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Abstract

Stress redistributions around large underground excavations such as coal mines may
lead to failure of the surrounding rock mass. Some of these failure processes were
recorded as seismic events. In this paper the different failure processes such as rock
mass failure or the reactivation of faults are delineated from the seismic records. These
are substantiated by rock mechanical analyses including laboratory strength tests on
coal measure rocks obtained from underground drilling. Additionally, shear tests on dis-
continuities in coal measure rocks (slickensides in shale and rough sandstone joints)
were conducted to grasp the possible variation of strength properties of faults. Nu-
merical modeling was employed to evaluate the state of stress at the locations where
seismic events did occur.

1 Introduction

The strength of shallow crustal strata (< 3 km depth) is of immediate interest for surface
structures as well as for underground civil and mining applications. Recently, alternative
energy production such as heat mining by the hot dry rock method or unconventional
gas (shale gas, coal bed methane or tight gas) calls for the knowledge of strength con-
straints for shallow crustal rock masses. There is little direct information from full scale
experimental approaches on estimates of rock mass strength. Large scale test to fail-
ure involve coal pillars of volume 436 m® (Wang et al., 1977) and 0.8 m® (van Heerden,
1975), respectively. Iron ore specimen of 1 m”~ were tested e.g. by Jahns (1966). For
nuclear waste repository at the Hanfort site Hustrulid (1983) described testing on 8 m?
Basalt and at the Aspd Pillar Experiment in Sweden appox. 11 m? of granite were ther-
mally stressed (Andersson, 2007). However the latter tests were performed on rather
intact rock volumes to evaluate spalling problems. For estimating the shear strength
of a weak bedding plane in coal measure rocks Baczinsky (2000) reported about two
tests involving shear planes of sizes 150 m? and 270 m?.
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Typically in situ rock mass strength is scaled from laboratory strength test via some
empirical failure criteria (Edelbro, 2003). The strength of natural faults is often approx-
imated with Byerlee’s law (Byerlee, 1978) which assumes a friction angle ¢ of 40° for
normal stresses on planes oy < 200 MPa and ¢ of 30° for oy > 200 MPa, respectively.
However, for shallow strata down to a depth of 5 km the maximum normal stresses oy
typically are below 150 MPa. In this range of normal stresses the data of Byerlee (cf.
Byerlee, 1978, Figs. 3 and 4) vary considerably.

Mining operations reach nowadays depths of app. 3km. In the case of coal mines
the typically flat or slightly inclined tabular resources are mined out by the longwall
method. With this method severe stress redistributions follow the resource extraction
as schematically shown in Fig. 1 (Whittaker, 1974). The abutment stresses may lead
to the failure of rock mass around the longwall face and/or cause slip of existing faults.
Either failure or slip leads to mining-induced seismic events. If a seismic network exists
then the processing of seismic events (i.e. location of events and focal analyses) allow
rock mechanical investigations with the goal of constraining the failure processes and
the strength of the rock mass or faults, respectively. For this purpose seismic events
of local magnitude M, > 0.6 were analyzed. The associated area of failure is in the
order of 20m? or larger. In the course of the collaborative resource center CRC 526
“Rheology of the Earth” the mining induced seismic events from two coal mines were
analyzed with the goal of indentifying failure mechanisms, the stresses leading to those
failures and to finally estimate the strength constraints.

2 Locations and geology of the mines

Mine A is located in the German Ruhr mining district. There are some special fea-
tures about the coal mining operations in the Ruhr area which may be summarized
as follows: the depth of mining is currently around 1100m and the in situ stresses
at depth are in the order of 30—40 MPa. The coal measure rocks in the Ruhr min-
ing district are very strong. The strata are jointed, faulted and folded. The faults are
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systematically oriented with respect to the variscan folding axes. There exist many
old workings in close proximity to the current ones, leading to significant stress con-
centrations at gob/solid boundaries. Figure 2 shows an aerial view of the longwalls
under consideration along with locations of the seismic stations and the orientation of
the horizontal stresses. Details on the seismic stations at Mine A are given by Alber
et al. (2009).

Mine B is located in the German Saar mining district. The SW-NE striking Saar-
Nahe-Basin in SW-Germany is one of the largest permo-carboniferous basins in the
internal zone of the Variscides. The structural style within the basin is characterized
by normal faults parallel to the basin axis and orthogonal transfer fault zones. At the
mine scale the strata are dipping gently to N/NE with some 15°. The longwalls are in
virgin rock mass with no previous mining operations as shown in Fig. 3. Details on the
seismic stations at Mine B are given by Fritschen (2010).

The strata comprise similar rock types as in Mine A, i.e. mainly sandstone and silt-
stone, but are slightly weaker. The basic geological and geotechnical data is summa-
rized in Table 1.

3 Mining induced seismic events
3.1 Mining induced seismic events while developing the tunnels

In both mines seismic events were record while driving the tunnels of dimensions 5m x
5m surrounding the future longwall operations. The events were assumed at coal seam
level and minor damage to the walls of the tunnels was visible. Figure 4a show the
locations and the temporal evolution of events in Mine A.

Both, strength failure of the rock mass or fault reactivation could have been the rea-
son for the events. The local seismological network in Mine A allowed for fault plane
solutions (Fig. 4b). The assumed fault planes strike N-S or NE-SW with common dips
of approximate 60° towards W and are in accordance with the local tectonic features.
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The strength of the coal and coal measure rock mass in this stress situation is given in
Fig. 5.

Evidently, even the weakest coal measure strata are strong enough and are unlikely
to fail. Normal and shear stresses on planes oriented as suggested from focal analyses
were calculated for the locations of the seismic events (cf. Fig. 4b). Figure 6 shows
those stresses and the required frictional strength (mob ¢) for the fault to remain stable.
The respective friction angles of mob ¢ = 18° and 8° are quite low.

The seismic network in Mine B was not yet fully developed so that no focal analyses
were possible. In Fig. 7 the major and minor principal stresses at depth are given.
The typical rock mass strength around the seam at Mine B is well above the stresses
and no failure of the rock mass is anticipated. In order to produce failure in the vicinity
of the tunnel a suitably oriented fault of with a frictional strength of not more than
@ = 20° is necessary. The insert the Figure shows the orientation of the stresses and
the most probable alignment of the fault planes (dotted lines), which are similar to
tectonic features at the mine (cf. Fig. 3).

3.2 Mining induced seismic events during longwall operations

In Mine A more than 6000 events were recorded during longwall operations (Bischoff
et al., 2010). The detailed rock mechanical analysis was presented earlier (Alber et al.,
2009). For the focus of this paper the situation of underminig a remnant pillar is used
for estimating the strength of rock mass or faults. The situation is shown in Fig. 8 where
the location of the seismic events as well as the outline of the pillar (approx. 60 m above
the coal seam) is also given. By mining the coal seam from SW the induced stresses
exceeded the strength of either the rock mass or a fault.

Figure 9 depicts the results of 3-D numerical modeling of the stresses. Here the ma-
jor and minor principal stresses o; and o3, the strength of the rock mass (estimated
by the Hoek—Brown parameter UCS = 128, mb = 0.88; s = 0.0055) and the mobilized
friction ¢ (mob @ = tan”" 7/0y) along a plane parallel to the pillar's W-side. The re-
sults suggest that rock mass failure took place in this situation as the major principal
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stresses are significantly higher than the rock mass strength o,5 and the minor prin-
cipal stresses are mainly tensile when approaching the pillar. The activated frictional
strength on a fault plane would be in the order of ¢ = 20-25°.

While extracting longwall Il (cf. Fig. 2) seismic events were recorded close to where
events have been localized from advancing the tunnel (Fig. 10 left). Focal analyses sug-
gest normal faulting on both, NW-SE and NW-SW oriented planes. Figure 10 (right)
shows the peak particle velocities (PPV) of the events. Again numerical modeling was
employed to evaluate the normal and shear stresses on planes oriented as indicated
from focal analyses.

These planes are in broad accordance with the strike of local tectonic features. The
seismic events took place well ahead of the face, up to approximately 50 to 100m in
front of the actual position of the longwall. Moreover, they were localized at the same
place were events were assumed when driving the tunnels two years earlier. Numeri-
cal modeling was employed to evaluate the strength of those distinct planes. Stresses
were evaluated over a distance of 400 m along a N-S trending line at across the tunnel
as shown in Fig. 10b. Figure 11 shows the normalized slip tendency NST = ttan@/oy.
Following the approach of Lisle and Srivasta (2004) 7 and oy are the shear and the nor-
mal stress on the respective plane orientation, which are here normalized to a generic
friction angle ¢ = 30° This normalized slip tendency ranges always between 0-1 and
allow for easy comparison of stressed planes. Figure 11a—d shows in the inserts the
respective orientations of the planes. For both lines of strike (NW-SE and NE-SW,
respectively) two dip directions were assumed. The differently colored lines depict the
distance of the longwall to the line of evaluation as shown in Fig. 10b. Numerical anal-
yses were carried out at 5 positions (330 m, 241 m, 88 m, 32m) east of the reference
point and at a westerly position (-23 m) of the longwall when it passed through.

For the NE-SW oriented planes the SE dipping structures (Fig. 11b) show higher slip
tendencies than the NW oriented structures. The highest demand on frictional strength
would occur when the longwall is approximately 88 m away (green line). For slip to
occur the friction angle should be in the order of 13°.
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For the NW-SE oriented planes the SW dipping structures show higher slip tenden-
cies compared to the NE dipping ones. The majority of the NW-SE striking faults in
the area of Mine A have exactly this dip direction. When the longwall is 32 m away the
normalized slip tendency is in the order of 0.5 to 0.6 which translates to a mobilized
friction angle of 16 to 19°.

In Mine B a series of severe mining induced events up to magnitude M, = 4.0 oc-
curred while excavation a double longwall. By creating a huge underground excavation
of 700 m width stresses were induced leading to the slip of faults some 300 above the
coal seam (Alber and Fritschen, 2011). Figure 12 shows the normalized slip tendency
on a plane 150°/80° (dipdirection/dip) 300 m above the longwalls.

The M = 4.0 event was localized at an area where the normalized slip tendency was
computed to be 0.6 which translates to a frictional strength of ¢ = 18°. It is noteworthy
that this 4.0 event took not place at the location of the highest slip tendency.

4 Constraints for the strength of the uppermost crust

The case studies involving mining induced seismic events demonstrate that the
strength of the uppermost crust depends to a high degree on the frictional proper-
ties of faults. Rock mass failure does often occur when tensile stresses are involved. It
was found from back-calculation that the frictional strength of the faults is in the order
of 16—20°, in one case as low as 8°. In the evaluated cases water pressure did not play
a role in fault strength as it was never encountered during mining. Even if present the
underground excavations would act like a sink and drain the rock mass.

Shear tests on discontinuities in coal measure rock on the laboratory scale have been
conducted on slickensides in shale and saw-cut sandstones. Friction angles range
from 25° for the saw-cut sandstone to 19° for the slickenside in shale as shown in
Fig. 13. It may be assumed that for in-situ conditions the friction angles are even lower
as for higher normal stresses the slope of the normal /shear stress curve gets typi-
cally smaller. This nonlinearity of shear strength is well established in rock mechanics
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(Patton, 1966; Barton, 1976). Moreover, when extrapolating shear strength from labo-
ratory test to the size of fault area the roughness as well as the strength of the fault
wall rock is thought to decrease (Bandis, 1990).

The sub-variscan rock mass in the area of Mine B has a typical fault pattern with
its dominating NW-SE striking normal faults (Fig. 14). The general state of stress is
estimated from hydraulic fracturing stress measurements and visualized in Fig. 15.

For any depth z>950m oy is oy and o}, is o3 leading to strike-slip faulting on fa-
vorably oriented planes. Sibson (1985) proposed a procedure to estimate the angle 6
between o, and a fault plane for slip as a function of the static friction angle @ (Fig. 16).
For a depth of 1500 m and the lower limit ¢ = 15°, as indicated from numerical mod-
eling above, any fault plane within 17° < 8 < 48° will slip. Any change of the state of
stress towards increasing oy or decreasing o}, will lead to slip on the fault.

5 Discussion

Our results show that faults may be reactivated by very small stress disturbances. Small
changes of the ratio o, /05 might trigger slip on already critically stresses planes (cf.
Fig. 16). However, as pointed out by Fritschen (2010), not all induced events in German
coal mines can be attributed to movements on preexisting faults. In the Ruhr area, most
recorded seismic events are directly connected with the advancing working faces and
show no evident connection to geological faults. Following Gibowicz and Kijko (1994),
these two broad types of induced seismic events are observed almost universally, i.e.
seismic events directly connected with mining operations, that is, associated with the
formation of fractures at stope faces, and seismic events associated with movement
on major geologic discontinuities. Whether a fault of low frictional strength exists in the
vicinity of an active working panel can be detected by analyzing seismic event locations
in relation to the working panel positions. If such a fault exists, then seismicity in greater
distance to the working panel or seismicity induced by the driving of tunnels should be
observed. The often observed absence of seismicity in greater distance to working
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panels suggests that not the whole uppermost crust but only a part of it is controlled
by the frictional strength of faults. The strength of these parts, however, cannot be
estimated by the frictional properties of faults given by Byerlee (1978).

The frictional properties of fault as given by Byerlee (1978) are considered being too
high as Byerlee used triaxial tests on fresh planes of failure for estimating their friction
angles. In the cases discussed here the concern is the friction of mature faults. From
the point of mining activities it is evident that resource extraction is closely related to, or
more pronounced, the cause for seismic events. Al-Saigh and Kuznir (1987) reported
about 812 “tremors” over a monitoring period of two years while longwall mining was
conducted at a depth of 900 m below surface. The alignment of the longwall close and
parallel to a fault was assumed to reactivate the fault. Donelly (2009) reviewed numer-
ous cases of fault activation caused by mining. Some important conclusions drawn by
Donelly (2009) are that faults are capable of several phases of reactivation and that
delayed activity in faults upon mining is rare. With the situation in Mine A the fault un-
der consideration has probably been activated by the previous 6 longwalls excavated
above. The notion that movement of the fault is immediate upon disturbance of the
state of stress by mining supports the approach that induced stresses may be resolved
on the plane under consideration and being used for estimating their frictional strength.

The back-calculated friction angles of the faults are in the order of 16-20°, in one
case as low as 8°. This is not too far of the estimates by Carena and Moder (2009)
who estimated from numerical modeling that most crustal faults in California are weak
with a friction angle of ¢ <12°. The application of the slip tendency method was
successfully used for estimating seismic events from stimulation tests at the GroB3-
Schonebeck geothermal project (Moek et al., 2009). It may be concluded that e.g. for
the area around Mine B the faults down to a depth of approximately 1500 m are crit-
ically stressed. The seismic event while driving the tunnels during mine development
was documented by a small displacement of the tunnel walls in horizontal direction
perpendicular to the direction of tunneling. Accordingly strike-slip faulting may be as-
sumed, which is in agreement with the state of stress at a depth of 1400 m (cf. Fig. 16).
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The strong seismic events while mining the double longwall occur at a depth of approx-
imately 1100m and were classified as normal faults from focal analyses. The stress
regime at that depth (o4 ~ oy > 0;,) as shown in Fig. 16 do not necessarily disagree
with the assumed normal faulting as stress rotations (Diederichs et al., 2004) take
place around the underground excavations.

In conclusion, the strength constraints of shallow crustal strata as derived from the
analyses of mining induced seismicity are mainly dominated by weak faults which
are unfavorably oriented to the local stress conditions. The frictional strength of the
faults under consideration are in the range of 8° < ¢ < 20°. Rock mass failure is not
likely to happen under typical in-situ stresses but possible under mining induced stress
changes.
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Table 1. Geological and geotechnical situation at the mines.

Feature Mine A Mine B

Depth of longwalls below surface 1100 m 1400m

oy/oy/on 29/39/18 MPa 34/43/21 MPa

Orientation of oy NW-SE, perpendicular to long axis of longwalls

Orientation of faults NNW-SSE/NE-SW NW-SE/NE-SW

Known faults in area of longwall ~ Yes (3 or more) No (1 assumed)

Longwall dimension (W x L) 350m x 1200m 700m x 2000m
(double longwall)

Previous mining Yes, multiple seam mining No

Rock mass quality RMR 50-90 60-80

Intact rock strength Siltstone: (20) 100 MPa Siltstone: 30—40 MPa

Sandstone: 120 MPa Sandstone: 60—80 MPa
Seismic stations 15 surface + 6 subsurface 23 surface + 3 subsurface
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Fig. 1. Abutment stresses around a longwall (Whittaker, 1980).
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Fig. 2. Aerial view of longwalls, orientation of horizontal stresses and stations (Mine A).
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Fig. 8. Location and temporal evolution of seismic events in mime A, longwall |. The coloured
lines denote the position of the longwall face by month. Stresses while undermining the remnant

pillar 60 m above the longwall were evaluated by numerical modelling.

NNW

757

Pillar

Mined out area

SSE

400 -

300 -

200

100 A

Stresses o, and o, (MPa)
Rock Mass Strength o, 4 (MPa)

-100

e

Oy

O3
O1s
—— mob ¢

- 60

- 50

- 40

F 30

- 20

r 10

Fig. 9. Principal stresses, rock mass strength and mobilized friction at the level of the under-

mined remnant pillar.

50

100 150

200

250

Distance along longwall face (m)

758

300

Mobilized friction angle mob ¢ (°)

along assumed fault 240°/74°

| uedeq uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq | Jaded uoissnosiq

| uedeq uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq | Jaded uoissnosiq



T

26000

a
o4 122008 i

25800

A
HR-DRES3

T o

102008

)4
25600 H2 1N

[=]

Northing (m)

25400 5

A
- HR-DEUT1
25000

21100
Easting (m)

20800
asting (m)

20600 21000

Fig. 10. (left panel) Location and focal analyses of the seismic events while excavating longwall
Il at Mine B. (right panel) Location and maximum peak particle velocites of the strengest seismic
events. Numerical analyses were executed for the various focal planes along the dashed line.
The lines with the roman numbers denote the position of the longwall face at the end of the
respective month.

759

07
— 330m
06 241m
- / 88 m -
] . — 32m )
= 054 Y 4 — 23m =
& / &
2 2
5 g
2 2
g 041 8
a a
@ @
5 03 o
a 13
N 8
T H
E 021 £
o o
=z z
01 —\) e
00 T T
0 50 10 150 200 250 300 350 400
Distance (m) Distance (m)
07
c) A
06 | e
— .
& ~Jj = ;
< 05 J =
2 e < 2
(] e o
2 2
5 04 g
o 2
@ @
03
3 B
T 313m -
E o2 241m £
b4 %! 8sm z
— 2m
0,1 -23m
00 . v -

400 ] 50 100 150 200

250

. T T T
150 200 250 300 350 300 350 400
Distance (m) Distance (m)

Fig. 11. Normalized slip tendencies along a 400 m long N-S line. The tunnel is at the center.
Slip tendencies were calculated for different distances of the longwall to the evaluation line.

(a and b) represent the NE-SW striking planes and (c and d) represent the NW-SE oriented
planes.
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Fig. 12. Normalized slip tendency (NST) of a steep dipping ENE-WSW oriented plane 300 m
above the double longwall (red boxes). The red star indicates the location of the M| = 4.0 event.
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Fig. 13. Frictional strength from laboratory tests on slickensides in shale and saw-cut sand-

stones from Mine B.
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Fig. 14. Geological map of the Saar basin with major faults (modified from Stollhofen, 1998).
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Fig. 15. State of in-situ stresses at Mine B from hydraulic fracturing stress measurements. The
major principal stress o, (red line) is at depth to 950 m oy, then changes to o,. The green line
indicates the intermediate principal stress o, (for depth 950 m an deeper) and the yellow line
the minor principal stress o5 = o, for all depths. The inserts (modified from Fossen, 2010) show
the possible fault mechanisms, i.e. normal faulting at shallow depth and strike slip at depth.
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Fig. 16. Application of Sibson’s (1985) approach to estimate the angle 8 between the major
horizontal stress, here oy, and a fault plane. Shown are isolines for different friction angles ¢
of faults in conjunction with the stress ratio 0, /05 as described in Fig. 15. At depths between
500 and 1000 m faults may fail with friction angle ¢ < 40° when suitably oriented. For depth
z > 1000 m faults may only slip if their friction angel ¢ < 20° and suitably oriented. For example,
a fault with @ = 15° may fail at Mine B only if the angle between oy, and the fault plane is
15°< 6 < 60°.
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