxy glue, or embedded in the sample, sensitive
to the recording of frequencies f > 200 kHz. The number of sensors is typically
limited by the available space, which is strongly related to experiment type. The
sampling rate of acquisition systems typically do not exceed 10 MHz, but the reso-
nance frequency of AE sensors is higher to improve the sensitivity of AE sensors at
higher frequencies. It is therefore common to use AE sensors with resonant frequen-
cies up to 2MHz,which allows to record fullwaveforms of fractures on the grain scale
of sub-milimiter size. Typically, the lower limit to the operational frequency band
does not extend below 100 kHz. A detailed overview about laboratory measurements
implementing AE measurements is given in this textbook in Chap. 17.

3 Examples of In-situ AE Monitoring Applications

3.1 In-situ Experiments in Hard Rocks

This section discusses analysis of AE data recorded in three different projects located
in hard rocks focusing on their implications for basic earthquake physics, self-
similarity of earthquakes and monitoring of slow and violent fracturing processes.
Studies of earthquake faulting processes and scaling relations involve the analysis of a
variety of statistical and physical parameters of the recorded seismicity. These param-
eters and their interpretation in the context of physical processes and earthquake
scaling will be presented in following sections.

Underground Research Laboratory, Canada. The Underground Research
Laboratory (URL) is operated byAtomic Energy of Canada Ltd. located inManitoba,
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Canada. A number of experiments had been conducted since 1990s to investigate
design criteria associated with constructions of an underground repository [121] for
the nuclear waste storage. The experiments are considered ground-breaking for in-
situ AEmonitoring. The laboratory is located in the Canadian shield Lac du Bonneth
granite batholith at the depth of 420 m.

The Mine-by experiment was designed to advance understanding of the response
of rock mass around an underground opening in a high-stress environment and to
assess long-term stability of underground openings. A 46-m-long tunnel (3.5 m
diameter) excavated parallel to the intermediate principal stress has been excavated
progressively in 50 rounds (each round progressed by 1m) using drilling andmechan-
ical breaking of the rock stub (Fig. 7). A network of accelerometers has been installed
surrounding the excavated tunnel, providing good spatial coverage of expected seis-
micity allowing the recordings of events between 50Hz and 10 kHz at a sampling rate
of 50 kHz [121].After completion of excavation round 17 at 22m length of the tunnel,
four boreholes of 76 mm diameter were drilled into the tunnel wall surrounding a
small rectangular (0.7 m × 0.7 m × 1.1 m) prism of rock [122]. Each borehole was
equipped with a string containing 5 Olympus V103 1 MHz AE sensors operating at
10 MHz sampling rate. During excavation of the Mine-by tunnel 25,000 events were
recorded and ~3,500 were located (right-hand side of Fig. 8).

Fig. 7 3D view of the tunnel sealing experiment with mine-by tunnel. The AE sensors and
accelerometers are shown with small empty circles, as during the tunnel sealing experiment. Figure
from Collins et al. [33]
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Fig. 8 Photograph of the excavated mine-by tunnel with breakout notches in the roof and floor
(left-hand side). AE locations (gray squares and red diamonds) projected on the σ1 − σ3 plane
recorded during excavation round 17–22 of Mine-by experiment [31, 122], including AE events
(orange triangles) located inside the volume surrounded by 4 boreholes where AE sensors were
located (right-hand side). The calculated stress field is indicated by blue and green lines (modified
after Goodfellow and Young [35])

These occurred mostly in the roof and floor of the tunnel in areas of the maximum
tangential stresses [123]. The zones of maximal AE event density corresponded with
breakout notches which formed in the roof and in the floor of the tunnel after excava-
tion began andwhich deepened by spalling during ongoing excavation activities. The
notch formed orthogonal to the direction of maximum principal stress (left-hand side
of Fig. 8). The spalling planes were parallel to σ1 and σ2 and normal to the direction
of the smallest principal stress σ3. Seismic moment tensor solutions calculated for
the 37 strong events that were recorded with accelerometers, were located at the roof
indicated significant non-shear components [124].

Passive AE data were recorded for more than 3 weeks during following 3 exca-
vation rounds 18–20. Over 1,300 AE events were located, all concentrated near
the sidewall free surface in a small volume of rock [122] with low location uncer-
tainty not exceeding 6 cm. Focal mechanisms could be determined for over 100
events with 4 AE events displaying compaction, whereas 75% and 25% of remaining
events presented shear and tensile motions, respectively. Goodfellow and Young [35]
provided enhanced analysis of AE data recorded near the side wall of the tunnel
by calibrating AE sensors to actual ground motions following procedure originally
presented in McLaskey and Glaser [87]. Source characteristics of 42 AE events
could be then calculated using the classical spectral fitting method. Goodfellow and
Young [35] found events with –7.5 < MW < –6.8 and corner frequencies ranging
250–490 kHz. The authors observed relatively low static stress drop values ranging
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from 0.01 to 0.1 MPa, lower than that typically observed for natural and induced
seismicity [2, 63] (see also Fig. 2b for comparison). This could be explained by low
ambient stress conditions in comparison to other studies, i.e. the reduced normal
stress imposed on the fault surfaces [101].

In June 1997 the Tunnel Sealing eXperiment (TSX) was conducted in the vicinity
of the previous Mine-by project (Fig. 7). TSX aimed to demonstrate full scale tunnel
sealing technologies and engineer barriers that will prevent any fluid flow from
passing through the excavation damage zone [33], a topic very important in nuclear
waste storage. Two bulkhead seals had been keyed into the rock mass in the 13.5 m
tunnel, and the interval between seals was pressurized to 4 MPa. The seismicity
was monitored by two 16-channels acquisition systems: the first one accommo-
dating triaxial accelerometers and the second composed of AE sensors operating in
0.5–10 kHz and 40–400 kHz frequency ranges, respectively [29].

Hypocenters were determined using a velocity model derived from hammer cali-
bration shots, leading to hypocenter accuracy of 60 cm and 5 cm for events recorded
withmicroseismic andAEnetwork, respectively. Focalmechanismswere determined
using seismic moment tensor inversion in time domain. It was identified that AE
sensors require additional corrections for coupling quality and incidence angle with
the help of active ultrasonic transmission measurements [125, 126]. Source param-
eters were calculated from both AE and MS events using P and S waves following
Urbancic et al. [127]. Fracturing processes were observed both on MS and AE scale,
with 12,000 microseismic events and 21,900 AE events recorded [29]. Collins et al.
[33] found single or doublets of microseismic events to be spatially associated with
clusters of AE activity containing 19–86 AE events. The sequences of AE events
were all found to delineate failure regions of corresponding (larger) microseismic
event(s) located in the same area. The temporal behavior of AE activity preceding
occurrence of larger event(s) varied in different clusters. Considerable foreshock
sequences were recorded preceding the larger seismic event(s) in some clusters with
accelerating seismic moment release observed up to the time of the larger event,
allowing to forecast reasonably well its occurrence using the time-to-failure model
[128]. In other clusters, very few foreshocks were recorded possibly indicating a
more homogeneous failure plane in terms of strength and stress distribution [129].
Regardless of foreshock behaviours, a significant number of aftershocks has been
recorded, a signature of stress relaxation after the mainshock. Interestingly, Collins
et al. [33] found aftershocks moving in the same direction as the slip direction of
the associated large event. This suggest it may be possible to predict the region of
aftershocks from the mechanism of the larger earthquake. Remarkable similarities in
the AE focal mechanisms were observed within identified clusters, but the location
precision did not allow to interpret the details of fracturing processes.

Experiments performed inURLconfirmed that high-frequency close-byAEmoni-
toring is a valuable tool providing detailed picture of fracturing processes down to
cm-scale that was previously not possible by using the classical MS monitoring. The
observed physical characteristics of individual AE events, as evidenced from their
source parameters, were comparable to that observed at large scales for natural and
induced earthquakes. At the same time, the AE monitoring clearly highlighted to
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existence of complexity and heterogeneity of seismic response even at this small
scale [130].

Mponeng Deep Gold Mine, South Africa. The Japanese-German Underground
Acoustic Emission Research in South Africa (JAGUARS) project investigated nano-
and picoseismic activity (with frequencies ranging from 50 Hz to 200 kHz, moment
magnitudes MW –6 to MW 0 and source sizes down to a couple of centimeters) at
seismogenic depths. The project aimed to study in details the physics of earthquakes
from earthquake nucleation, to propagation, and finally post-seismic stress release.

The JAGUARS in-situ monitoring network was installed in 2007 at the depth
of 3,540 m below pithead in Mponeng Deep Gold Mine, Republic of South Africa
(Fig. 9), an active gold mine run by Anglo Gold Ashanti. The network was located
along the transportation access tunnel system, 90 m below the exploitation level,
where intensive mining was performed from theWitwatersrand formation. The gold-
carrying sedimentary layer (Ventersdorp Contact Reef, VCF) is embedded in a thick
series of quartzite, dipping with 26.5° toward the southeast, and reaches a thickness
of 0.5–1 m. The network was located also in a direct proximity of the dioritic Pink
Green Dyke (PGD), which is a major local geologic feature with 30 m thickness that
is embedded in the quartzite rocks. The PGD dips nearly vertically, cutting through
the VCF and transportation level, serving at the same time as a support pillar for the

Level 116
at

Pink-Green Dike 
(Diorite)

XC45
XC46

Host rock
(quarzite)

Tunnels

Gold reef

Fig. 9 The schematic view of JAGUARS network in Mponeng Gold Mine and its surrounding
geologic/tectonic/anthropogenic features. The network is located at 3540 m depth below pithead.
The AE sensors (black circles) and 3-component accelerometer (blue circle) were located in bore-
holes of variable lengths drilled from access tunnel 116L XC45. The Pink-Green Dyke is shown as
a steeply inclined semi-transparent pink block crossing access tunnel and the Ventersdorp Contact
Reef (dark yellow, semi-transparent layer) located 90 m above the AE network. The mining stope
of approx. 1 m thickness was exploited during the course of the project approaching the Pink-Green
Dyke. Figure modified from Plenkers [62]
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exploitation (Fig. 9). The core of JAGUARSnetwork consisted of 8AEsensorsmanu-
factured by the Gesellschaft furMaterialprufung und Geophysik mbH (GMuG) from
Germany. These sensors were installed in short boreholes of 6–15 m length using a
specially developed spring-push system to couple the AE sensor either to the bottom
of the hole polished with the diamond drill bit, or coupled to the borehole wall. It was
found the AE sensors could record seismic frequencies up to 130 kHz from close-
by events [3]. The AE network was completed with high-frequency accelerometers
installed in the surrounding area, and one triaxial accelerometer grouted in the direct
proximity of one AE sensor (Fig. 9). The data were recorded in triggering mode at
sampling rate of 500 kHz. The total combined recording frequency ranged between
50 Hz and 200 kHz. The AE network was capable to detect seismic events with
source sizes from a few meters down to centimeters, with the smallest confirmed
moment magnitude MW–4.1 estimated from AE events calibrated with the help of
accelerometer recordings [63]. In fact, much smaller events have been observed at
short source-receiver distances with dominant frequencies reaching 130 kHz [3, 62]
and local magnitudes down to at least ML –5.5 [5], but the moment magnitudes of
these small events could not be estimated due to the limitations in the sensor cali-
bration for higher frequencies. The largest seismic events could be analyzed with
the help of the single 3-component accelerometer installed close by AE sensors, as
well as the industrial microseismic monitoring network composed of short period
geophones spanning the whole mine. Between June 2007 and June 2008 the acqui-
sition system was active for 2002 h (22% of the total time) and recorded 432,904
events [3] in the small area of approx. 300 m × 300 m × 300 m covered by the
JAGUARS network. Within a two year time period more than two million events
were recorded.

In preparation for passive seismic monitoring, Naoi et al. [131] estimated seismic
velocities of the two major rock types in the vicinity of the JAGUARS network using
ultrasonic transmission measurements performed in the borehole located less than
20 m from AE sensors (cf. Fig. 9). For the quartzite host rock, estimated seismic
velocities was VP = 6.2 km/s for P waves and VS = 3.8 km/s for S waves. The
velocities within the PGD were found to be slightly higher, with VP = 6.9 km/s and
VS = 3.9 km/s. The obtained values were later confirmed by Stanchits et al. [132] in
a series of active ultrasonic transmission measurements performed in the laboratory
on rock samples performed at a constant hydrostatic pressure of 75MPa, reproducing
the expected stress state at 3.5 km depth.

Mining in the vicinity of the network (see yellow area in Fig. 9) started in early
2007 and proceeded in the direction of PGD. This was associated with an increase
in seismic activity around the exploitation level (Fig. 10a). The network sensitivity
focused on the dyke-host rock contact close to the mining front, where larger events
with magnitudes up to MW 3.0 were expected due to (a) stress concentration induced
by progression of mining at the exploitation level, and (b) generally stronger geome-
chanical properties of the PGD with respect to the surrounding host rocks [132]. In
addition to seismic events the recorded AE activity was identified to be composed of
low-frequency drilling signals and other working noises such as shoveling of rocks
through boxholes to the transportation level 116L [3].
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Fig. 10 a Map view of the aftershock sequence of MW 1.9 earthquake. Earthquake hypocenter is
shownwith star and the aftershocks framing the approximate fault plane area (dashed line) are color-
encoded with depth. Note the MW 1.9 earthquake also triggered seismic activity at the exploitation
level (dotted polygon). b Seismic activity following blasting sequences at the exploitation level.
c Zoomed-in map view of aftershock sequence of MW 1.9 earthquake. Gray rectangles denote
parts of seismicity presented in cross-sections (c), (d). Aftershocks spatial distribution highlights
complexity of the fault plane including its bending on the boundary between Ping Green Dyke and
host rocks (gray solid lines in all figures). Figure a and b modified after Kwiatek et al. [5], Figure
c–d reproduced with permission from Naoi et al. [64]

Seismic signals were related especially to the post-blasting activity performed at
the exploitation level. These events signified relaxation of stresses in the exploita-
tion area, with AE activity decaying in time following blasting episodes and still
identifiable after 12 h the blasting episode took place.

During 2007 Christmas vacation period on December 27th, 2007, when the mine
was closed for ten days, an earthquake with relatively large seismic moment magni-
tude MW 1.9 struck the area slightly above the tunnel system in the center of the
JAGUARS monitoring volume [3, 5, 60, 63, 64]. Naoi et al. [64] manually picked P-
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and S-wave arrival times to locate more than 25,000 AE events that occurred within
150 h following the main shock (Fig. 10a). The location uncertainty for AE events
within a radius of about 40m of the center of the AE network was less than 1m.Most
of the AE events from this period occurred within 50–100 m of the network, where
the spatial coverage of the network is best [62]. The recorded events contained high-
quality signals containing broad range of high frequencies, which allowed to analyze
earthquake nucleation processes and post-seismic stress relaxation in extreme details.
The outcome of studies is presented in the following paragraphs, as they represent
the most complete analysis of an earthquake using in-situ AE monitoring today.

Earthquake preparatory processes and post-earthquake stress relaxation.
Hypocenters of AE activity during last 6 months preceding the MW 1.9 earthquakes
signify delineation of the future rupture plane in advance of the main shock [69].
The temporal evolution of AE activity was found to be correlated with the stressing
of the area by mining exploitation performed at the stope level. However, the fore-
shock activity as a whole did not show any signatures of acceleration ahead of the
main shock, contrary to what is typically observed in laboratory experiments on rock
samples at smaller scales. The precursory activity tended to accumulate in four spatio-
temporal clusters, with three of them being still active until the main shock. Clusters
did not change their spatial location in time, however they displayed changes in rates
of seismic activity. The rupture initiation was interpreted as breakdown of interacting
asperities leading to large slip over the pre-existing plane. The latter was deducted
from analysis of borehole cores drilled through the MW 1.9 fault and evidencing
hydrothermal activity localized in the vicinity of the rupture plane [69].

Ziegler et al. [68] investigated the hypothesis that static stress transfer related to the
exploitation of the VCR triggered the occurrence of the MW 1.9 event. The designed
detailed finite element 3D geomechanical model of volume presented in Fig. 9
including information on lithology, tectonic and structural features. The performed
modeling, including time-mass removal from the exploitation level confirmed the
large earthquakewas caused by changes in stress state due to progressive exploitation
(Fig. 11).

Yabe et al. [61] showed, that the AE events forming aftershock sequence clearly
delineated a plane in the PGD with a strike of N22W and a dip of 68° toward N68E
(see Fig. 16 in Yabe et al. [69]). Because waveforms of the main shock recorded by
the AE network were saturated in AE recordings, the main shock was analyzed using
waveform data of the Mponeng mine geophone network. Naoi et al. [64] was able to
resolve the fine details of the rupture plane extending 100 m× 80 mwithin the PGD,
which underwent branching and bending according to geological heterogeneities
present. They applied the master-event location technique to locate the hypocenter of
the main shock relative to the aftershock AE events. The mainshock nucleation point
was about 30 m above the AE network and within the cloud of following aftershock
activity. The fault plane solution of the mainshock was resolved from waveform
data of the geophone seismic network operated by the mine in two independent
studies [64, 70] indicating one nodal plane being in agreement with the orientation
of aftershock hypocenters.
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Fig. 11 State of the Coulomb stress just before and in the slip direction of the MW 1.9 event (white
star). Left and right figure show Coulomb stress derived from the full stress tensor, and the vertical
component of the stress tensor assuming full dissipation of horizontal stresses (pseudo-plasticity).
Stress state is affected by pending exploitation, geological and geometrical features in the modeled
volume, with the latter including existence of voids due to exploitation of the stope and tunnels.
Reproduced from Ziegler et al. [68]

The aftershock sequence following theMW 1.9 earthquakewas found to follow the
Omori’s law [3], similarly to that observed at larger scales as well as in the laboratory
experiments on rock samples, signifying the relaxation of static stress changes in
the vicinity of rupture plane. Static stress changes following larger earthquakes are
known to affect the rate and distribution of aftershocks. Kozłowska et al. [70] utilized
the catalog framing the MW 1.9 earthquake to investigate if rate- and state-based
modelling [133] is valid for shallow,mining induced seismicity. Their results suggest,
that mining-induced earthquakes may be followed by a stress relaxation expressed
through aftershocks located on the rupture plane and in regions of positive Coulomb
stress change. Furthermore, they demonstrate that the main features of the temporal
and spatial distributions of nano- and picoseismicity can be successfully determined
using rate- and state-based stress modeling.

Themicrokinematics ofAEevents forming the aftershock sequence followingMW

1.9 earthquake was studied by Kwiatek and Ben-Zion [66]. They analyzed radiated
energy of nanoseismic and picoseismic activity in order to characterize the potential
for tensile event occurrence. For 539 high quality AE events with local magnitudes
–5.2≤ ML ≤ –2.4 that occurred close to the JAGUARS network, the S-to-P radiated
seismic energy (ES/EP) has been calculated. In the following, a shear-tensile model
was used to simulate the radiation pattern of P and S phases from a family of rupture
models ranging from pure shear to pure tensile failure, accounting for known stress
state and expected faulting geometry. The calculations include correction factors
for energy estimates associated with given source-receiver geometries and expected
focal mechanism with possible tensile component. Synthetic calculations were used
to assess the effects of limited observed frequency band and attenuation on the
estimated ES/EP ratios. Ultimately, the obtained ES/EP values were relatively low
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(median <5) for the full range of model parameters tested, suggesting that over 50%
of earthquakes from the events forming the aftershock sequence display a signifi-
cant tensile component. The dominance of non-shear kinematics of tiny earthquakes
observed in JAGUARS project is comparable to that observed in AE events recorded
during stick–slip experiments at higher confining pressures [110].

Statistical signatures of self-similarity of earthquake rupture processes. Several
studies, based on the theory of minimum earthquakes size, argued that the seminal
Gutenberg-Richter frequency-magnitude distribution (FMD) has a lower cut-off
[134, 135]. Kwiatek et al. [5] investigated the self-similarity of the earthquake rupture
process of post-blasting activity (6,000 events) and aftershocks sequence of the MW

1.9 earthquake (9,444 events, cf. Fig. 10a, b). They found higher b-value (b = 1.3)
for the seismic activity on the fault plane following MW 1.9 event, as expected
for the aftershocks. Lower b-values has been observed (b = 1.1 – 1.2) in induced
stress relaxation phases on the stope level following post-blasting activities. This
near-source observation suggested that with regard to statistical parameter such as
b-value, there is no evidence for a physical limit for the nucleation zone nor for a
minimum magnitudes down to at least MW –4.4 in the aftershock activity (Fig. 2a).
Also, no difference in FMD between post-blasting datasets and aftershock sequence
were found. Therefore, this study concluded that the statistical properties of after-
shocks and post-blasting activities are no different than that observed for the larger
earthquakes and that observed in laboratory experiments on the rock samples [2].

Davidsen et al. [67] used the aftershock catalog of 9,444 AE events following MW

1.9 earthquake to study the statistics of magnitude difference between consecutive
events forming the catalog that are above a given magnitude threshold. Whether the
magnitudes of earthquakes are independent of one another and can be considered
as randomly drawn from the Gutenberg-Richter frequency-magnitude distribution is
an essential property of Epidemic-Type Aftershock Sequence (ETAS) models [136].
It is also an important feature supporting the idea of self-similarity of earthquake
rupture process, forming the basis of many approaches for forecasting seismicity
rates and seismic hazard assessment. It was suggested that statistical correlations
could exist between magnitudes of consecutive earthquakes [137], implying that
one could predict the magnitude of a future earthquake based on the magnitude of
previously observed earthquakes. However, the catalog incompleteness can lead to a
spurious detection of magnitude correlations. Davidsen et al. [67] found that there is
no statistically significant evidence for the presence of magnitude correlations in the
JAGUARS dataset. Moreover, no systematic dependence on the magnitude threshold
is visible supporting the high level of completeness of the considered catalog. This
all implies that the assumption of independent earthquakes magnitudes often used
for forecasting seismicity rates and hazard assessment is justified.

The distribution of time intervals between successive earthquakes forming a
complete seismic catalog was a subject of the study of Davidsen and Kwiatek [65].
The probability density function of time intervals can be described by a unique scaling
function if time is rescaledwith themean rate of seismic occurrence [138, 139]. It was
shown this scaling function holds down to small earthquake withM > 2 scales occur-
ring in various tectonic environments, even in cases of existing non-stationarities such
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as aftershock sequences [138]. Davidsen and Kwiatek [65] analyzed three carefully
selected subsets of JAGUARS AE activity associated with silent periods containing
background seismicity that is not influenced by the man-made noises nor affected by
post-blasting activity. These catalogs were compared to microseismicity observed
in KTB project in Germany [140, 141] involving natural seismicity and seismicity
associated with fluid injection. They found the resulting distribution of interevent
times are form-invariant between the analyzed catalogs, regardless of magnitude,
origin of seismicity, and whether the non-stationarities were present.

An important aspect of statistical studies of induced seismicity is the recording
completeness of seismic networks and resulting seismic catalogs. High-frequency
waves of recorded nano- and picoseismicity observed in JAGUARS project was
significantly influenced by local heterogeneities. Plenkers et al. [62] developed a
detection completeness analysis that took into account the complex and heteroge-
neous observational space. The work extended the probability-based magnitude of
completeness method [142] to three dimensions by taking into account the direc-
tion of observation. This is because the detection capability of each AE sensor was
found to change dramatically with the direction of observation due to existence
of engineering structures (e.g. tunnels, stope, shafts etc.) and localized geological
and tectonic features (e.g. dykes, faults). The performed analysis allowed to identify
how different local anthropogenic, lithological and tectonic heterogeneities affect the
detectability of event with specific magnitude in particular source-receiver configu-
ration. Plenkers et al. [62] demonstrated that the fracture zone around a tunnel cavity
as well as the highly fractured rock near the stope face have a crucial influence on the
detection probability. Furthermore, the developed methodology allowed to identify
the sensors with poor performance (due to e.g. coupling quality). Ultimately, the
study gave an estimate of the magnitude of completeness in three dimension and
this knowledge allowed to optimize the selection of catalogs in a number of studies
performed in the frame of JAGUARS project.

Source properties and self-similarity. Kwiatek et al. [63] investigated spectral
characteristics of AE activity following the occurrence of MW 1.9 event as well as
post-blasting activity. The ensemble of parameters included seismic moment, source
size, stress drop and apparent stress. These parameters have been calculated from full
waveform data of AE events by applying spectral fitting and spectral ratio methods,
identical to that used in analysis of seismic data of natural and induced seismicity
at lower frequencies and using the standard seismic networks [143]. Application
of standard seismological techniques required that AE sensors are calibrated to the
actual ground motions. This has been achieved by cross-calibration of AE waveform
data to that recorded by the 3-component accelerometer [88]. Using the waveform
data from seismic activity recorded on 3-component accelerometer and co-located
AE sensor (cf. Fig. 9) it was possible isolate and extract the transfer function of
AE sensor in frequency range 50 Hz–17 kHz, i.e. the flat part of the transfer func-
tion of the accelerometer. Using the developed transfer function, any AE recording
could be then represented in a form of ground acceleration for frequencies up to
17 kHz. The details of the procedure are described in the supplementary materials of
Kwiatek et al. [88].
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This study support evidence for the self-similarity of earthquake rupture process
from MW –0.8 down to MW –4.1. Within this magnitude range no upper limit to
the radiated energy of seismic events has been found, with apparent stress value
corresponding to that observed in other studies of natural and induced seismicity
(see Fig. 10 in [63]). This would mean nano- and picoseismic events forming the
JAGUARS catalog radiates a comparable amount of elastic energy per unit slip and
per unit fault size as the larger natural and induced earthquakes. Similarly, itwas found
that the average static stress drop of analyzed events is constant in the considered
magnitude range (Fig. 2b), with values similar to that previously reported in South
African gold mines [144–146], as well as to that observed in natural and induced
seismicity. The results suggest that rupture processes of nano- and picoseismicity
observed in JAGUARS are comparable to that observed at larger scales.

Interestingly, spatial variations in static stress drop and apparent stress values
were observed. Events with larger stress drops and apparent stresses were found to
occur in the dyke, whereas low stress drops characterized AE events occurring in
the exploitation level. Such behavior in stress drop and apparent stress response is
understandable while considering that brittle and stronger rocks forming the dyke
are expected to radiate more energy in form of seismic waves as less accumulate
elastic strain energy is spent on fracture propagation [108].

Cook 4 shaft, South Africa. The AE investigations within Cook 4 shaft was
a part of Science and Technology Research Partnership for Sustainable Develop-
ment (SATREPS) [79]. The project was situated at the depth of 1 km in Cooke 4
shaft, previously known as Ezulvini gold mine, in the Republic of South Africa. The
project aimed to track at high resolution the propagation of rock damage induced
by the advancing mining front exploiting the upper Elsburg reef using a network
combining 24 AE sensors and 6 triaxial accelerometers (Fig. 12). The project is
an example for applied in-situ AE monitoring research that is of direct interest for
the mining industry. Sensors were installed in development tunnels approximately
20–50 m below the exploitation level, leading to a seismic network dimension of
95 m × 50 m × 30 m and a monitoring volume of approx. 100 m × 180 m × 50 m.
The instrumentation included 3Wilcoxon 728 3-component accelerometers with flat
frequency response up to 10 kHz in addition to another 3Wilcoxon 736 3-component
sensors (flat part of transfer function up to 25 kHz). The network was completed with
24 AE sensors with useful frequency range up to 50 kHz. All SATREPS AE sensors
were grouted. The recorded signals, sampled at 500 kHz sampling rate, were high-
pass filters at 50 Hz and 1 kHz for accelerometers and AE sensors, respectively.
In addition, 8 geophones operated by Cooke 4 shaft provided coverage for lower
frequencies ranging between 200 and 2,000 Hz [147].

Over 1.52millions of triggered eventswere recorded betweenAugust andOctober
2011 (50 days). Waveforms of these triggered events were automatically processed
to determine P- and S-wave arrivals. Phase information was used to locate 365,237
events using a homogeneous velocitymodelwithVP = 5,700m/s andVS = 3,600m/s
determined by independent ultrasonic transmission measurements (Fig. 12). The
moment magnitude and seismic moment was estimated using spectral analysis for
98% of located events. The AE sensors were cross-calibrated to ground displacement
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Fig. 12 Locations of AE events recorded during SATREPS project. a Map view, b NNE-SSW
cross section. Black squares denote location of AE sensors. Thick cyan and red lines represent
position of mining face on 21 July and 24 August 2011, respectively. The origin time of AE events
is color-coded. Closed dotted curves denoted S, N and G identify different populations of seismicity
of different origin. Reproduced from Moriya [79]

using available accelerometers following the similar procedure as that developed in
JAGUARS project [63]. The recorded moment magnitude ranged from MW –5.3 to
1.3 [79].

About 90% of AE activity located along the exploitation front and remaining
10% formed a number of subplanar structures extending further away along pre-
existing larger fault plane structures located in the area (Fig. 12). Naoi et al. [6]
analyzed the frequency-magnitude distributions (FMDs) of seismic activity occur-
ring near an active mining front. They stacked post-blasting activities and investi-
gated how mining blasts affect the size distribution of recorded earthquakes. They
found the calculated FMDs from various post-blastic datasets follow the Gutenberg-
Richter power law and display comparable b-values ranging b= 1.1–1.3. No system-
atic evolution in time of b-values have been detected, suggesting that fracture and
frictional processes in rocks follows the same frequency-magnitude statistics.
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High resolution mapping of fractures and faults. Moriya et al. [79] applied the
Joint Hypocenter Determination (JHD) method followed by the double-difference
relocation technique [148] to improve the relative precision of earthquake hypocen-
ters forming the AE activity occurring near the mining front. It was found that the
activity front migrated with the progress of the mining front AE activity correlated
in general to the expected stress field pattern in the vicinity of the mining front rather
than the specific geological structures (i.e. above or below the exploited are). The
JHDmethod allowed to identify steeply dipping planar clusters within the previously
homogeneous cloud of seismic events occupying the rock volume ahead of exploita-
tion front. Most of these clusters were striking in the direction of the exploitation
front, lighting up zones of macroscopic shear fractures forming ahead of exploitation
front (Fig. 13) and called Ortlepp shears [149].

The moment magnitudes of AE activity highlighting future Ortlepp shears ranged
–4.3 to –0.4 corresponding to 8 cm–7 m size assuming 3 MPa static stress drop. One
planar cluster with different orientation was correlated to an existing minor fault.
Interestingly, limited AE activity was observed directly at the exploitation horizon,
where tensile fractures were expected to occur. It is feasible that tensile fractures
that were supposed to dominate at the exploitation horizon display reduced radiation
of elastic waves due to low tensile fracture toughness of rocks in comparison to
considerable frictional resistance that has to be overcome to cause shear fractures
[79]. Naoi et al. [77] investigated the spatio-temporal and statistical properties of AE
activity associatedwith known fault structures in the vicinity of the project, excluding
the activity ahead of exploitation front discussed in Moriya et al. [79]. The relocated
data provided detailed picture of spatial features of fault zones lighted up by the AE
activity. Six planar clusters of AE activity exhibited very sharp event distribution
with a total thickness of a few decimeters only that was comparable with location
precision after double-difference relocation. This suggested AE activity was strictly
associated with the corresponding fault core. The AEs location precision allowed

Fig. 13 aDepth distribution of seismicitywith temporal evolution color-coded in time.bSchematic
sketch of fracture network developing ahead of active mining front (after Adams et al. [150]).
Modified after Moriya et al. [79]
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to delineate some higher-order features such as branches and step-overs. Composite
focal mechanisms estimated from first P-wave polarities of AE signals indicated
kinematics in agreement with orientation of macroscopic fault planes. Rates of AE
events were found to be approximately constant on all six faults, suggesting that the
studied geological discontinuities are subjected to a constant loading. In five cases
the Gutenberg-Richter values were found to be relatively high (b = 1.3–1.6) and
stationary. One planar cluster [76] displayed very high b-values of 2.6 that evolved
in time (see next section for more detailed AE activity associated with this fault). It
was suggested that recorded on-fault activity reflect its topography (asperities).

Tracking aseismic slip in high resolution. It is known that aseismic slip sometimes
occur on faults preceding an earthquake [129, 134, 151]. Aseismic phenomena are
valuable source of information to understand earthquake preparatory processes. At
large scales, the detection of aseismic slip relies on availability of close-by geodetic
signals that are typically scarce, whereas at small laboratory scales the aseismic
slip can be directly monitoring using strain gages. Alternatively, spatially migrating
swarm-like-clusters of tiny earthquakes has been observed in studies of natural seis-
micity and laboratory experiments [152–154]. The spatial evolution of clusters, inter-
preted as progressive destruction of asperities forming the fault plane have been
interpreted as a signature of aseismic slip occurring in the surrounding area of the
fault plane. Moreover, the rate of repeating microearthquakes occuring at the same
location of the large fault zone were thought be proportional to the aseismic slip rate
of the fault [153] and used to assess the amount of aseismic slip rate [155–157].
The high-resolution seismic network installed in Cook 4 shaft allow to monitor very
small seismic activity and repeating event clusters associated with aseismic slip of
the two faults in unprecedented details [76–78]. Naoi et al. [76] investigated double-
difference relocated catalog of AE activity composed of 7,557 events (–3.9 ≤ MW

≤ –1.8) and source radii 6 – 70 cm that occurred on a steeply dipping pre-existing
fault located N from the active exploitation front. The resolved hypocenters of AE
activity sharply delineated two narrow planar zones striking in direction similar to
the stope front that were lately, when the mining front passed through the area, iden-
tified in-situ as a fault with foliated gouge zone up to several centimeters thickness.
The AE activity formed ahead of the mining excavations in response to increased
stresses due to the approaching mining front. It was found that the seismic activity
was progressively expanding in time both along strike and dip of the fault throughout
the whole monitoring period. At the beginning, only small events withMW < –3were
occurring in the area. The progressive increase in the number of larger AE events
reaching MW –1.8 was observed towards the end of the 3-month lasting monitoring,
depicted by the drop-down in Gutenberg Richter b-value from b = 2.6 to b = 1.37,
signifying increased stress in the area [158, 159] and/or progressive coalescence of
cracks over the macroscopic fault plane. Source dimensions of AE events were esti-
mated using spectral analysis using corner frequencies and seismic moments of AE
sensors cross-calibratedwith accelerometers [6]. Source sizes were found to bemuch
smaller than the spatial extent of clusters, which together with temporal evolution of
seismicity suggested that expansion of clusters in space and time was quasi-static.
Interestingly, over 25% of the largest events with –2.5≤ MW ≤ –1.8 that occurred in
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one cluster were found to be repeating events, withmanyAEs repeatedly re-rupturing
in discrete tiny spots over the much larger macroscopic fault plane.

Observations of Naoi et al. [76] provides evidence for progressive aseismic slip
along the pre-existing geological fault. They propose AE activity represents unstable
violent failures of the locked parts of the fault (asperities), loaded by the stress
changes due to stable sliding of the surrounding parts of the fault [153]. The visible
upper constrain to the size of AEs suggested the upper limit to the size of asperities
existing over the fault surface. Time-dependent expansion of AE activity over the
fault surface would indicate the growth of a slow-slip patch, which is in striking
similarity to processes observed at plate boundary [151] and laboratory scales. As
during the monitoring period no large events spanning the whole fault surface was
detected, this suggested the fault remained in preparatory phase displaying only the
quasi-static growth of the slip patch.

Naoi et al. [78] investigated a subset of 851 very small earthquakes with magni-
tudes ranging –5.1 < MW < –3.6 occurring on the Zebra fault, the major tectonic
feature in the monitored rock volume, which was the original monitoring target of
the AE-accelerometer network installed in the Cook 4 shaft. Using relocated catalog
and waveform cross-correlation analysis, over 45% of AE events occurring on this
fault during 2month lastingmonitoring period were identified as repeaters. A total of
111 repeater groups with 2–16 AE events were detected. Repeaters were occurring
steadily at discrete locations and were characterized by similar magnitudes, which
is similar to what is observed for repeating earthquakes observed at plate boundaries
[153]. Such behavior has been suggested to signify the repeated ruptures of asperi-
ties on the fault that is loaded by the surrounding aseismic slip, with the latter being
caused by the progression of mining front.

3.2 In-situ AE Monitoring in Salt Mines

This section discusses analysis of AE data recorded in three different projects located
in salt mines focusing on long term structural health monitoring, the reaction of salt
rock to (thermal) loading, the role of stress memory and novel analyzing techniques
of secondary wave arrivals. Due to the homogeneity and the low intrinsic damping,
in-situ AEmonitoring in salt rock provides data of high quality and allows especially
sensitive monitoring. Most research projects in salt rock are conducted in the context
of nuclear waste storage investigations.

Salt MineMorsleben, Germany. TheMorsleben repository is located in Saxony-
Anhalt near the border to Lower Saxony. Around 37,000m3 of low and intermediate-
level waste with negligible heat generation were permanently stored here between
1971 and 1991 and from1994 to 1998. TheBundesgesellschaft für EndlagerungmbH
(BGE) is operating the repository. Long-term in-situ AE monitoring in Morsleben
has been carried out both in the central (since 1994) and southern sections (since
1997), and is still ongoing. The exceptional long term observation is an outstanding
example of long-term structural health monitoring using in-situ AE monitoring. The
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Fig. 14 a Perspective view of cavities and the main drift at two levels (Rooms 9n and 9s and
Disposal Rooms 2 and 3) in the southern part of the Morsleben salt mine. The red dots indicate the
AE sensors in boreholes, the yellow dots represent the locations of 41,521 high-quality AE events
recorded over the course of 5 years [51, 52]. b Located AE events in vertical cross section through
the upper Rooms 9n and 9 s and the lower Room 2 and 3. AE activity is clearly clustered in bands
representing zones of high shear stress. Reproduced with permission from Spies et al. [51]

results of the in-situ AE measurements are interpreted in conjunction with results of
other geo-mechanical investigation methods such as model calculations, laboratory
tests, and in-situ measurements of deformations and stresses (see www.bgr.bund.de).

Morsleben, Southern section. The in-situ AE monitoring system in the southern
part of the mine is focused on the area between two upper and two lower chambers.
Low level nuclear waste is stored in the two lower champers named Room 2 and
3. A drift is located at the level between the upper and lower rooms. The average
depth level of the cavities is about 500 m below surface. In-situ AE monitoring
serves for structural health monitoring. The network geometry is given in Fig. 14a.
In total 24 AE sensors are installed in boreholes of up to 30 m length which were
drilled from the main drift because the rooms are not accessible anymore (red dots).
Figure 14a shows 41,521 located events (yellow dots) which were located in a time
period of approximately 5 years; only the strongest events which were precisely
located using at least 30 P- and S-wave arrival times are plotted. These AE events
were generated by microcracking due to deformation in rock salt above the so-called
dilatancy boundary. It can be seen, that most of the events accumulate in the pillar
between Rooms 9n and 9 s and in the areas between the upper Rooms 9n, 9s and the
lower Rooms 2 and 3.

The events in further distance from the galleries are caused by microfracturing at
discrete anhydrite layers included in the rock salt formation. These AE events are
caused by redistribution of stresses around the cavities which includes the nearby
anhydrite layers, leading to stress concentrations.

For a more detailed representation of all data including the smaller events, AE
locations in the vertical cross section through the cavities are given in Fig. 14b. Data
from a time interval of one month—about 10,000 events—from a spatial interval of
20 m thickness were projected into the cross section. The AE locations in Fig. 14b
show a dense accumulation of events between the corners of the higher and lower
rooms. The reason for the high microcrack activity are “bandlike” structures of
high shear stress leading to creep deformation of the rock salt accompanied by

http://www.bgr.bund.de
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dilatancy [51]. Finite element calculations using a viscoplastic material law show
good correlation between the calculated stresses and the located AE events [51].
Zones of high shear stresses and deformations between the excavations (shear bands)
coincidewellwith the zones of dense accumulations ofAEevents.Adetailedmoment
tensor analysis of the strongest events in the shear bands pointed out, that these events
display shear and tensile mechanisms [48].

Morsleben, Central section: With the same purpose as described above for the
southern section in-situ AE monitoring has been carried out in the central section
of the Morsleben repository. Mining in these areas continued until the 1960s. Here,
borehole sensors are distributed at three excavation levels and installed in 3–20 m
deep boreholes. Originally, a network of 24 AE sensors monitored this section and
covered an area of 150 m × 100 m × 120 m. This network was enlarged to 48
channels and covers a rock volume of about 250 m × 200 m × 120 m [51, 53, 55]
as shown in Fig. 5a. The average depth below surface of the monitored volume is
400 m. This in-situ AE monitoring provides a dataset of currently approximately 15
million located AE events per year [160]. For most events no waveforms are stored,
but only the results of real-time processing. To maintain the integrity of the barrier to
the top of the salt deposit and the stability of the rooms for a long time, the rooms in
the central part were backfilled with salt concrete from September 2003 to January
2011.

During and after backfilling, the rock in the vicinity of these rooms were addi-
tionally loaded due to thermally induced stresses by released heat during hydration
of the salted concrete for a period of several months to several years. In this period
a strong increase of the microcracking activity was measured up to approximately
1,200 events per hour with beginning of the backfilling starting from September
2003 [85, 161]. Using a 2D finite element thermoelastic stress model, Becker et al.
2010 are able to show that the spatio temporal AE event distribtution is in agreement
with calculated stresses. Analyzing different backfilling cycles they find that the
rock salt exhibits a pronounced Kaiser effect for the first few thermal loading cycles
throughout thewhole study region, i.e. a pronounced stressmemory effect is observed
with almost no AE activity in times where stresses are below the former maximum
stress and a steep increase in activity when stresses become larger (Fig. 15). The
deviation from the Kaiser effect during later loading cycles is coinciding with the
initiation of a planar macroscopic crack.

Figure 16 shows the AE activity in an subsection of the network over the ridges of
backfilled excavation chambers. The view is downwards in diagonal direction (see
https://www.bgr.bund.de). The located AE events and the AE borehole sensors are
marked by black and red and blue dots, respectively. This figure shows an example of
the localized AE events [162]. Highmicrocrack activity takes place above themining
chambers and in their joints even several years after completion of the backfillings.
Almost a year after backfilling of the cavities in 2003, AE events are distributed with
distinctive stripe shapes above cavities at different depth levels. The physical forces
driving the creation of these stripes are still unknown. One possible explanation
might be that these spatial patterns of the AE activity originated from the extensional
stress developing in the cavities roofs. This strip-shaped pattern runs transversely to

https://www.bgr.bund.de
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Fig. 15 Correlation of AE activity to temperature and stress memory effect. In a the location of AE
activity (grey circles) and temperature is shown over time. In b the temporal correlation between
increased activity and temperature is shown. Based on stress modeling results in c the event rate is
shown over the coulomb stress relative to last maximum stress, presenting a strong stress memory
effect (Kaiser effect). The different cycles refer to different cementation phases. Figure Reproduced
with permission from Becker et al. [58]

the longitudinal axis of the excavation in the ridge area of the room [161]. But, the
stripe-shaped clusters indicate the formation of macrocracks due to stress changes
[163].

In-situ AEmonitoring in the salt mine Morsleben provide a very large and unique
dataset of approximately 100 million located AE events and it offers a wide range of
options for evaluating fracture processes in a salt mine. Unfortunately the analysis is
limited by the restriction that for most events no waveforms are stored. In conclusion,
the AE activity in salt rock is detected around open cavities and at the boundaries
between different rock types. Creep processes cause high AE activity due to high
deviatoric stresses at the walls of the cavities in the EDZ. This kind of AE activity is
interpreted as ongoing deformation (convergence) in the vicinity of the open cavities
and it is always present until convergence has been stopped, e.g., by backfilling of
the open cavities. Apart from seasonal fluctuations due to the variation of humidity,
the AE activity does not vary with time.

TheAsse II saltmine inGermany. The former salt extractionmine andnowadays
a research facility and test repository for low andmedium radioactive waste is located
in Lower Saxony, Germany. The main hazard in the mine is associated to the risk
of permanent brine inflows due to failure processes in pillars and tunnels in the
southern flank and in the adjacent overburden [164, 165]. We present the study of
Philipp et al. [81] as it represents the possibilities of an array network for structural
health monitoring in the context of failure processes and the study of Pisconti et al.
[82], because it presents novel applications using the full waveform by applying
array methods to the coda wave of AE signals to gain insights into the travel path.
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Fig. 16 AE activity (black) in the area of ridges and impacts of mining chambers (yellow) in
the central part of the Morsleben repository. Spatial representation with view direction diagonally
downwards, AE sensors in red and blue. Patterns of approximately parallel stripes of AE activity
over the ridges of backfilled excavation chambers. The view is downwards in diagonal direction
(see https://www.bgr.bund.de) [162]. Reproduced with permission

Philipp et al. [81] report on structural healthmonitoring usingAE sensors installed
in cavity roofs to monitor failure processes in the upper part of the salt dome. It
is expected, that AE events outline weakening in rock, structural damage due to
dilatation and other dynamic processes long before significant damage is visible in
the chamber’s roof and in areas that are not accessible.

The monitoring system consists of two networks with 16 AE sensors each, which
are installed in short borehole of 1–3 m length in the chamber’s roof (see Fig. 5c).
Data is recorded in trigger-mode (1MHz sampling rate) and automatically processed
i.e., that events recorded are localized in near-real time. For this P- and S-wave onset
picking is performed using a picking algorithm based on the Hilbert transform. The
network geometry of both networks (network dimension 37 m × 31 m × 5 m and
46 m × 39 m × 4.5 m) differs owing to the actual usage of the two chambers that
define the accessibility of the roof for sensor installation e.g., the roof could not be
accessed above three large brine ponds. The monitoring project has been ongoing
for several years, but the study considers data of a 10-month period, namely the time
period 4 February to 31 November 2013. In this time period more than 100,000 AE
events were recorded that populate a rock volume of approximately 250 m × 250 m

https://www.bgr.bund.de
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× 160 m outlining dynamic processes not only in the chambers roof, but also in the
salt dome flank and in the upper salt dome.

AE activity recorded clusters strongly in space (Fig. 17) in four regions: the cavity
roof, the salt dome’s southern flank, where most of the brine inflow occurs, the salt
dome top and the northern flank.More than 70%of the locatedAE events occur along
the southern flank, due to the low wave attenuation of salt rock, the AE networks is
able to record events with source–receiver distances greater than 150 m are possible.

The observed AE activity within each cluster is not distributed homogenously, but
outlines clearly planes of activity. In the chamber’s roof most events outline planes
oriented east–west anddipping to the south according to the salt’s layering.The events
extend up to 15 m from the roof into the salt rock, but at greater depth no activity is
recorded, which demonstrates that currently no active damage process is occurring.
In the roof of the chambers, all events occur in a homogenous part of the younger salt
rock (Leine formation) and most likely correspond to damage processes owing to
stress re-distribution. A geomechanical survey confirmed an increased permeability
in the area of AE clusters, but did not show macroscopic damage. In the area close
to the southern flank the events outline a plane of activity that is oriented roughly
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Fig. 17 AE activity recorded in the ASSE II salt mine. a Geologic cross section (sketch) of the
Asse salt mine with the four AE clusters C1, C2, C3a, and C3b. bMap view showing the locations
of AE events (black dots) in cluster C2 in the chamber roof. c, d show cross sections through cluster
C1 and C2 above the chamber and along the anhydrite-host rock boundary at the southern flank.
All dimensions are given in meter. Reproduced with permission from Philipp et al. [81]
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east–west and dipping to the south. The AE events seem to follow the rock salt-
anhydrite-sandstone rock boundary, which is subject to significant geomechanical
processes including the loss of integrity owing to a barrier thickness of only 15 m
in the upper mine. Events are observed as far as 70 m above the network. Within
this plane, AE events cluster on vertical structures. It is concluded that although a
singular AE event is too small to have a damage potential, the AE events are clearly
able to outline areas and, even more precisely, the exact position, extension, and
orientation of potential damage zones.

The cluster in the upper salt dome and near the northern flank is analyzed in
more detail by Pisconti et al. [82]. The aim of the investigation is to get knowledge
about the position of lithological boundaries in the upper part of the salt mine Asse
II and to test whether damage e.g. large fractures in the seismically not active zones
above the chambers can be excluded. For the analysis Pisconti et al. [82] apply array
seismology methods normally used to survey the Earth mantle.

By applying slowness-backazimuth analysis on the filtered envelope beams of
the events the authors are able to look into the direction of the incoming energy
for both direct P-wave arrival as well as secondary arrivals of scattered waves. The
latter waves are hardly visible in the raw waveform alone, but become pronounced
by utilizing the array in the beamforming calculation. For the 52 analyzed events,
the average discrepancy between observed and theoretical slowness values for the
direct P wave is of the order of only 2° of difference in incidence angle and 3°
average residual in backazimuth which confirms that the first arrival corresponds to
a direct ray pathes. This indicates that no damage like fracture zones or larger open
fractures that would cause ray path bending are existing in the rock volume above
the chambers.

The slowness-backazimuth analysis of the secondary, reflected waves allows to
estimate the location of the reflection points, which correspond to interfaces with a
significant impedance constrast. In the dataset analyzed the vast majority of reflec-
tion points identified correspond to a cluster of back-projected reflection points
delineating a southwest dipping steep (≈70° from horizontal) reflector located at a
distance of about 70 m southeast of the network above Chamber A3 (yellow ellipses
in Fig. 18c).

It has a depth extension of about 80mand is about 60m long,with a strike direction
about WNW/ESE. There are also four scatter locations which are further away from
the cluster (green ellipses in Fig. 18c). The authors conclude that the majority of
reflection points outline the known lithological boundary of the southern flank, but
no other additional dominant structures are discovered. The authors conclude that the
application of arraymethods developed to study theEarthmantlewas successful. This
novel approach for in-situ AE monitoring allows to extract additional information
from AE event waveforms, by studying formerly unused parts of the coda wave in
order to gain information on the rock volume passed through. This is especially useful
in applications where areas, structures or lithological boundaries are inaccessible,
but an estimation of their position is needed.

Salt Mine Merkers, Germany. A borehole-loading experiment, where a large-
diameter borehole is pressurized first by gas injection and in a follow-up project
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Fig. 18 Locating lithological boundaries using array techniques on the Asse Salt mine AE data.
Polar plots of slowness backazimuth contours for the beam power of the direct P wave arrival
(a) and the secondary wave (b) are shown, presenting the incoming direction of the energy as
function of backazimuth (baz) and slowness (u) at the A3 network (displayed as reference at the
centre of each polar plot). The beam power is normalized to the power of the direct P-wave energy.
The white contour line in the polar plots of time windows 1 and 2 indicates the 0.9 isoline of the
maximum for each arrival in the normalized beam power, fromwhichwe computed the uncertainties
in slowness and backazimuth. Results in (a) show a strong direct P-wave arrival with slowness and
backazimuth in the direction of the source, whereas (b) shows a dominant out of plane secondary
arrival with energy maximum coming from the southeast and travelling with a difference of 80° to
the direct P wave (shown by the solid black circle). In both (a) and (b) the envelopes of the stacked
signals of the array are shown at the bottom. Note that the secondary wave arrival not clearly
visible in the original waveforms becomes clearly visible by array stacking. In (c) the calculated
scatter points corresponding to the angles observed for the secondary wave are shown as yellow
and green ellipses. Here AE sensors are shown as black triangles and events are shown as red
circles. The results demonstrate that secondary reflected waves of AE activity are able to locate and
visualize lithological boundaries and array techniques can be applied to the high-frequency domain.
Reproduced with permission from Piconti et al. [82].

by brine injection is reported by Manthei et al. [72], Popp et al. [73], and Plenkers
et al. [74]. The project aims at studying the so-called gas-frac scenario discussed in
nuclear waste storage research. The project looks into the effects of time-dependent
pressure build-up on rock integrity for cases in waste depositories where significant
gas quantities may be generated in the long-term (e.g. due to anaerobic corrosion,
if humidity is present). The experiments highlights the presence of rapid (e.g. the
formation of the EDZ) and slow processes (percolation) being monitored with in-situ
AEmonitoring, i.e. the experiment shows that quite different processes that influence
the strength and the permeability of rock are successfully monitored using in situ AE
monitoring technique. In the initial experiment that took place from January 2010 to
the end of 2011 the rock response of four different stagesweremonitored using in-situ
AE monitoring: (1) pre-excavation; (2) drilling of wide-diameter (1.3 m diameter,
60 m extension) borehole; (3) partial backfill with MgO concrete to create gas tight
seal; and (4) borehole loading with compressed air. In the follow-up experiment, that
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took place in the same wide-diameter borehole in October 2017 to late 2020, the
rock response to brine loading was monitored [74].

The monitoring system of the first experiment consisted of 12 side-view AE
sensors installed in four monitoring boreholes in 12–15 m distance to the large
injection borehole. The sensors were equally spaced along the borehole and monitor
the whole borehole with a similar recording sensitivity. The AE events are recorded
in trigger mode. The dimension of the network is 28 m × 25 m × 27 m monitoring
a rock volume of approximately 120 m × 120 m × 100 m, as visible in Fig. 6 in
Plenkers et al. [74].

In total, more than six million AE events were recorded and located. Highest
event rates are found during excavation and cementation (Fig. 19a, b) when more
than 170,000 events are recorded and located per day (Fig. 19c). It is shown that the
activity starts in formerly inactive homogenous salt rock as soon as excavation is
starting, outlining the formation of the excavation damage zone. During cementation
an outwardmigrating front ofAE activity is observed, outlining the heat and humidity
transport into the rock. Both during excavation and cementation the AE activity is
restricted to less than 2 m distance to the borehole and a steep drop in activity rate
nearly to the level of background seismicity rates (approximately 100–300 events
per day) is observed as soon as the operations finished.

Starting from June 2011 the wide-diameter borehole was loaded stepwise with
compressed air. The pressurization took place in several steps. Each time, when pres-
sure was increased, the daily activity rate increased by a few hundred events. From
19 to 24 January 2012 at a pressure of 60 bar a total number of 251 AE events were
observed that migrated as far as 20.2 m from the wide-diameter borehole, distances

03/10 06/10 09/10 12/10 03/11 06/11 09/11 12/11
100

101

102

103

104

105

Date

N
um

be
r o

f E
ve

nt
s 

/ D
ay

(lo
ca

liz
ed

 in
−s

itu
)

-60

74

-80

-70

-50

-40

-20

-90

84

-30

74

-80

-70

-50

-40

-20

-90

84

-30

-60

Z
 in

 m

Z
 in

 m

a b                       c

x in m x in m

26 April 2010
27 April 2010 
28 April 2010 
29 April 2010
30 April 2010

12.02.-22.03.2011
23.03.-30.03.2011
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Fig. 20 AE swarm activity during gas-brine break-through in map view (a) and side view (b).
For orientation, the neighboring pillars are shown in dark grey in a. Here colored dots show the
location and temporal distribution of AE events recorded. Color-coded lines mark the most outward
extension of AE seismicity with time, which shows a migration of 0.6–3.4 m per day. In b the
cemented plug is shown in grey and the positions of AE sensors are shown by red triangles [74]

observed for the first time in the experiment. The events located on a horizontal plane
with 2 m vertical expansion (Fig. 20). The events migrate slowly with a progression
speed of 0.6–3.4 m/day away from the large diameter borehole revealing a horse-
shoe shaped migration front. On 24 January 2012 a gas and brine breakthrough was
observed at two monitoring boreholes in combination with a pressure drop from 68
bars down to 56 bars. If follows that the AE activity outlined the migration of the gas
and a small amount of brine (from the cementation) from the wide-diameter bore-
hole plug into the salt rock. Because no macrofracture could be identified by camera
inspection, no larger seismic event was recorded and because the salt rock regained
tightness only weeks after the breakthrough as confirmed by a second pressurization
test, the author conclude that the AE events represent the break down of individual
grain boundaries in the salt rock (source radius of a few centimeters) during perco-
lation of the gas and brine mixture, i.e. the slow aseismic opening of a pathway for
gas-brine transport by percolation is accompanied by AE events.

3.3 AE Monitoring in Hydraulic Stimulation

In hydraulic stimulation (HS) engineered fractures are generated underground by
packer probes in boreholes that are pressurized with water until the rocks fracture
breakdown pressure is reached. HS is used in industry in a broad variety of contexts,
many of which require detailed knowledge on the damage process actively initiated.
HS is a common tool for underground stress determination and provides important
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input for designing the stope layout and for risk assessment [166–168].Moreover, HS
has become a widely used engineering tool in reservoir enhancement of geothermal
systems, shale gas, or conventional oil and gas extraction as it effectively increases the
permeability [169–173]. In addition, HS is successful in increasing the productivity
in ore production e.g., HS is used in fragmenting ore bodies [174].

Several research projects have addressed HS using in-situ AE monitoring to
increase the understanding of the rock response to HS, to study the evolution of
fracture generating and predict the stimulation of existing fractures [68, 175, 176].
Recently the research in this fieldwas significantly advanced, because on the one hand
side there is a world-wide interest to exploit geothermal energy in order to replace
nuclear or fossil energy resources, but on the other hand deep geothermal projects
worldwide experienced severe challenges in controlling the induced seismicity and
in engineering sufficient connectivity in between injection and production boreholes
(Fig. 21). The experiments have not only recorded very interesting and rich data, but
have pushed the limits in underground AE monitoring, multi-sensor deployments
and advanced signal processing.

In-situ AE
monitoring

Fig. 21 Induced Seismicity in Hydraulic Stimulation on different scales (Figure taken with permis-
sion from Villiger et al. [85]). Injected fluid volume versus maximum observed magnitude of seis-
micity induced is shown with data taken from Evans et al. [177], McGarr 2014 [178], Atkinson
et al. [179], Obermann et al. [180], Häring et al. [181], Grigoli et al. [182], Kwiatek et al. [183]
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In this subchapter we discuss recent, large-scale in-situ experiments focusing on
HS and point out especially novel analysis techniques, applications and insights in
rock fracturing processes, as these developments advance in-situ AEmonitoring as a
whole. Other HS experiments are summarized in Table 2 together with the references
relevant for in-situ AE monitoring.

Bernburg Salt Mine, Germany. This hydraulic fracturing experiment located
in the salt mine Bernburg, Germany, took place from Dezember 1994 to February
1995 at the 420-m level in the Leine rock salt [48]. The test site is located in the
barrier pillar between gallery XVIII and the western sidewall of a huge chamber of
120m length, 25 mwidth, and 30m height approximately 20m away (Fig. 22a). Due
to the high degree of excavation the barrier pillar is under high compressional and
differential stresses with maximal and minimal principal stresses of approximately
25 and 10MPa, respectively. Six hydraulic fracturing tests and additional refracturing
tests with an injected oil volume of 100 and 300 cm3, respectively, and injection time
intervals of 15 min have been carried out in an horizontal injection well (diameter
42 mm, length approximately 12 m). Eight AE borehole sensors (Fig. 22b) were
placed in four observation boreholes (10 m length, 100 mm diameter) around the

(a)

(b)

(d)

(c)

Fig. 22 Hydraulic fracturing experiment in Bernburg Salt mine. a Test site of the hydraulic frac-
turing test series at the 420-m level in the vicinity of huge chambers. bMonitoring boreholes with
AE sensors shown with blue dots. c Calculated stress field around the test site together with the
contours of the access drift (left-hand side) and the chamber (right-hand side). d Comparison of
calculated stress field with fracture plane orientation as outlined by AE activity (black+). It can
be seen that HF at borehole depths below 2 m yield to macroscopic fracture planes parallel to the
gallery wall and perpendicular to the horizontal injection well, whereas the fractures in greater
depths are oriented normal to the minimum principal stress [48]. The injection borehole is shown
in red in all subfigures



450 K. Plenkers et al.

central injection well (red line). During six fracturing and refracturing tests, 735 AE
events could be precisely localized delineating planar structures with a residual error
below 10 cm.

The orientations of the macroscopic fracture planes as indicated by the AE
measurement were compared with independent stress calculations using Finite
Element Method (FEM). These calculations were based on long-term surface subsi-
dence measurement and measurement of underground convergence. Figure 22d
shows the result of FEM in a vertical cross-section through the test site. The orien-
tation of the fracture planes as measured by AE agrees remarkably well with the
orientation of the calculated principal stresses. It can be seen that the direction of the
fracture planes appears to coincide with the maximum principal stress (Fig. 22d).
Whereas at borehole depths below 2 m the macroscopic fracture planes are parallel
to the gallery wall and perpendicular to the horizontal injection well, the fractures in
greater depths are striking in y-direction at approximately 63° normal to theminimum
principal stress [48].

Manthei et al. [48] applied the absolute and relativemoment tensor analysis on 263
well-located clustered events, which occurred during fracturing and refracturing tests
in 1–9m borehole depths. It was found that the events show similar radiation patterns
with a major double-couple component, and that the orientations of the microscopic
crack planes found by MT do not coincide with the macroscopic fracture planes
indicated by source locations. Dahm et al. [47] assumed that shear failure occurred
on horizontal, preexisting planes of weakness indicated by horizontal layers, which
are observed within the salt rock at the test site.

Äspö Hard Rock Laboratory, Sweden. The main goal of the project was to test
strategies of geothermal heat exchange in crystalline rocks using different hydraulic
fracturing methods and minimize the occurrence of associated seismicity [39]. For
this purpose, extensive network covering practically the full seismic frequency band
was installed in Äspö hard rock laboratory, Sweden, at the depth of 410 m. The
network consisted of broadband seismometers, short-period geophones deployed in
tunnels and boreholes, high-frequency accelerometers and AE sensors (Fig. 23). The
last two types of sensors were installed in the direct proximity (<15 m) from the
stimulation borehole (Fig. 23b). The seismic systems, synchronized in time, covered
elastic wave frequencies from 0.01 Hz up to the 100 kHz, however at variable,
distance-dependent sensitivity. The seismic monitoring was completed with various
types of electromagnetic measurements. Signal recorded by accelerometers and AE
sensors were recorded concurrently using two acquisition systems working at 1MHz
sampling rate—one in triggering and a second in continuous mode recording. The
triggering mode allowed for immediate assessment of seismicity response due to
injection operation and provided therefore feedback to the ongoing process, and
allowed e.g. the optimization of the localization procedure. The continuous mode
allowed to record the full waveform field from all stimulations that could be used
for a more detailed offline analysis of gathered data [40]. Ultrasonic transmission
measurements were performed before the stimulation campaign to assess the P- and
S-wave velocity.
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Fig. 23 Installation of
seismic and electromagnetic
monitoring networks in the
proximity of the injection
borehole (more sensors have
been installed in surrounding
tunnels, see detailed
overview in Zang et al. [39]).
The high-frequency
accelerometers and AE
sensors (orange and red
triangles, respectively) are
located in dedicated
boreholes drilled close by the
stimulated area. The bluish
semi-transparent fan shows
the camera location and
viewing angle presented in
Fig. 5b
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Six hydraulic fracturing campaigns were performed in the stimulation borehole
of 30 m length with up to 30 l of fresh water injected in each campaign. Four injec-
tions were performed at constant injection rate (HF1–2, HF4 and HF6 in Fig. 5b).
The remaining two tested progressive (HF3) and pulse-type variants (HF5) stimula-
tion types [183]. Each stimulation was composed of the fracking stage and up to 5
refracs. Stimulations were performed in different lithological units including gran-
odiorite, diorite-gabbro and granite rocks, adding to the complexity while comparing
different stimulation techniques with resulting seismic activity. For details on theo-
retical background with respect to different fracking scenarios, experimental setup
and stimulation campaign and associated monitoring, we refer to Zang et al. [39,
183]. Here, we focus only on the seismic activity recorded and analyzed.

Over 69,000 triggers were recorded using AE sensors during monitoring, most of
which were attributed to transient noise of anthropogenic, electrical or hydrological
origin due to the very sensitive trigger conditions. The first catalog consisted of 196
confirmedAEs (see Fig. 23b for their spatial distribution)with relative location preci-
sion better then 1 dm recorded during stimulations HF1–HF4 andHF6 (no seismicity
has been recorded during HF5). This dataset was extensively reprocessed and inter-
preted in Kwiatek et al. [41]. Much more AE events with supposedly smaller magni-
tudes were identified by Lopez-Comino et al. [40], who performed a detailed anal-
ysis using continuous AE recordings from HF2, where the largest amount of seismic
events was observed. No usable waveforms of earthquakes have been recorded by
other sensors including high-frequency accelerometers, geophones, short-period and
broadband sensors. This became no surprise once the moment magnitudes were later
estimated to be MW ≤ –3.5 [41].

Kwiatek et al. [41] investigated 196 earthquakes with MW ≤ –3.5 forming the
original seismic catalog from all hydraulic stimulations performed during the project.
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These events were first manually reprocessed to refine the accuracy of P- and S-wave
picks and subsequent earthquake hypocentral locations.

The catalog was then relocated using the double-difference technique [148]
resulting in relative precision of hypocenters not exceeding 0.1m.HybridMT seismic
moment tensor inversion and refinement package [184] was used to derive double-
couple focal mechanisms of selected 17 high-quality events. Hammer hits performed
along tunnel walls were used to cross-calibrate the AE sensors to actual ground
motions observed on accelerometer sensors, resulting in estimated moment magni-
tudes ranging –4.2≤ MW ≤ –3.5. Clear migration of seismicity upwards from injec-
tion intervals was observed over quasi-planar structures for injection intervals with
sufficient number of earthquakes. Moreover, the spatial expansion was observed to
slow down or even ceased after shut-in. For continuous stimulations with sufficient
number of events it was observed that each subsequent refrac stage reached larger
distance from the stimulation interval. The calculated focal mechanisms displayed
heterogeneous orientation of fault surfaces in disagreement with the macroscopic
orientation of the fracture propagation resolved from the hypocenter distribution.
However, by comparing estimated fault planes with the local stress field Kwiatek
et al. [41] identified that events on resolved fracture orientations are critically stressed
(Fig. 24). The observed heterogeneity likely reflects structural heterogeneity of the
rock mass and presence of faults at all scales [130].

Spatio-temporal and focal mechanism observations suggest progressive evolu-
tion of a fracture network in consecutive injection stages. The observed AE event
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4 MPa in pore pressure (blue failure envelope, cf. Fig. 25) can explain reactivation of all fractures
for which fault plane solutions were calculated
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Fig. 25 Spatio-temporal evolution of seismic events with time since the beginning of continuous
stimulation HF2 and distances from injection interval for the 5th refrac stage of stimulation HF2
(cf. blue spheres in Fig. 23). The AE events are color-coded with their mechanism calculated using
polarity method [185] and show indications for some fracture opening during injection and fracture
closure or shearing during shut-in phase. The dashed black curves represent modeled space–time
evolution of a fluid pressure perturbation front triggering seismicity assuming to be controlled be
only by scalar fluid pressure diffusion in a homogeneous isotropicmedium [186]. The dashed curves
are parameterized using different values of apparent hydraulic diffusivities. Modified after Kwiatek
et al. [41]

migration signifies progressive reactivation of a fracture network with increasing
hydraulic energy (rate) (Fig. 25). For successive stimulation stages, the AE activity
occupies increasing rock volumes. The discrepancy between large seismically acti-
vated volume of rocks inferred from the seismic cloud (up to 8 m from the injection
point) and small source radii of individual events suggests that during the injection
stages a complex fracture networkwas activated rather than a single coherent fracture
and presumably partial aseismic fracture opening.

The calculated source characteristics included radiated seismic energy providing
insights into the energy budget of hydraulic fracturing and seismic hazard. It was
found that the ratio of total radiated seismic energy to the hydraulic energy, the latter
being the time integral of injection rate and average pressure, is ~10–5. This is much
lower than the seismic injection efficiency (the ratio of total radiated to total elastic
strain energy available in the system), which is of order ~10–2, and significantly
higher than that typically observed for hydraulic fracturing [188]. Such discrepancy
between tectonic and hydraulic-fracturing induced seismicity is explained by the fact
that large amount of energy is spent in the creation of fracture network involving
aseismic and slow seismic deformation processes.

López-Comino et al. [40] created and then interpreted an extended seismic catalog
using continuous seismic recordings performed during stimulation. Using extensive
waveform coherence analysis for automated full-waveform detection and location,
they found for HF2 approximately 4,100 very small AE events, ~40 times more
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than in the initial catalog. This increase in event detections allowed to discuss the
spatio-temporal evolution of seismicity during HF2 in more details. The authors
found the maximum magnitude increase within subsequent stimulation stage, with
the smallest magnitude observed in the initial frac, and the largest magnitude visible
during propagation of the fracture in the last, 5th stage. Themaximummagnitudewas
found to correlate with the injected volume [178], however, as indicated in Kwiatek
et al. [41] at very low level of seismic injection efficiency. The Gutenberg-Richter
b-values were found to decrease from b= 3.5 to b= 2.1, with an average value of b=
2.4 when using the whole catalog of 4,100 events. The observed values were much
higher than then observed in natural and induced earthquakes [2, 159, 189]. This
could be interpreted as reactivation of fracture network with limited size distribution
[41] or relatively low level of driving stresses stresses [111, 159].

Niemz et al. [42] extended continuos waveform analysis of López-Comino et al.
[76] to all stimulations HF1-HF6, resulting in further expansion of seismic catalog to
19,600 located AEs. To exclude non-seismic signals that were polluting the contin-
uous recordings, the Hidden Markov model classifier has been used (cf. [160]). This
vast catalog allowed to investigate statistical (b-value) and spatio-temporal proper-
ties of seismicity associatedwith different hydraulic stimulation variants (continuous,
progressive, and pulse-type). Niemz et al. [42] found the conventional (continuous)
stimulations resulted in relatively simple and elongated fracture planes with stable
orientations of fractures during refracturing stages. However, progressive injection
scheme resulted in more complex pattern with variably oriented fracture planes.
These outcomeswere supported by b-value variations. Thesewere found to be largery
independent from hydraulic parameter (such as injection rate or injection pressure)
unlike in other hydraulic fracturing experiments at larger scales. Instead, they could
be correlated to different injection schemes with lower and higher b-values observed
for continuos and progressive injection schemes, respectively.

Grimsel Test Site, Switzerland. The In-Situ Stimulation and Circulation (ISC)
Experiment took place in the context of the Competence Center for Energy
Research—Supply of Energy initiative in Switzerland that established a Swiss
national roadmap for advancing deep geothermal energy production to achieve the
goals specified in the Swiss Energy Strategy 2050, where the energy production of
about 4.4 TWh per year are required from geothermal energy. The ISC project [176]
was conducted between 2015 and 2018 in the crystalline rocks at the Grimsel Test
Site, Switzerland located at 1,733 m above sea level and ~480 m below surface. In
the first project phase the target rock volume on decameter scale was intensively
characterized before the experiment, with a special focus on detailed stress analysis
[84]. In a second project phase a series of 12 hydraulic stimulation experiments (both
hydraulic fracturing (HF) and hydraulic shearing (HSH)). in a 20 m × 20 m × 20 m
foliated, crystalline rock volume intersected by two distinct fault sets were performed
[190].

Different to the Äspö project the same injection protocol was used for all experi-
ments in the second experiment phasewithin each stimulation series in order to inves-
tigate the influence of local rock heterogeneities on the seismo-hydro-mechanical
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response rather than differences due to the injection protocols. The ISC Experi-
ment combined both during the characterization phase and during HS manifold
measurements, including geophysical borehole logging [191], fracture mapping
[190], seismic tomography, direct hydraulic andmechanical observations (fibre optic
strain and pore pressure measurements [190]) and hydraulic testing (injections tests
and cross-hole injections, with and without tracer [192, 193] to a diverse research
program. In this summary we concentrate on the in-situ AE monitoring study of
Gischig et al. [83], which used AE events to improve stress measurements and on
the study of Villiger et al. [85], that demonstrated the spatio-temporal variability of
the seismic response due to local geology.

Gischig et al. [83] summarized the intensive stress field characterization in the
rock volume characterization phase at the ISC test side, whichwas based on hydraulic
fracturing with a maximum injected volume of 11.3 l and overcoring. During stress
field characterization 20 in-situ AE sensors (type GMuG MA-Bls-7-70) and four
Wilcoxon accelerometers (type 736 T) were installed on the tunnel side wall and
eight AE sensors (type GMuG MA-Blw-7-70) in a water-filled vertical borehole
(Fig. 26). In total 1.161, 482 and 274 AE events were detected during HF1, HF2,
and HF3, respectively. The difference in the number of detected events is most likely
explained by the proximity of the sources to the borehole sensor array (9 m, 14 m,
and 19 m respectively). The events outlined, similar to the Äspö experiment, clearly
the fracture plane that extended up to 5 m from the injection point into the rock
volume (see Fig. 26).

Events occurred mostly during the refracturing cycles once a critical injection
volume of 0.5–1 L was exceeded and less during the initial fracturing cycle. A
comparison of the fracture plane outlined by AE events (Fig. 27a) and the fracture
visible on an imprint packer, showed the complexity of the fracture process. The
imprint packer revealed that fractures initiated at the boreholewallwithin the foliation
plane, but during fracture growth the fracture rotated, as outlined by AE events, in
such way that it extends normal to the minimum principal stress. Interestingly the
results of the overcoring deviated (Fig. 27). The deviation of the overcoring stress
measurement result to the actual fracture planeobserved couldbe explainedbyusing a
transversely isotropic elasticity model. The authors postulate that fracture nucleation
occurred on flawswithin the foliation plane, and extendedwithin this weakness plane
before rotating to lie normal to the minimum principal stress. The rotation occurred
after at most several decimeters. They show that focal mechanisms come as amixture
of normal faulting and thrust faulting mechanisms, whereas a strike-slip mechanism,
or possibly thrust, is expected from the stress field orientation, which they attribute to
stress perturbation and pressure leak-off around the propagating fracture (Fig. 27b).

The authors point out that the findings of the study illustrate the challenges faced
in stress characterization surveys in moderately anisotropic rock; a combination of
overcoring, hydro-fracturing, and in-situAEmonitoringwere essential at theGrimsel
test site to arrive at a conclusive interpretation of all observations. One method alone
would have lead to a possible wrong interpretation of the acting stress field. In-situ
AE monitoring played the key role in identifying the true fracture plane orientation.
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Fig. 26 In-situAEmonitoringnetworks atGrimsel ISC test side.During stressfield characterization
in project phase 1 the AE network shown in a with AE sensors shown by orange circles was in
place (figure reproduced with permission from Gischig et al. [83]). During hydraulic stimulation
experiments in project phase 2 the AE network shown in b with AE sensors shown as green cones
was in place. The sites of injections intervals together with the dominant faults are shown in c.
Figure b, c reproduced with permission from Villiger et al. [85]

In the second project phase a series of five hydraulic fracturing (HF2, HF3, HF5,
HF6, HF8) and six hydraulic shearing experiments (HS1, HS2, HS3, HS4, HS5,
HS8) were conducted with a maximum injected volume of one m3. For monitoring
a seismic network comprising of 8 in-situ AE sensors (type GMuG MA-Blw-7-
70), was installed in monitoring boreholes in close vicinity (<10 m) to the two
injection boreholes. In addition 18 AE sensors (type GMuG MA-Bls-7-70), five 1C
accelerometers (Wilcoxon 736 T) and 115 100 Hz geophones were installed in short
boreholes (<0.25m) at the nearby access tunnels at distances from approximately 20–
50 m from the injection points. The seismic monitoring network was accompanied
by an extensive hydro-geomechanical monitoring system incorporating 60 FBG-
sensors and a fibre optic Brillioun monitoring system to monitor the static and poro-
elastic rock deformation, as well as pore-pressure. The experiment aimed at giving
insights into the effect of different geological settings on the seismo-hydromechanical
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Fig. 27 Stress characterization at the Grimsel ISC test site. The AE activity (circles) outlining
the fracture planes as recorded during hydraulic fracturing is shown in a [83]. The resulting stress
orientations of the various stress determinations as well as the fault plane solution are shown
assuming isotropic elastic parameters (b) and transversely isotropic elastic parameters (c) for the
stress inversion from overcoring

response during HS. During hydraulic fracturing experiments, that took place in
stimulation intervals in previously unfractured rock, a standardized injection protocol
was applied with pressures overcoming the formation breakdown pressure. In hydro-
shearing experiments pre-existing shear zones were targeted, which allows to initiate
HS at pressures below the minimum principl stress. For the latter the experimental
volume was chosen in such a way that two types of shear zones could be targeted for
the hydroshearing experiments: (i) ductile ones with intense foliation and (ii) brittle–
ductile ones associated with a fractured zone. For all stimulations the stimulation
interval was 1–2 m only.

The datawas recordedwith 200 kHz sampling frequency continuously throughout
the experiments, i.e. approximately 6 h for each injection site. Overall more than
8,500 seismic events were detected during the 11 experiments, in each interval
aligning mostly on a single plane (with some exceptions of clusters in small subpar-
allel seismicity clouds) with magnitudes ranging from –6.2 to –2.5 (Fig. 28a, b).
For both hydraulic fracturing and hydraulic shearing experiments the vast majority
of events occurred during the pumping phases, 10% respectively 33% of events
during shut-in, and <2% respectively 0% during venting. To the same time defor-
mation measurements during the experiments show clearly that deformation occurs
pre-dominantly aseismic, as seismic fracturing accounts for less than 2%. Due to
standardized injection protocols a detailed comparison of the seismic response in
between the different injections sites was possible.

Overall no systematical difference in AE activity was observed between
hydrofracturing and hydroshearing experiments, likely because in all experiments
the pre-existing fracture network played a key role. However, remarkable variability
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(a)

(b)

(c) (d)

Fig. 28 AE activity as recorded during hydraulic stimulation experiments in Grimsel. The location
of AE events recorded for the different stimulation intervalls is shown in sideview for hydraulic
fracturing experiments (a) and hydraulic shearing experiments (b). The observed b-values and
seismogenic index (c) aswell as the increase in hydraulic injectivity (d) demonstrate the dependency
on local geology, i.e. fault zone S3.1 and S3.2. Figure reproduced with permission from Villiger
et al. [85]

in seismic response was observed between experiments. Despite of injection sites
being located only meters apart, the seismic data corrected for detection limitations
show significant variation both in seismic activity (seismogenic indices –9 to –2)
and b-values (1–2.7) (see Fig. 28c). Injections targeting the highly conductive brittle-
ductile shear zone came with comparable low b-values and high seismogenic index,
whereas experiments in the vicinity of the more ductile shear zone exhibit more
intense seismicity at the beginning of the experiment and lower overall seismic
responses. A concentric growth of seismicity clouds was rarely observed, indicating
that the spatial fracture zone heterogeneity had a substantial impact. Interestingly,
despite of the significant differences in seismic response and initial injectivities
dependent on the local geology, the final injectivities and transmissivities are very
similar [193].

Reiche Zeche mine, Germany. The STIMTEC (STIMulation TEChnologies)
experiment was conducted between 2018–2019 at depth of 130 m in the Reiche
Zeche underground research laboratory (URL), Freiberg, Germany (Fig. 29). The
hydraulic stimulations were designed to investigate the hydro-mechanical processes
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Fig. 29 Schematic 3Dviewof the borehole layout in STIMTECproject. Color coding for boreholes:
light blue—injection borehole, yellow: boreholes with AE sensors, green: hydraulic monitoring
borehole, red: mine-back validation boreholes. Damage zones (transparent red) were identified
through mapping in the tunnels (grey), borehole logs, and retrieved cores. AE events during the
frac and refrac stages of the three shallowest stimulation intervals (dark blue rings around injection
borehole) are shown as coloured spheres. The majority of the 11,000 AE events observed for these
intervals occurred during the periodic pumping after the frac-cycles. Inset shows location of the
Reiche Zeche research mine in Freiberg, Germany

controlling enhancement of hydraulic properties in strongly anisotropic rock mass
and their seismic response monitored with a combined network of AE sensors and
accelerometers. The integrated analysis of seismic fingerprints and the alterations
of the network of hydraulic conduits associated with hydraulic stimulations aims
to provide diagnostic criteria for their success, as well as to provide guidelines for
reduction of associated seismic hazard. The integrated approach comprises extensive
injection operations including fracking-refracking-periodic pumping tests, real-time
AEmonitoring, active ultrasonic transmissionmeasurements, validation (mine-back)
drilling into stimulated volumes, laboratory experiments on samples, 3D-numerical
stress modelling, and geomechanical simulations. In 2020 and 2021 new stimulation
and AE monitoring campaings were performed within STIMTEC-X project.

The project targeted a volume of about 60 m × 30 m × 30 m of strongly foli-
atedmetamorphic gneiss. This volumewas crosscut bymultiple small-scale open and
healed fractures and threemajor, steeply-dipping, northeast-southwest trending shear
zones. The foliation was found to be sub-horizontal and causing significant elastic
wave anisotropy (with P-wave velocity of 5,300 m/s perpendicular to 5,900 m/s
parallel to foliation direction), as revealed by in-situ ultrasonic transmissionmeasure-
ments. This results were validated by laboratory experiments on rock samples. It
was found that the implementation of an anisotropic velocity model significantly
improved the quality of absolute locations of AE events.
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The first stage of the project included 10 stimulation intervals along the 63 m
long injection borehole (Fig. 29). Hydraulic injectivity/interference testing were
performed before and after the stimulation, in particular exploiting the three
mine-back validation boreholes. The validation stage also comprised further stress
measurements and re-stimulation of four intervals. The total injected volume per
interval was 15–25 l during the frac and refrac stages and up to 500 l during the subse-
quent step-rate tests and periodic-pumping (with periods of 60–800 s), amounting
to about 10 m3 of injected fluid volume in total. More than 11,000 high frequency
AE events with source sizes on the cm-to-dm scale accompanied the stimulation at
the three shallowest injection intervals and less than 10 AE events were observed for
each of the three intermediate-depth stimulation intervals. Finally, noAE activitywas
recorded for the deepest stimulation intervals, where the rock mass was highly frac-
tured. The follow up campaign performed within STIMTEC-X project used spatially
re-arranged AE sensors network to improve the detection conditions for deep stim-
ulation intervals. The results show that the observed dramatic differences in AE
activity can not be simply explained by reduced capabilities of the network to detect
very small events at the deeper intervals, but suggest that even at m-scale the seismic
response of he rock mass to injection may be fundamentally different, with strongly
varying partitioning of hydraulic strain energy into seismic and aseismic processes.

Whenever the seismicity was observed in the wake of fluid injection, its occur-
rence exhibited close correlation with pumping activity, in space and time. It was
particularly noticeable that even slight periodic variations in injection pressure (or
flow rate) led to according periodic variations in seismic activity, suggesting direct
hydro-mechanical coupling can be responsible for stress redistribution leading to
seismicity, in a similar extent as fluid-pressure diffusion.

In addition, the STIMTEC project attempts to establish a procedure for in-
situ calibration of AE sensors to absolute ground motions. Ultrasonic transmission
signals from stimulation borehole, and center-punch hits performed along tunnels
surrounding the project site were used to assess the sensitivity of AE sensors at
different seismic ray incidence angles [63, 194]. The center-punch device was used
to calibrate AE sensors to actual ground motions by extending the methodology
proposed by McLaskey et al. [87].

Bedretto Underground Laboratory for Geosciences, Switzerland. In 2019 the
Bedretto Underground Laboratory for Geoenergies was opened by ETH Zurich, in
order to bring stimulation experiments to the next level [89]. The 5 km long tunnel,
build during the excavation of the Furka base tunnel, is located in the Bedretto
Valley, Tessino/Switzerland in the Rotondo Granite and comes with 1,000 m plus
overburden rock mass, for this reason providing a setting that is more similar to
typical deep reservoirs than previous stimulation experiments. The tunnel has been
retrofitted with a new access road, power supply, ventilation, IT-infrastructure and
an external laboratory. In 2020 and 2021 the BULG will host a series of stimulation
experiments with a maximum injection volume of 100 m3 that are located in 400 m
long boreholes. At the moment an extensive rock characterization phase is ongoing.
A multi-sensor monitoring network, including a 92 channel in-situ AE monitoring
system is installedwithin the reservoir.Different to all previous in-situAEmonitoring
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systems the monitoring system designed in Bedretto incorporates a broad diversity
of rock monitoring sensors installed within the same borehole as the AE sensors
including geophones and accelerometers, fibre-optic bragg grating sensors, fibre
optic single mode and multi-mode cables for temperature and strain measurements
as well as pore pressure sensors.

Frac Sonde. In order to find the orientation of the minimum principal stress the
fracture orientation has to be measured. Usually, for this purpose AE sensors are
positioned in separate boreholes around the central borehole where the hydraulic
fracturing takes place. A different approach was presented by Manthei et al. [50].
Here a borehole tool was developed which is able to do the same job utilizing only
one borehole. The borehole tool was mainly applied in underground waste disposal
research projects where knowledge about the stress state in rock was needed to
characterize strength, tightness, and deformation behaviour of the host rock which
has to isolate hazardous radioactive or chemical wastes from the biosphere for a
long time. The borehole tool includes the hydraulic pressurization unit with the AE
sensors. Due to the same distance between injection interval and sensor arrays the
sensitivity of AE registration is always the same independent of the borehole depth.
It is possible to trace back the realistic fracture propagation in distances up to 20
times of the borehole diameter. Other expensive inspection methods are not needed.

Figure 30 (right-hand side at top) schematically shows the borehole tool [50].
It consists of two parts—the hydraulic pressurization unit in the middle and two
AE sensor arrays at both ends. It is applicable to borehole diameters between 98
and 104 mm. The overall length of the borehole tool is about 2 m. Each sensor
array includes four AE sensors in a cross-section perpendicular to the borehole axis.
The distance between the AE arrays is approximately 1.5 m. The AE sensors with
integrated preamplifiers are placed in a common housing which is attached to the
pressurization unit. The whole tool is pressed pneumatically against the borehole
wall.

Figure 30 gives an overview on the hydraulic fracturing tests in the salt mine
Bernburg performed in a 15 m long horizontal borehole at depths of 2, 4, 7, and
10.4 m. The location of the sensor arrays and the injection interval is indicated by
means of circles and rectangles, respectively. The y-axis is parallel to the injection
well. Approximately 15,000 located events are shown in a top view (left-hand side)
and in a lateral view (right-hand side at bottom). 11,216 of these events could be
localized during the fracturing test in 2 and 4 m borehole depths. In larger borehole
depths 3,696 events were located in spite of the fact that the same oil volume was
injected. This observation may be explained by larger deviatoric stresses close to the
contour of a gallery. The extension of the fractures is nearly independent of borehole
depth. In the fracturing test in 4 m borehole depth more than 5,100 AE events could
be located outlining a plane fracture. The fracture initiated in the middle of the
injection interval and propagated in radial direction transverse to the injection well.
Most events are located at the crack tip. This is due to the fact that during fast
crack propagation at the beginning of each fracture phase AE events are emitted so
frequently that they overlap each other and, therefore, cannot be located, i.e. in this
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Fig. 30 Right-hand side at top: hydraulic fracturing tool (schematically; Manthei et al. [50]). Left-
hand side: located AE events of a hydraulic fracturing series at the 500-m level of the salt mine
Bernburg in projection to two coordinate planes. The location of the AE sensor arrays and the
injection interval is indicated by means of circles and rectangles, respectively. The y axis is parallel
to the injectionwell [50]. Right-hand side at bottom: LocatedAE events of a hydraulic fracturing test
in 4 m borehole depth (black arrow) in projection to the rotated coordinate planes and perspective
view [50]

experiment due to trigger mode recording the catalog is incomplete at frac initiation
and a significant number of events is missed.

Generally, the borehole tool is applicable in all rocks which show spontaneous
and fast crack formation. Difficulties will occur in layered or multiply jointed rocks,
because such rock types show a high attenuation and strong absorption of the elastic
waves. On the other hand, hydraulic fracturing measurements deliver valuable data
like absolute magnitude and orientation of the minimum principal stress for the vali-
dation of structural models which are used to calculate the geomechanical evolution
of the long-term stability of mines. Further promising applications relate to tunnel
excavation in rock and to the construction of geotechnical barriers like dams.

3.4 In-situ Acoustic Emission Monitoring in Soft Rock

Recording high-frequency seismic waves in soft rock is challenging, because
frequencies f > 1 kHz are damped strongly and AE events become non-detectable
within meters from their hypocenters. Furthermore, argillaceous rocks are normally
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elastically anisotropic, which introduces additional challenges in interpreting the
signals. However, monitoring of soft rock is of interest for science and society, as
e.g. clay formations are one of the three rock types suitable for the long-term storage
of nuclear waste and are studied accordingly extensively. We present in this chapter
the study fromLeGonidec et al. [75] studying the formation of the excavation damage
zone during gallery drilling in the Clay formation of the Mont Terri Underground
Laboratory, because this study demonstrates the potentials and spatial limitations of
in-situ AE monitoring in soft rock.

Mont Terri Underground Rock Laboratory, Switzerland. The Mont Terri
Underground Rock Laboratory is located in the Mesozoic shale formation (Opalinus
Clays) of the Mont Terri asymmetric anticline in the Jura/Switzerland. Le Gonidec
et al. [75] report on the results of In-situ AE monitoring within the EZ-G08 exper-
iment that investigated the potential of non-destructive monitoring of the integrity
of the rock barrier. The experiment exploits the excavation of the new Gallery Ga08
(horizontal axis 4 m, vertical axis 5 m) inMont Terri that connects orthogonally to an
already existing gallery Ga04, a situation that allowsmonitoring ahead of the excava-
tion face. The project aims at characterization of the excavation damage zone (EDZ),
in terms of extent, fracturing and hydro-mechanical properties, which ultimately is
a necessary step in order to assess the self-sealing capacity of a waste disposal vault
in a shale formation.

The experiment investigates three different geophysical survey techniques: active
seismic surveying using an ultrasonic source (dominant frequency 33 kHz), in-situ
AE monitoring and geoelectrics. For the active and passive seismic monitoring two
independent monitoring systems are installed in nine (sub) horizontal boreholes
drilled from the end-face of Gallery Ga04, as shown in Fig. 31. Passive recording
of AE activity was realized by 4 AE sensors manufactured by Physical Acoustics
(Type R0.45UC, bandwidth 2–60 kHz) placed in four monitoring boreholes at 3.5 to
6.5 m distance to the tunnel excavation. Proper coupling of the sensors was ensured
by using an inflatable membrane to push the sensor to the naked borehole side wall.
The authors point out that smoothing the borehole wall was important to achieve
decent coupling. Data was recorded on a 16-channel monitoring system (500 kHz
sampling frequency, 12 bit), recording 4 ms time windows.

The results of the active seismic survey gave in-depth information on the internal
rock properties of the rock volume sampled: P-wave velocity ranged between
3,300 m/s along the bedding plane and 2,700 m/s at 70° incidence relative to the
bedding. The S wave was measured along one single raypath only and equaled
1,560 m/s at 30° incidence relative to the bedding plane. The results indicate
anisotropy correlated to the bedding structures that serve accordingly as a frequency
filter.

In-situ AE monitoring recorded in addition to noise and work related transient
events a total of 1,880 seismic events in the time period 10 to 12 July, when Gallery
Ga08 approached from 11.2 m distance to 8.1 m distance to Gallery Ga04. After-
wards the excavation was stopped, but the seismic activity continued until 16 July
(247 located seismic events). Due to the soft rock environment the recording of
useful seismic signals was significantly limited. Seismic events were recorded from
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Fig. 31 AE activity
observed in Opalinus Clay
correlated to tunnel
excavation. Seismic events
are shown as red dots,
far-field AE sensors as black
triangles, boreholes as brown
lines. The seismic activity of
the time period 12 July 2008,
12 a.m. to 21 July 2008, 12
am after excavation stop is
shown. The activity
concentrates approximately
1.5 m from the excavation
face and on a pre-existing
fault. Note the short
source-receiver distances
necessary for the
observation, owing to the
significant damping in soft
rock. Figure modified after
Le Gonidec et al. [75]
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a maximum distance of 6.5 m, but good signal-to-noise ratios were associated with
travel distances of 0.3–1.5 m from source to receiver. During excavation the AE
activity clustered near the excavation front outlining the rock disturbance introduced
by the excavation and migrating with time according to the excavation progress. This
demonstrates that passive AE monitoring can be used as a tool for monitoring the
temporal and spatial evolution of the excavation damage zone. However, discrimi-
nation between noise events directly due to the excavation works and seismic events
due to the shale formation damage remained difficult. The authors speculate that the
activity corresponds first to crack initiation in tensile failure mode and involves than
by growth and interaction of such micro-cracks towards macroscopic shear failure.

Picoseismic activity after excavation stop concentrated on the one hand sidewithin
1.5 m from the excavation face and on the other hand on a major SE-dipping fault
(located approximately 5 m away from Gallery 4 and 3 m away from the final
excavation face), that was mapped after Gallery Ga08 was finalized. The author
postulate that the fault was reactivated by the excavation process in accommodating
the stress changes due to the excavation, an effect which appears to bemore important
than that of the EDZ formation.
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4 Concluding Remarks

In conclusion, this chapter summarizes the capability of in-situ AE monitoring on
the results of monitoring projects in mines worldwide. It is shown that the in-situ AE
method is capable of detecting microcracking, in high resolution and low magnitude
of completenesswhich is caused by very small deformation processes. The in-situAE
monitoring provides detailed insights into the ongoing deformation processes within
the rock volume that is not accessible for geotechnical assessment methods. These
measurements provides not only the information on structural health of the rock
mass, but helps to understand the physics of rupture nucleation and propagation. The
AE in-situ monitoring in mines provides valuable insights into earthquake physics,
closing the observational gap between laboratoratory experiments and larger scales.

In contrast to in-situ AE monitoring, microseismic monitoring is used to measure
large-scale deformations in mines, which may cause rock bursts or roof falls. Due
to limitations in frequency range and sensitivity, microseismic networks are not able
to detect microcracks. Compared to microseismic monitoring or active tomography
surveys, in-situ AE monitoring is more sensitive; i.e. damage processes are detected
in an early stage often before macroscopically visible damage occurs.

The presented case studies demonstrate that monitoring of larger rock volumes
with in-situ AE measurements is possible in various rock types. Detections of AE
events fromdistances greater than 100m is possible in rockwith lowwave attenuation
like salt rock or some hard rocks. In this case, rock volumes far away from the AE
network can be monitored Thus in-situ AE monitoring is capable of detecting zones
of instability in mines away from structures, which can be important input when
designing exploration geometries or understanding damage long before macroscopic
damage becomes visible.

Real-time processing gives direct information on the temporal-spatial evolution
of AE events, outlining processes such as clustering, migration of AE activity or
aftershock sequences of microseismic events. Recent advances in computer storage
capacity and speed allow recording of continuous data streams with 1MHz sampling
in addition to trigger mode recording, which makes the application of advanced
post-processing techniques possible.

Significant future advancements in AE technology in mines will likely take
place through multidisciplinary research efforts that include areas such as structural
dynamics, signal processing, sensor characterization and development, computer
hardware, data telemetry and automated evaluation methods with pattern recogni-
tion, as well as other areas that have yet to be defined. The current topics in the field
of self-learning systems which are definitely relevant for in-situ AE monitoring are
currently not used enough.
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