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ABSTRACT

Since the latter part of the last century several areas in North
Staffofdshire have experienced occasional series of earth tremors which
are khowﬁ locally as '‘goths' or "bumps'. In early 1975 a series of earth
tremors, culminating in a large tremor on the 15th July, shook the Trent
Yale-Hanford area in the south of Stoke-on-Trent where coal was being
extracted. The occurrence of earth tremors in areas where coal was being
mined suggested that the incidence of these earth tremors was associated
with mining operatfons in the coalfield.

‘To establish the causes and mechanisms of earth tremor generation,
a seismic network consisting of five vertical and two horizontal seismometers
was installed in the Stoke area in order to ]ocate'the hypocentres of the
seismi; events, The monitoring of seismic activity was carried out for two
vears (between September 1975 and September 1977).

Dr. N. J. Kusznir and Dr. G. K. Westbrook have studied the seismic
activity in the Trent Vale-Hanford area,in the southern part of the Ndrth
Staffordshire coalfield. |In this thesis the seismic activity in the northern
part of the coalfleid Is investigated.

During the seismic monitoring period, more than 300 seismic events
were recorded and found to have occurred in the northern part of the coal=
field. 98 of these were located. Only events recorded on four or five
seismometers were located. They had local magnitude values, ML’ ranging
between 0.1 and 2.5. The éluster of these seismic events coincides with
regions of active mine workings. The tremor hypocentres were found to
cluster in five areas: In three of these areas (areas A, C and D) seismic
activity occurred as a result.of the interactiop between the stress field
of the current workings and the stress fleld associated with the old mine
workings. In the other two areas (areas B and E) the seismic activity

3ppeared to be associated with sliding movements along pre-existing faults



due to the effects of mining operations. The depths of the tremor foci were
concentrated between 1;000 m below 0.D. and the surface, i.e. within the
depth range of the active mine workings. The accuracy.of the location was
estimated to be of about 500 m in plan and less than that in depth.

First motion analysis of seismic events enabled the mechanisms of
these events to be determined. Two types of seismic events with different
first motions were observed in the coalfield. The first group of tremors
showed both anaseismic and kataseismic first motions on seismometers. This
type of tremor is interpreted as occurring either as a result of sliding
movements along pre-existing faults, or due to failure in shear of the rocks
in pillars and ahead of the active faces. The second group of tremors pro=
duced kataseismic first-motlons on all seismometers. This type of tremor
is interpreted as having either an implosional source mechanism, and occurred
as a result of rock failures in compression (pressure bursts), or as having
a collapse source origin, and occurred mainly in goafs as a result of strata

collapse and roof caving.
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CHAPTER 1

CASE HISTORIES OF MINING INDUCED SEISMICITY

1.1 Introduction

Mining induced seismicity may be defined as ''the incidence of seismic
events caused by rock movements or failures resulting from changes in the
state of stress in the rock near mine excavation brought about by the
Presence of those excavations'. (Cook, 1976).

When an underground excavation is made the virgin state of stress in
the ground is disturbed, which results in stress concentratiohs in the
rocks surrounding the excavation. As the rock is subjected to pressures
approaching its strength limit, minor displacements or failures occur within
the rock mass which results in the emission of seismic pulses. |f the
stress exceeds the rock strength, the rock will fail. Sometimes the failure
occurs suddenly and explosively with rocks being ejected violently from the
face, roof and walls. The seismic waves generated from such failures can
pPropagate to the su;face and appear as earth tremors which can be felt by
local inhabitants. Many names have been used to describe the rock failures,
such as rock bursts, bumps, bounces and quakes. However, the term rock
burst Is mostly used.

The phenomenon of rock bursts has been assocliated with mines through-
Out the world. Some examples are discussed in this chapter. In many of
these case histories, fatilities, injuries and loss of production have
been reported as a result of rock bursts. Sometimes the tremors associated
With the rock bursts caused damage to property on the surface as well as

in the mines.



1.2 Mining induced seismicity in the Witwatersrand gold mines,
South Africa

Until 1908 it was generally considered that South Africa was seismi=~
cally quiet. However, in 1908, about twenty years after the beginhing of
gold mining in the Witwatersrand near Johannesburg, a series of‘lgcaf earth
tremors around Witwatersrand occurred. Since that time, the rock bursts In
Witwatersrand have constituted a serious problem in deep mining, often
becoming hazards to 1ife and property and also interrupting mining
Operations,

The geological succession of the goid field consists genera?ly of |
alternating bands of argillaceous and arenaceous sediments. TheAgold bear~
ing reef dips southward at about 40°, The mine working takes place at
depths of between 2 and 3 km.

The occurrence of tremors in the immediate vicinity of Witwatersrand
Suggested that they might be conneéted with the mining operations in the
area. Therefore in July 1910 a 200 kg Wiechert horizontal seismograph was
Installed at the Union Observatory, about 6.4 km north of the mining area,
in order to study thes; tremors.

From the selsmograph records, Wood (1914) concluded that the origin of
the Witwatersrand tremors was due to the slip of rock masses which had
become unstable as a consequence of the extraction of’large amounts of rock
and water from comparatively shallow mines. He suggeéted that the slipping
was probably more frequent near existing faults.

Cazalet (1920) analysed selsmic records obtained from the Wiechert
seismograph for the ten years from 1910 to 1919, He found a close correla-
tion between the mining activities and the occurrence of tremors. Two
distinctive features were noticea. The weekly distribution of tremors
showed that their maximum Incidence occurred during fhe working days, with

© @ peak on Thursday, while the daily distribution showed a peak at blasting

times,



Finsen (1950) made a statistical analysis for 29,669 tremors recorded
over a period from mid-1938 to 1949, He confirmed the observétions of
Cazalet, Stokes and Gane concerning the occurrence of the maximum number
of tremors during working days and with peaks during blasting times.

The relationship of the Witwatersrand tremors and mining was first
clearly established by Gane et al. (1946) by means of five seismographs
deployed on the surface around the mining area. They studied the tremors
particularly to determine their hypocentres. The observations were made
between March and August 1939. During this time 271 tremors were located.
They found that most of the tremors were located in areas mined within the
last decade at an average depth of 1.64 km. The authors concluded that the
tremors originated within mining areas. The energy released by the largest
tremor was estimated to be of the order of 1011 joules. Any suggéétion
thét the tremors were caused by minor incidents such as the fall of the
rocks in the mines can be cbnsequently rejected. Gane suggested that
fracture and mass displacement on a much Iérger scale might be needed to
liberate such an amount of energy.

An electronic sei;mic recording system was built for the purpose of
studying the Witwatersrand tremors more precisely. Gane et al. (19%9)
described in détail this equipment which consisted of six seismometers
distributed In and around thé mining areas. Gane et al. (1952) used six
.vertical electromagnetic seismographs placed over a single mine, and all
within 0.5 knm diameter, in order to accurately Investigate the association
between earth tremors and mining. In particular, they wished to determine
Whether or not the eartg tremors could occur at considerable depths below
the level of the mine. About 100 tremors were recorded and located between
July and August 1950. They found that most of the tremor foci were con~
Centrated adjacent to and slightly above the wofklng level. The foci had

an aVerage depth of about 2.3 km. Again, this indicated a close relationship



between the tremors and the mine workings. Some tremors were located in
the old workings, probably as a result of collapses taking place in the
old workings as a consequence of mine stabilization.

Cook (1962) investigated the seismic activity, in particular to
determine the energy released by the rock failures. The investigations
were conducted in a longwall shaft which had a consistent history of rock
bursts. Eight vertical and horizontal seismometers were installed at the
end of holes drilled from the excavation into solid rock. Seismic veloci-
ties nécessary for tremor locations were obtained by detonated explosions
at known pofnts along the face. Location of the foci was carried_out
graphically by using a string model. The accuracy of the location was
checked by comparing the actual co-ordinates of the blasting shots and their
computed co-ordinates. VHe claimed an accuracy of + 5 m. During the monitor=
ing period from January to June 1961, a total of 187 tremors, each radiating
energy in excess of 1.4 x IOSJ,were located. The largest tremors were
Fecorded at Pretoria, about 61 km away. In the same region, and during the
Same period, only seven'rock bursts were reported. All the reported rock

5

bursts radiated energy In excess of 1.4 x 10° J. Cook, therefore, concluded

that not all the events which radiated energy in excess of 1.4 x 105 J

Caused damage to the workings. Cook found that the majority of the foci

were located close to the faces which were being worked, and that the pattern
Of seismicity followed the advancing face very closely. This was clear
evidence for the assoclaffon of tremors with mining operations, particularly
to blasting. The daily distribution of the seismic events and energy release
showed that an increase in the number of bursts and energy release occurred
at blasting times. It was also noticed that there was a tendency‘for a
series of small rock bursts to occur following a major one. Cook suggested
that this may Indicate that a large burst redistributes the stresses in the

mine, consequently causing other tremors.



A statistical study of the rock bursts by Pretorius (1964) confirmed

“that most of the rock bursts occurred shortly after blasting.

1.3 Mining induced seismicity in the U.S.A.

Since 1899, when coal mines were first opened in the Sunnyside area
of Utah, rock bursts have occurred and have been a serious threat to life
and Properfy. In 1958 the U.S. Geological Survey commenced investigations
in the mines to determine the relationship between geological features and
coal mine rock bursts (Dunrud and Osterwald, 1965). The Sunnyside area is
located along the Book Cliffs of the Northern Colorado Plateau, about 40 km
east of Price; Utah. The plateau is about 2 km above sea level. The depth
of the mine workinés extend up to about 0.76 km below the surface. The
beds dip gently eastward and north-eaﬁtward at 5°~15°V(Osterwald and Dunrud,
1966). Two sets of steeply dipping faults trending approximately north-
northwest and east-northeast occur [n the area.

In 1962, a seismic network was installed to detect the séismic'activity
in the Book Cl1iffs Coalf!eld nearvSunnyside. A violent and spontaneous
release of coal and rockxfrom faces, ribs and réofs was a common hazard
(Dunrud and Osterwald, 1965; Osterwald and Dunrud, 1966). The network con-
sisted of six seismometers. 50,000 tremors Qere recorded in tHe>district
between 1963 and 1966. Seasonal as well as dally patterns for tremor
OCcurrence were noticed. Seasonal maxima occurred in November, Deéember,
May and June. They seemed to be related more to unknown natural causes
than to mining. Daily maxima occurred every 5-9 days, and these appeared
to be related to the rate of mining. Most of the large tremors occurred
during the seasonal maxfma when the daily tremor rate suddenly decreased.
Some of the large tremors reached a magnitude of 4 on the Richter scale,
and their foci lay within a few hundred feet of the mining level. This
Indicated that large amounts of energy were beiné released neaf the mining

level, Many sources of large tremors were located near faults or fault



intersections. Some of them were located near faults in unmined areas.

This may indicate spontaneous stress releases during local slippage along
these faults, where the stress may be caused by mining activity or by
tectonics or both., Therefore, the authors concluded that the danger from
large tremor and mine stability problems are greater in areas near to faults
than in other areas where no faults exist.

Barnes et al. (1969) noted that during 1967 more than 50,000 tremors
were recorded by the seismic network near Sunnyside. 540 tremors were of
SUfficient magnitude to be accurately located. Again he found that most of
the tremors were located near faults or fault intersections. The majority
of treﬁor epicentres were located within less than 5 km of the mine workings,
while the depth of the tremor foci ranged between 0.3 - 3.0km below the
level of the mine. It has also been noticed that in the southern part of
the district (near Geneva mine), many of the large tremors occurred at
greater depths than those at the northern part of the district. This may
Be due to one or two of the following reasons:

1. The Sunnysldeifault zone intersects a graben at the north

edge of the Geﬁeva mine.

2.  The presence of a subsurface fault in the southern part

of the mining area.

The unexpected high seismic activity in the Sunnyside district posed
two questions:

1. Does the seismic activity occur at Sunnyside alone or does

simllar activity occur in other adjacent areas?

2, Is the seismic.éctivity at Sunnyside due to mining or due

to the geological structure, particularlx the faults present
in the district?

To answer these questions, Osterwald et al. (1971) carried out two

€xperiments to study the mining induced seismicity In two different areas,



particularly in order to correlate them with the seismic activity at
Sunnyside mines. The two areas are in the Gentry Mountains 60 km west of
Sunnyside, and in the Little Park Wash, 24 km south of Sunnyside. During
the experiments a seismic netwofk consisting of six portable vertical
seismometers was installed in the area to be studied. The monitoring was
conducted for about two weeks in each area. In the Gentry Mountain area,
37 tremors were located. Most of the tremors were located withfn or near
the mining area. Some tremors were focated along the major north trending
faults west of the mining area. These tremors probably result from release
of stress concentrated along the faults. At Little Park Wash, 70 tremors
were recorded. Most of the tremors were located in or near the southern
Part of the Geneva mine at a depth of about 900 m below the mining level and
within 2.13 km laterally of the active mining area. No tremor was observed
within or near a major west-northwest faulted zone. This zone is 6.4 km
wide, and located at about 8 km to the south of the mining area.

Finally, Osterwald concluded that the seismic activity in the Sunnyside
district s not unique inithe area., He also found that faults are sources
of many earthquakes but aré not the main causes of earth tremors. The main
Cause Is the removal of large amounts of coal which caused stress concentra-
tions in many parts of the mine. The stress concentrations may extend
hundreds of metres below the mining level and laterally as far as 3 km away
from the active mining areas.

Smith et al, (1974) carried out a detailed micro-seismic survey for
33 days in 1970 in the Geneva and Columbia mines. These mines are situated
In the northern part of thé'Sunnyside area. The aim of the survey was to
determine the relationship between -the submine tremors and the induced
mechanism produced by mining activity. The monitoring network consisted of
Ehfee vertical fixed seismometers arranged in a tripartite array with a

Fadius of about 0.5 km. Another three portable vertical seismographs were



distributed near the centre of the area in a triangular array with an
average radius of about 5 km. Seismic activity averaged several hundred
events per day with magnitudes between -0.5 to + 2.8. About 272 hypocentres
were located, of which 85 were accurate. Most of the tremors were located
beneath one area in which pillar and barrier removal was being conducted.
Foci of the events weré concentrated between 0.5 and 1.5 km below the active
mining area. No definite evidence indicated the association of seismic
‘activity with any surface or subsurface faults. The fault-plane solutions
obtained from the first motion of P-waves suggested a possible relationship
between the stress producing the submine tremors and those 5tresses which
Produced the thrust faulting and folding of the San Rafael Swell. This

indicated that the maximum principal stress o, was nearly horizontal. When

1
the Pillars and barriers were removed the minor and vertical principal
Stress 03 was reduced further, while o remained constant. It is believed
that this would cause the generation of earth tremors near the zones of
Stress redistribution beneath the area of pillar removal and may account for
the concentrated ;eismic attivlty beneath the Geneva mine.

In the Somerset Coalmine, Colorado, coal mine bursts were a hazard.
Osterwald et al. (1972) conducted an experiment in September 1969 to study
the seismic activity in the mine, in particular to determine the effect of
8 nuclear explosion, which was going to be detonated 65 km NW of Somerset,
On the occurrence of tremors in the mine. Seven portable vertical seismo-
graphs were deployed around the mine. There was also one fixed seismograph
directly above the ‘mine. The observation was continued for two weeks.

_During this time the portable seismographs recorded 38 tremors, of which
13 could be located. In the same period the fixed seismograph recorded 517
tremors., Most of the tremors were located under the actively mined areas

Or beneath the intersection of steeply dipping coal seams with several

Clastic dykes in the southern part of the mine. This was probably due to



the unequal redistribution éf stress in the intersection zones as a result
of mining. This stress was réleased as tremors during the mining progress.

Osterwald found no changes in the total number of tremors occurring
per day after the nuclear explosion. However, the maximum number of large
tremors per day increased. |

Hardy'and M;wrey (1976) carried out micro-seismic studies associated
with a longwall coal mining operation in Central Pennsylvania. In parti-
cular, they hoped to locate zones of instability around mine workings.
Seven geophonés were installed at the surface over the active panel. The
observations were carried out for six months in 1974, During this period
the longwall face advanced about 244 m at 183 m below the surface. In the
Same period several hundred seismic events weré recorded. Only seismic
events recorded on f!ve.or more geophones were located. The micro-seismic
events were located firstly by using an isotropic seismic velocity model.
It was found that the majority of events were located within 61 m ahead of
the face. The same events were located again using an anisotropic seismic
velocity model. ?ln this case the events were clustered along the actual
longwall face, most of them lying within + 18 m‘of the face poéifion. Most
of the foci were within a + 30 m depth of the coal seam. Many of the
Selsmic‘events generated in the vicinity of the coal seam were due to frac-
turing of the immediate roof and crushing of the coal. Some events possibly
Occurred below the panel due to elastic rebound df the temporarily un]oéded
floor area.- Micro-seismic activity also appeared in one of the tailgate
Pillars. These pillars normally become highly stressed as the face passes
and In many mines are badly damaged.

A good correlatioh wés noticed between the occurrence of micro-seismic
events and actual underground mining activity. It was noticed that the
;f'equency of events reduced dramat!cally‘during shift changes. The sub-

seql-lent rapid increase In micro-seismic activity occurred about 20 minutes
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after the beginning of the next shift. A general increase in micro-seismic

activity associated with underground blasts was also observed.

1.4  Mining Induced seismicity in the U.S.S.R.

In the U.S.S.R. the extractlon of coal from great depths has been
carried out particularly in the Donets Coal Basin. The coal is gxtracted
from a depth exceeding 500 m from more than 100 mines. Some new mines are
now under construction at depths of 1200-1500 m.

In the 1940's rock bursts were first encountered in the U.S.S.R. in
the kfzelovsk coalfield. After that they occurred in the Kuznetsk, Donets,
Shurab, and Suchan coalfields. 425 réported rock bursts occurred in these
fields from 1943 to 1962 (Avershin and Petukhov, 1964). In the Donbass
coalfield 454 rock bursts were recorded between 1946 to 1960 (Mirer, 1966) .
In 1952 work was started in the U.S.S.R. to develop seismo-acoustic equip-
ment and methods to study the coal seams during mining at great depths
(Antsyferov, 1966). The object was to find reliable warning signs of
imminént rock bursts and to fiﬁd ways of combating them.

In the steep‘seams of the Donbass coalmine, it was noticed that a
"sagging roof" occurred after 15-20 days at normal production rates. The
sagging 1s preceded by a sharp increase in the noise level with up to 60-
100 pulses/hour or more, while the normal background level is 5-20 pulses/
hour. Kagan and Lavrov (1966) carried out seismo-acoustic investigations
in the Yunkom pit (Central Donbass coalmine) using three geophones installed
at a depth 6f 2-3 m in the coal seam. They found that the seismic noises
were located at a &istance of up to 16 m ahead of the face. However, most
of the seismic noises were located within 2=10 m of the face.

Long-term observation of the seismo-acoustic activities for seams
prone to rock bursts showed that some sections of the seam have higher hoise
levels than others (lvanov, 1966). This may suggest that the occurrence of

rock bursts in worked coal seams can be characterized into zones.

- 11 -



Observations on the Andreevskii seam (the 596 m horizon) of the Yunkom pit
were carried out for more than two years. The face advanced 600 m in this
period, during which six high noise zones were observed having a total
length of 197 m, and widths ranging from 8 to 47 m. More than 20 bursts
were located within these noisy sections, A zone 47 m long was found con-
fined to a fault, Similar phenoména were found on the 476 m horizon.

Zones 2-5 m long wéfé found to bé cahsed by periodic sagging of the roof
rocks. The distances between these zones were about 12-15 m corresponding
to the spacings of natural sags in the main roof. This observation suggests
that the occurrence of anomalous noise in a periodic manner may be due to:

1. Changes In the properties of the coal or its strength

due to structurél change.

2. Change in pressure near the face.

This phenomenon is known in mining as "periodic weight" (Sinha et al.,
1972). 1t is caused by caving and sagging of the main roof which does not
always take place with each unit of face advance.

Boiko (19@6) carried out an experiment to find out the relationship
between the di;trlbution of normal stress and noise level in the abutment
Pressure zones, The experiment was carried out in a number of burst-prone
Seams in the Yunkom pit. Stress measurements in the vIcinity’of the coal
face were carried out using an elastic pressure gauge in a borehole 8-10 m
deep, in advance of the face. Simultaneously, measurements of the noise
level in the coffesponding part of the seamwererecorded using a seismometer.
The results of the pressure measurements and hourly noise level at different
Positions of the -face, were plotted together in Figure 1.4.1 to show the
relationship between them. In all observations where a normal nolse level
Was observed in the coal ;eam. the maximum stress was at a depth of 3-6 m
3head of the face. This indicates that the redistribution of tﬁe stress in

the rocks took place smoothly and without sudden jumps. However, a high
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noise level was observed corresponding to a sudden increase of the maximum
stress at a depth of 1-2 m ahead of the face. This phenomenon represents a
Potential rock burst danger. The experiment showed that the noise level of
the seam increases with rock pressure and that the bosition of the maximum
Stress in the seam varies with respect to the face position. This confirms
Ivanov's observation concerning the zonal characteristics of the coal seam
with respect to rock burst occurrences.

ance 1957 the seismo-acoustic research station of the Donets Economic
Council has been engaged in measuring the noise level in seams worked out at
the Yunkom pit (Ivanov and Parshikov, 1966). It has been found that the
noise level in the dangerous seams being mined under or over previous work-
ings Increases ten times as soon as the seam passes outside the protected
region. According to the safety regulations in the U.S.S.R. ''the protective
effect Is lost when the face of an under-protected seam advances a distance
€qual to twice the interseam distance toward the abandoﬁed face of the pro-
tective seam', However, further observations showed that as long as the
face of the protecting seam was In advance of the protected seam face, the
Noise level remaihed normal. In 1961-1962 measurements were carried out in
the Kamenka seam, thch Is protected by the Mazur seam where a pillar of 30 m
in length was left (Figure 1.4.,2a). The interseam separatioﬁ was 49.5 m.
The noise level rose from 0.1 pulses/hour to 10 pulses/hour when the working
face in the Kamenka seam had passed 4 m below the pillar. Subsequent advance
of the face below. the pillar made the noise level increase as follows: 18
Pulses/hour after 10 m; 32 pulses/hour after 16 m; and 80 pulses/hour after
19 m, and it then fell to zero 4 m before the face emerged from the pillar
Z0ne. The lag and‘}ead anomaly of the noise level, as the working face
€ntered ang emerged from the pillar zone, were probably due to the fact
that the pillar was partially crushed at the ends. A similar obsérvation
Was made during the working of the Derezovka and Andreevskil seams (Figure
1‘l"zb)- The vertical interseam separation was 60 m. The Andreevskii

$€am was protected by working in the Derezovka seam. The noise level of
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Fig. 1.4,2, Diagram showing the effect of protective region of old
workings on the occurrence of seismic noises generated
by a deeper current working. (a) The mine workings in
the Kamenka seam protected by old mine workings in the
Mazur seam. When the Kamenka face passed under the pillar
in the Mazur seam the protection effect is lost and a
sudden Increase In the number of seismic pulses occurs.
(b) The mine workings in the Andreevskil seam protected
by old mine workings in the Derezovka seam (after !vanov
and Parshikov, 1966).



the Andreevskii seam during mining was 2-5 pulses/hour, which was normal for
this seam. When the working face of the Andreevskii seam passed outside the
Protective influence of the Derezovka seam, it coincided with a sudden
increase in the noise level up to 300 pulses/hour. Two bursts of 200 and
300 tons of coal occurred in the face at this time. It was also noticed
that the face of the Andreevskii seam was 16 m in advance of the protective
seam face when the increase in the noise level started.

In the Donbass coal field, the drilling of horizontal and rising
boreholes has been found to be the most effective safety measure against
rock bursts. Mirer (1966) determined the relief effect of a rising bore-
hole by using seismo-acoustic methods in two seams In the Yunkom pit. The
examined seams were the Bezymyannyi seam with a thickness of 0.7 m and the
Zolotarka seam which ranges from 0.44 to 0.65 m in thickness. During this
experiment the face passed through four rise boreholes of 0.25-0.3 m in
diameter and 30m in iength, and was there accompanied by a low seismo-
acoustic activity level. It has been noticed that the noise level started
to fall.at a greater distance from the boreholes than that at which it
began to rise. !This may indicate that the maximum pressure rapldly shifted
deeper into the solid coal as the face traversed the borehole.ﬂ Also, at
the same time, In front of the boreholes, the face passed through a zone
Which had suffered disintegration.

The distan;e from the borehole to the point where the noise level
Started to fall was taken as the mean for the four bdreholes, and was found
to be equal to 3.38 m. In the same way, the mean dfstance from the bore-
hole to the point where the noise started to rise was found to be
0.88 m, The sum of these .two values represents the overall relief zone
for 3 rising boréhole in the Zolotarka seam, which is equal‘approximately
to 4 m, The relief zone for the Bezymyannyi seam was found to be abodt
Zm, This is because the ratio of the borehole diameter to the thickness

of the Bezymyannyi seam was less than that in the Zolotarka seam.
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Petrosyants and Gorbachenko (1969) conducted an experiment using a
seismo-acoustic method to determine the stability of the rocks above a mine
working in the Fizkul'turnik mine. The experiment was -carried out by trans-
mitting artificial pulses through the rocks between two boreholes. . Two
1.8 m deep boreholes were drilled in the roof of the mine working for this
Purpose. A vibration source was placed in one borehole and a receiver in
the other. Both transducers were at the same level and were moved simult-
@neously along the boreholes as wave amplitudes were measured. It has been
found that low transmitted wave amplitudes coincided with fissure zones,
while a sudden increase In the amplitude occurred when the transducers

Passed into solid rocks.

1.5 Mining induced seismicity in the Upper Silesian Coalfield, Poland

Earth tremors in Poland_occur particularly in the Silesian region,
where they are associated with the complex geological and tectonic structure
of the Upper Silestan coalfield. Some of thé tremors have caused severe
damage on thers%rface, while rock bursts have occurred frequently.and con-
St'tuﬁe a consid;rable hazard in the coal mines of the region.

Two ﬁypotheses have been suggested in attempting to explain the
Occurrence of earth tremors in the Upper Silesian mines.

1. The tremors are of tectonic origin caused by tectonic forces

still active in the area. |

2, The tremors are caused by mine workings, and are generated

| by the disturbance of the equ!jibrium strat; pressﬁrevby
mining operations.

Until 1898 It was believed that the tremors in the coal field were
Caused by the occurrence of rock bursts In the working mines or by the fall
Of rock masses in old workings (Janczewéki, 1955). However, in 1898 a

s :
trong tremor was felt over a large area and caused damage on the surface.

'“Spection of the mines in the viclnity of the area showed no evidence for
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the occurrence of a rock burst. Therefore, some investigators tried to
explain the cause of the tremors by ''terrestrial phenomena'. From that
time the origin of earth tremors in the coalfield has been a matter of
debate. Many writers, especially in the first half of this century,
Supported the concept of a tectonic origin for the Silesian tremors. Some
writers accepted both of the two theories, although they considered one of
them as being the more important. At present most investigators believe
that the Silestan tremors are mainly caused by mining operations, althdugh
they do not rule out that some may be of tectonic oriéin.

Investigators have chosen different approaches in order to determine
the origin of the earth tremors in the region, and to support one of the
two theories. From the literature of the Upper Silesian earth tremors, it

€an be inferred that three main approaches have been used.

(i)__The determination of the depth of the tremor sources:

Difficulties in determining the depth of the earth tremor foci have
Made the selection of the correct hypothesis from the above two hYpotheses
very difficult.\ The occurrence of earth tremors at great depths would
i“dicéte tremorg'of tectonic origin while the occurrence of tremors at mine
levels would suggest tremors of mining origin.  Janczewski (1950) studied
SOme of the tremors and rock bursts which occurred in the years 1948 and
1949, He calculated the depth of foci of some large tremors from macro-
Seismic and micro-seismic data, He found that the depths ranged between
b anq 10 km. Later he revised the calculated depths to between S‘and 12 km
(Janczewski. 1956). He concluded that these tremors were natural earth-
Guakes with a shailow focus and considerable intensity. Some of these
tremors were accompanied by strong or even Ylolent rock bursts in the
Nearest mines. He described one such tremor which occurred on the 6th
September. 1949 and was recorded as far away as Prague. At the same time,

3 severe rock burst occurred at a depth of about 400 m within the mine and
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was felt at the surface within an epicentral distance of a few kilometres. He
Commented that if the tremor focus had lain at the same position of the rock
burst (400 m) then the vibration produced at the surface would have been
far greater than that felt. Therefore, he concluded that the tremor was
that of a natural earthquake occurring at a depth of several kilometres and
that the rock burst occurred immediafely after and as a result of the earth-
quake. Wierzchowska (1962), however, advocated that the earth tremors in
the coalfield were due to mining operations. She suggested that the large
estimated depths found by Janczewski were due to an error in calculation
‘arising from ambiguity and uncertainty in the interpretation of the seismo-
§rams. She suggested that if the rock bursts were triggered by tectonic
earth tremors, then tw§ seismic sources, superimposed on one another or
occurring within a very short time interval, would e*ist on the seismograms.
‘Examination of the recorded tremors showed no single case of this kind.
This she belleved indicated that the seismic source was the rock burst
itself,

Uslngxfour seismographs situated in a vertical line with one at the
Surface and fhe other three at different depths, Kulpinski (1966) hoped to
détermine the tremor hypocentres and rock burst foci more precisely. In a
Period of more than one year in 1965 and part of 1966, 110 tremors were
located, Kulpinski found that most of the tremors were clustered in the
ViCinity of‘;he actlQe mine workings.

(i1) calculation of the energy release :

Budryk (1955) propounded that the frequent occurrence of rock bursts
In the area is due to both the presence of thick coal seams beneath massive
Sandstones and the triggering effect of natural earth tremors. He suggested
that smaq) nétural~tremors which have insufficient energy to cause damage
3t the surface, affect the weak parts in the underground mines causing a

MOmentary concentration of stresses in the rocks which exceeds the elastic
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limit of the coal. Consequently a rock burst occurs which sometimes has
Catastrophic effects. Budryk reported that 10,000 tremors were recorded
between 1930 and 1941, a third of which were detected in the mines. He
therefore suggested that not only were the large tremors, accompanied by
rock bursts, of tectonic origin, but the small ones also.

Gibowicz (1963) analysed 160 tremors recorded between 1948 and 1959
at epicentral disténces between 2 and 80 km. He computed the energy
released and the magnitude of each tremor. He was able to determine the
Fepetition frequency of the tremors; that is the frequency of occurrence
of the tremors in relation to the values of their magni tude or energy.

This follows the frequency-magnitude formula given by Richter (1958). The
value of b was found to se equal to 0.9 which is in general agreement with
that of other natural seismic regions of the world. It was also found that
an average of about 155 tremors with magnitude, ML,'from 2 to 3.6 occurred
annually in the reglon, while the average amount of seismic energy released
Per year was about 9.3 x 109 J. The seismic energy released by an earth-

Quake Fepresents only a few percent of the total amount of earthquake energy

i
t

(it was found wi th underground nuclear explosions that the seismic energy
radiated is only a few tenths of a percent of the total explosive energy).
Gibowicz estimated that the total energy of the largest seismic event in

12 J. Gibowicz concluded from the

the coalfield had a value of about 10
analysis of the energy and frequency of the tremors that local natural
€arth tremors Qere occurring in the area as well as those of mining origin.
Wierzchowska (1962) refuted this argument by suggesting that the
elastic energy concentrated in the mine rock mass, as a result of mining
Operations, can be sufficiently large so as to cause these very large
tremors. Znanski (1959) showed that the kinetic energy which could be

lberated during a violent failure of the virgin coal surrounding the mine

face coulq bring about a seismic event of magnitude equivalent to that of

- 18 -



8 tectonic earth tremor. He gave two examples of large rock bursts which
Occurred in the East and West German Potash mines. One of them was felt on
the surface over an area 20 km in radius, and recorded at many distant
European seismic stations, up to an epicentral distance of 2,000 km.

(iii) Statistical observations:

This approach was based on the comparison and analysis of seismograph
data and the occurfence of phenomena accompanying rock bursts and tremors.

Neyman (1955) pointed out that earth tremors in the Silesian coalfield
could be of tectonic natural orfgin, as well as due to mining operations.
He noticed that the most frequent and violent rock bursts always occurred
. When a new seam was f}rst being mined. During the extraction of the next
Séam the rock bursts occﬁrred less frequently and were smaller, due probably
to the release of stress as a result of the extraction of the first seam.
Neyman (1964) carried out statistical studies of the occurrence of earth
tremors and rock bursts in the coalfield., He found that 11,528 tremors were
recorded by the seismic stations between 1955 and 1960. Only 915 of these *
Were reported as rock bursts in the mines. The largest tremor released
about 1910 J o;'seismic energy. The daily distribution of tremors and rock
bursts showed that most of them occurred during working tfmes, with a peak
of incidence during blasting times. He also noticed that in the period
between 1956 to 1963, 12 large tremors occurred immediately after blasting.
These tremors were felt at the surface and recorded by many seismograph
Stations, He guggested that this indicated a close causal relationship
betWeen mining operations and the occurrence of tremors, since-it was
unlikely to be coincidental. At the same time, Neyman did not exclude the
Posslbility of the occurrence of the occasi?nal natural tectonic tremors.

These tectonic tremors may Initiate rock bursts, but only in the highly

Stressed rocks.
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Wierzchowska (1962) argued also that earth tremors in the coalfield
are not of tectonic origin, but are due to mining operations. She also
did not exclude the occurrence of a few natural‘earth tremors, She based
her evidence on the macro-seismic and micro~seismic analysis of earth
tremors and also on the observations of phenomena accompanying rock bursts
and tremors in mines and thelr effects on the surface. Her synthesis of the
evidence on which hef conclusions were based are as follows.

1. The abrupt fall-off of earth tremor intensity with epicentral
distance indicated that the earth.tremors originated at little depths, and
Probably at the same level as the mine workings. Macro-seismic observations
showed that the largest tremor was never felt at an epicentral distance
greater than 10 km. .

2. The occurrence of many tremors and rock bursts, some of them very
large, at the same time or shortly after blasting suggested that they were
Caused by mining operations.

3. The regions of occurrence of the largest tremors were also the
regions of the m?st powerful rock burst occurrence. Since the rock burst
i"te“SIty is dirQCtly proportional to the magnitude of the stresses con=
centrated in the mining strata as a result of mining operations; this suggests
that the coincidence of the seismic regions with those of rock bursts is
®vidence for the existence of a relationship between the intensity of the
tremors and the magnitude of the concentrated stress in the mines of a
glven region. Consequently, this indicates that the occurrence of tremors
I's due to mining operations, otherwise their intensity in different regions
"ould not follow the Intensity of the rock bursts. However, this can be
interpreted to suggest that the fremors and Ehe rock bursts were of tectonic
Oorigin, |

b, Tremor and rock bursf occurrence in certain parts of the seaﬁ

known to be rock burst-prone ceases with the cessation of mining activity
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in that part of the mine. After mining operations start again, tremors
and rock bursts recommence. This indicates that the tremors are of mining
and not tectonijc origin since if they were of tectonic origin they would
Not be affected by interruptions in mining operations.

5. The occurrence such as cracking noise, the snapping of coal from
faces and floor heaves before the occurrence of a rock burst in the mine
Indicates that the sfresses in the strata have reached a critical state.
This can be interpreted to suggest that the occurrence of the tremors and
Fock bursts were due to increasing stress in the mine and not due to
tectonic origin.

6. 1t has been found that the intensity of tremors in the mine,
Partlcularly in the vicinlfy of the rock bursts, was higher than that at
the surface and other parts of the mine. This indicétes that the tremors
Were not of tectonic origin, because if they were of tectonic origin,
Pafticularly If the tremor did not cause a rock burst, the tremor should -
be felt with the same intensity throughout the whole mine. Moreover, if
the tremor lnlt[ates a rock burst, the tremor should be felt at least a
few moments befgre the occurrence of the rock burst.

A summary of different opinions concerning the origin of earth tremors
In the Upper Silesian Coalfield has been presented above and it is possible
to conclude that these tremors were most probably due to mining operations

fn the coalfield.

l:fh__>Mining induced seismicity in Britain

In British mines, major rock bursts have always beén rare, and those
that do occur usu;}ly occur in coal mines.

Davison (1924) studied mining induced earth tremors. He indicated that
these tremors occurred entlfely or partially due to mining operations. He
Save Mmany examples about tremors frequently felt in mining districts, parti-

CWlarly in Cornwall, the South Wales Coalfield and around Manchester. He
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Féported others felt near Sunderland and other places on the magnesian
limestone of the Durham Coast. He mentioned that some of these tremors were
accompanied by noise. |

In the South Staffordshire coalfield, where the coal seams are thick,
the problem of rock bursts has been a serious feature in the mine, parti-
cularly in those at great depth (The South Staffordshire and Warwickshire
Institute of MiningrEngineers, 1932-33). These bursts caused coal to break
OUt suddenly from the faces and sides of the roadways, crushing coal pillars,
Crushing and throwing out supports and 1ifting the floor. Most of the
bursts were "pressure bursts" as described by Phillips (1944-45) (see
Section 3.2.1),

In May 1930 a commiftee was established to Investigate and determine
the factors which caused rock bursts in the South Staffordshire, Warwickshire
and Cannock Coalfields, It was found that the most important factors affect-
Ing the occurrence of rock bursts in the South Staffordshire coalfield were
the depth, geology and the mode of mining (The South Staffordshire andA
Warwickshire Institute of Mining Engineers, 1932-33, 1945-46), Thick coal
Seams had been &orked successfully in South Staffordshire at shallow depth
With few rock bursts and roof control problems. At greater depths (about
730 m), however, the rock bursts became very serious. As a consequence of
the great depths and coal thickness, a large amount of compressional strain
€nergy was created which was the main reason for pressure bursts. It could
also be that the working of these thick seams without proper supports have
led to irregular settlement. Consequently, large masses of strata may have
s”ddGNIy broken and appeared as rock bursts. The committee also indicated
that the coal seam was softer than the roof and the floor, hence the coal
Seam would pe the first to yield under presshre. However, since the seams
are Composed of Interbedded soft and hard coal, violent rock bursts can

OCcur (within harder coal). The committee found that most of the rock bursts
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Occurred during the driving of headings, particularly when two roadways
approached each other. It was noticed that the number of rock bursts
Increased with increases in the rate of excavation. Also, when the extrac-
tion approached a fault the rock bursts became more frequent and violent.

The committee gave many examples of the occurrence of rock bufsts and tremors
in the South Staffordshire thick coal seams.

At Hickleton ﬁolliery, near Doncaster, a series of rock bursts occurred
in October 1964 when face 324 of the Parkgate seam was passing under a coal
Pillar 1eft in the overlying Barﬁsley seam (Shepherd and Kellet, 1973). At
that time the face had advanced 338 m. The seam lies at a depth of 900 m.
The face advanced a further 165 m before another series of rock bursts took
Place. The third series éf rock bursts occurred during the working of a
coal pillar 5.5 m wide left between this panel and another old panel (panel

322), These rock bursts caused large amounts of coal to blow out from the

face, and displaced the supports and machines. After that it was decided to
Stop production in this face. All the rock bursts were located néar the
Fighthand end of face 324 (on the abutment stress zone of a previous 322
Panel), !

It was decided that a new face (face 325) advancing parallel on the
left side of panel 324 would be opened. Therefore it was decided to carry
Ut stress measurements ahead of the face. Several strain gauges were
dep]°Yed In advance of the face in order to determine the build-up of stress
3t 2 point In the solid as it approached and passed by the face. It had
been observed that a zone of high stress in the buttress zone of the face
Was encountered as the face advanced. Therefore, it may be deduced that
the rock bursts occurred when this zone of high stress was aggravated by

3dding another zone of high stress from the side abutment due to the

Presence of an adjacent old mined-out area.

- 23 -



In Scotland, Mashkour (1976) carried out a seismic investigation in
the Monktonhall colliery in the Midlothian coalfield in order to determine
the sources of earth tremors and rock bursts whose occurrence in the area
~ have been reported since the early 1960's. He used two selsmic networks of
large and small aperture. The mine workings were carried out at a depth of
300 m. The seismic velocities of the strata and their thicknesses were
determined by seismic refraction, and a borehole logging survey in the
3rea. The accuracy of the location was determined from the seismic location
°f two known blasts underground. |t was found that their epicentres and
foci lay within + 200 m of their actual positions.

In the period from 1969 to 1974, a total of 121 seismic events were
recorded on the Scottish Low Lénds Seismic Network (LOWNET) which was
Operated by the Institute of Geological Science in Edinburgh. The network
consisted of seven vertical seishometefs, one of them recording the two
horizontal components as well as the vertical component. For a more
accurate Study of the seismic activity in the area, a small seismic network
Consisting of five vertical sefsmometers was installed on the surféce around
the colliery. Duriné‘the seven months of observation, between December 1974
and June 1975, 227 events were located. The seismic energy released from
the seismic events ranged between 103 - 106J. Most of the events were
Shown to be located near the active parts of the mine. Some of the events
Were located In old mined-out areas. Another group of tremors was located
Near faults or fault intersections.

Monthly d!stribdtton of the tremors showed that no tremor occurred
during the months’coinclding with the miners' holidays,‘and also during the
months of the miners' strike In 1972 and 1974. The maximum number of
tremors occurred in 1973 coinciding with a maxim;m'number of reported rock
bursts p the colliery. The weekly dlstrlbut{on of earth tremors and rock

burSts showed that the least number of tremors and rock bursts occurred on

- 2% -



Sundays,while the most occurred on Thursdays. The daily distribution
showed that the Towest number of tremors and rock bursts occurred during
the shift changes, whilst the maximum incidence occurred in the middle of
each shift,

Mining induced seismicity has been studied in the Trent Vale area

of the North Staffordshire coalfield. This will be described in Chapter 7.

1.7__Mining induced seismicity in Canada

In Canada, mining induced seismicity associated mainly with the gold
mines at Kirkland Lake. Lake Shore and Hargreaves mines are the deepest
in the area and  were developed at an average depth of about 2465 m
below the surface.

Detailed studies of the seismic activity which took place at Kirkland
Lake in the period 1938-1945 were carried out by Hodgson (1958). Correla-
tion of the earth tremors recorded on the surface seismographs with the mine
data Suggested that there were two groups of rock failu}es.One group was
Observed at the Lake Shore mine but not recorded on the surface seismographs.
These include some‘important rock falls., These bursts have released a small
amount of energy whi;h was not enough to be recorded on the surface seismo-
graph, although some were recorded on down-mine seismographs. The second
group of trembrs were usually larger and were recorded on the surface
Seismographs but not reported in the mines. These might have occurred in
the old workings of the Lake Shore mine or in adjacent mines. Hodgson
3lso foung that bursting occurred in many instances at the same time as
blasting or sgort]y afterwards. Leaving pillars has also been shown to be
3 cause of rock burs;s. Therefore complete extraction of the ore was
recommended so that gradual and uniform subsidence of the roof may occur.

The rock bursts at Lake Shore mine were caused by the pressure effects
of the Superincumbent strata which was unequally distributed due to the

Mining Operations and the presence of faults (Robson, 1946). Robson
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discussed in detail this problem, particularly the mechanism of the rock
bursts.i He pointed out that the most important factors affecting the
OCcurrence of rock bursts in the area are:

1. The nature of the ground: it has been shown that the ore and
Surrounding rock are hard, brittle, and can sustain great pressure up to
the point of sudden faflure, i.e. the rocks are susceptible to bursting.

2, Mining technique: during the mining some pillars were left to
act as supports. If the stope extended great distances without enough
SPpport, the hanging wall would have subsided and collapsed.

_3- Geological structure: the ore bodies were found in steeply dip-
Ping veins which occurred in zones of fractured rocks. As a result of these
fractures 4 great number of large blocks of hard, brittle rocks was developed,
and during mining the stress builds up along these lines of weakness and
becomes 5 source of danger.

In the Wright-Hargreaves mine the first series of rock bursts started
In 1932, ang became a major problem in the later 1930's (Buckle, 1965).
Between 1932 and 1964 about 227 rock bursts were located. These caused 52
i”j“”es and seve& deaths. Some other rock bursts were not located. Those
mostly involved remﬁant pillars in old mined out areas. Again, most of the
Yock bursts have been noticed as occurring during or shortly after blasting.
It has also been noticed that the frequency of the rock bursts increases
Proportionally with deepening of the mines.

In August 1964 two strong rock bursts occurred. The magnitude of the
S€cond one was estimated to be between 4.5 and 5 on the Richter scale. It
as reported at Blue Mountain station in Oregan and at Tonto Forest station

In Arizona at distances of 2832 km and 2912 km respectively from

Kirklangd Lake. The source of the events was the shaft pillar section where
Severe damaged occurred and two miners were killed. Buckle believed that
these rock bursts were initiated by the movement of strike fault at the
bott°m of the shaft. Many small rock bursts followed these two events for

3bout tye days.
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In the Crowsnest Pasg coalfield, Alberta, Mflne and White (1958)
Carried out two experiments using three seismographs to study the rock
bursts which were occurring in the coal mines, and to determine their
relationship with the local earthquakes in the area. Again they found that
One group of events was reportéd in the mines but not recorded on the sur-
face, while the other group was recorded on the surface but not reported in
the mines. The authors established that there was no relationship between
the rock bursts and the natural earthquakes, and there was no indication of

N -Increase in the number of rock bursts after an earthquake.

JJEL_,Mining induced seismiéity in the Kolar gold field, India

By the beginning of this century rock bursts in the Kolar gold field
Mines had become serious and have been one of the major mining probléms of
the field ever sinﬁe. The bursts may be small, affecting one Ilsolated
deveIOpment, or large, causing damage over hundreds of feet in many levels
(Tay]or’ 1962-63). The reef is of quartz and dips 40° W near the surface
t 85° W at greater depths. It is bounded by highly metamorphosed houn-
blende schists. Thezreef and its surrounding rocks are faulted by a number
°f large and small faﬁlts and are intruded by dolerite dykes and pegmatites
(Crowle, 1931). ‘ |

Seismic investigations of the rock.bursts in the field began in 1912
Using a Wiechert Seismograph (Isaacson, 1961). Crowle (1931) studied
th°"0ughly the rock burst phenomenon in the field. He mentioned that about
13,000 shocks were recorded every year between 1912 and 1930. Some of them
had been felt on the surface at a distance of up to 24 km. He classified
the rock bursts in thé‘reglon as follows.

(a) The small local bursts: These caused little damage and occurred
thr°U9houf fhe area, but more frequently in recent mines.‘

(b) The pillar bursts: These were due to sudden fallure of pfllarﬁ.

Particularly In extensively mined areas deeper than 150 m. They were less
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frequent but stronger than group (a), and sometimés caused serious damage
to the workings.

(c) Bursts in fault zones: These occurred in the vicinity of
faUIted zones. Their frequency and intensity depended on various factors,
Such as depth, and the nature and extent of the excavation near the fault
Zone,

(d) The heaVy shocks or quakes: These were mainly due to fallure
of the rock walls. Usually they were severe and caused extensive damage.

Isaacson (1957)‘described in detail the instruments and the methods
which have been adopted to investigate the problem of rock bursts in the
region in order to find ways of combating them. These method§ generally
Consisted of measuring undergrdund stress and strain, and determining their
elationship with the rock bursts. Several instruments and methods were
Used to measure the underground stress. It was found that the pressure
€ncountered was greater than expected from the weight of the overburden
rocks only, ThIS indicated the existence of high inherent stress in the
area, possibly prodqced by tectonic processes or metamorphlsmf Measuré-r
ments of the abutmen;-stresses induced ahead of a stope face showed that
the maximum stress occurs at about 1.8 m from the face. The(efore an
€xperiment was carried out to de-stress the face by blasting iﬁ holes 3 m
deep inside the face. |

Observations of the recorded rock bursts on local seismographs
Fevealed that the frequency of rock bursts increased.during blasting times
('Saacson, 1957). While observations of the rock»bursts in the ﬁfnes
Indicated that most of the recorded bursts were not observed underground
('Saacson, 1961). The occurrence of rock bursts in groups was also noticed
by Isaacson, Thi; may have béen due to one burst triggering off the other.

Taylor (1962-63) studied about 125 rock burgts which occurred in the

Mines during the period from 1956 to 1960. He confirmed that faults and
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dykes were important factors affecting rock burst'occurrence. Again he
found many rock bursts occurred at or shortly after blasting. The number
of rock bursts showed an increase towards the weekend with a peak on

Friday. This is probably due to the building up of stress as extraction

Continues during the week.

1.9 Mining induced seismicity in Czechoslovakia

In Czechoslovakia, rock bursts occur mainly in the deepest zinc ore
mine of the Brezove Hory district (Pribram region) at a depth of about
152° m below the surface. The zinc ore was extracted from five mines in
the district, from veins dipping 82° E, These veins were mostly embedded
In dlabase and greywacke (Sibek, 1963; Sibek et al.,1196k).

The rock bursts were flrst noticed In the district in 1880 when they
wWere small in number and intensity. Since 1910 when the frequency and
'ntenslty,of the rock burats incfeased, accurate records of the rock bursts
have been collected (Sibek, 1963; Sibek et al., 196h) In the period
betWeen 1910 and 1960 about 1,522 rock bursts were recorded. Of these, 291
were large bursts and caused heavy damage within the mine workings. The
geology and the mining technique used were found to be the main factors
3ffecting the occurrence of rock bursts. It was also noticed that the
Number of rock bursts increaaed after blasting. Mining in the region was
arried out using the "cut and £111" method. In this method the veins wefe
divided into-piilars of 50 mx 50 m in size. The pfllars were extracted
from 4 lower level upwards, towards an upper level, After working each
Step the worked ouf space was filled immediately with debris. When the
€Xtraction reached two“thirds of the height of the pillar, which was called
ucritlcal mining height" it became very dangerous since the remaining part
of the pillar ‘caused considerable potential energy to be accumulated in the
rocks, During the mining of the remnant pillar, the ]lmit of elasticlty
and Strength of a part of the pillar was exceeded and violent rupture

Occurred which usually appeared as a rock burst.
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Experiments were carried out in 1962 using fhe seismo-acoustic and
deformation methods In en attempt to predict the rock bursts (Sibek, 1963;
Sibek et al., 1964). The seismo-acoustic method was conducted by using
Underground geophones. It has been found that the number of impulses.~
Tncreased within one te five days before the occurrence of a rock burst,
The deformation method was carried out by using Rheostat gaugesvto measure
the convergence of the stope. Both vertical and horizontal convergences
€an be measured to an accuracy of 0.1 mm. It was noticed that a measurable
amount of permanent deformation started when the limit of elasticity was
€xceeded and this corresponded to the occurrence of seismo-acoustic impulses.
It has also been found that there was an Increase in the averaée rate qf
Convergence before the oceurrenée of the rock burst, reaching a maximum
Fate at the time of rock burst. After the rock burst there was a rapid
decrease In the average deformation rate. Maximum convergence occurred
Rear the position of the rock burst and vice versa. Finally, the authors
foncluded that the possibility exists to prevent the rock burst danger;
firStly by adopting a sultable plan of mining; and secondly by predicting
the occurrence of rocL.bursts using the sefsho-acoustic method.

Holub (1966) studied the rock bursts recorded in the period from 1962
t° 1965, for three mining regions in the neighbourhood of Prlbram. These
were the Bytiz and 9.Kveten mines, and the mines of the Bkezove Hory dis-
trict, .Among the recorded rock bursts in the mines of the Brezove Hery,
f°'-“"int'ensive rock bursts occurred in 1962. They were also reported in
the mines, where three of them caused some’rock faile from the roof and
the walls; The seismic energy released by the largest rock burst was
107 Joﬁles. | |

' The rock bursts in the Bytlz and the 9.Kveten mines started when the
w°rk1ngsreached a depth of about 700 m. 36 rock bursts occurred In the
Bytiz mine, while 7 occurred in the 9.Kveten mine. The energy released

from these rock bursts ranged between 105 and 108 Joules.
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Rock bursts in Czechoslovakia also occur inlthe coalfields. During
the ber!od between 1918 and 1972, 251 rock bursts were reported In the
bituminous coal district of Ostrava-Karvina (Sebor, et al., 1976). The
COa‘-seams lie at a depth of about 1200 m. Recently the intensity of the
Fock bursts has increased, while their numbers have increased also to about
30 per year. Rock bursts also occur in the coal mining area of Kladno
district (Sibek et al., 1964; Sebor et al., 1976). The thickness of the
Coal seams range from 6 to 8 m, and lie horizontally at a depth of about
500 m. The overlying strata consist of claystones, sandstones and con-
9glomerates. The floor consists of clayey rocks. A seismic network con-
Sisting of four seismic stations about 1500mapart was installéa over the
Mining area. About 15 weak shocks were recorded dally. Most of the
tremor foci were located in the overlying sandstone. The largest
tremor had an energy of about 10® Joules.

Prediction of the rock bursts in this district has been made. It has
been noticed that during regular mine extraction there exists a linear
re'ationship between the energy of the large rock burst and the time

s
e]“PSIng until the occurrence of the next event.

l&lg__ﬂinlgg Induced seismicity in the Ruhr Coalfield, West Germany

In some mines of the Ruhr Coalfield in West Germany, the’occurrence of
Fock bursts’due to excessive stress concentrations in the vicinity of work-
ing areas was quite common., Between 1946 and 1976,‘68 rock bursts occurred
3t different depths in the RuHr coalfield (Leiteritz, 1978). |

Cete (1977) indicated that magnetic tape recordings of the seismic
actiVIty have been obt;ined siﬁce 1956. The Ruhr district seismic network
COnsists of three selsmic stations. However, expansion and modernisation
of the network is now being carried out due to extensions of the mining area.
The New selsmic network will consist of a large scale network as well as a-

Small network.
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In order to determine the zones of stress concentration in the coal-
field mines, Baule and Rao (1979) monitored the seismo-acoustic activity
in the coalfield using underground geophones installed in the roadways
around the panels, in a number of mines. The co-ordinates of the sources
were computed initially using a constant velocity model. Later the data
for a group of events (approximately 10 events on a given day) whose
sources were found to be clustered in the same area, were processed together
with the velocity as an additional unknown. The value of the obtained
velocity was also assumed to represent the velocity applicable to the
other events occurring that day. The accuracy of the seismic locations
was determined by locating blasts whose co-ordinates were known. It was
found that most of the event sources lie within 40 m ahead of the working
face, and that their distribution pattern indicates zones of stress con-
Centration. Very few sources were located in the goaf. .

Baule and Rao also carried out an experiment in one of the coal mines
to determine the influence of de-stressing on seismo-acoustic activity in
the seam. De-stressing operations were conducted from 17th November to
20th November, 1976 by drilling 25 m long holes from the base road into the
seam, It was found that the events occurring during the de-stressing were
encountered at the ends of the corresponding de-stressing holes in the seam.
The maximum number of seismic events occurred on the 18th November, while
No seismic event occurred on the 20th November, the last day of de-stressing.

This indicated that the seam was apparently relieved of the excessive stress.

1.11’ THe_characteristic features of mining earth tremors

1.11.1: From the above summary of mining induéed séismicity inidifferént
Parts of the world, some general poinfs concerning the'cﬁaraéteristié
features of mining eérth tremors, and the applicatioﬁ ofvmicro-séismic

‘techniques to this problem4can be Inferred.
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The characteristic features of mining earth tremors are summarized
in the following points, and an attempt is made to compare them with
natural seismic events. |

1. The most important feature of mining tremors is the abrupt fall-
off of their intensity from the epicentre to the boundary of the disturbed
area. This indicates that their foci are shallow. This feature was
observed and noted by Davison (1924) in British mines, by Weiss (1938) in
Witwatersrand gold mines, and by Wierzchowska (1962) in the Upper Silesian
coalfield.

Davison (1924) noted that the disturbed areas due to mining tremors
were mostly circular or slightly elongated. The long axis of elongated
disturbances was mostly parallel or nearly parallel to dykes or faults in
their immediate neighbourhood.

In the literature there is little information about the intensity of
mining earth tremors at the epicentre. However, as will be seen in Chapter
7, one mining earth tremor has occurred in the North Staffordshire coalfield
with maximum intensity 6 on the Modified Mercalli Scale, and local magnitude
ML’ of about 3.

2. As described in this chapter, most mining earth tremors have local
magni tudes, M_ s ranging between -0.5 and + 3.5. However, the largest
mining induced eérth tremor réported by Buckle (1965) in a Canadian gold
mine reached a magnitude estimated to be between 4.5 and 5. Thus mining
earth tremors can be very large and reach a size comparable with natural
earthquakes.

3. In the case of most mining tremors, the intensity is greater in
the mine than on the surface. The greatest intensities are usually observed
in the immediate vicinity of rock bursts. In contrast, Davison (1924)
suggested that the intensity of a natural earthquake is usually much weaker

in the mine than on the surface. However, Bath (1973) has suggested that
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whether or not the intensity is weaker in the mine than on the surface
has not been established reliably.

| L, Dpavison (1924) indicated that the shock of mining tremors consists
of one or two pulses of vibrations followed, sometimes, by a brief thud
such as that produced from the fall of a heavy body onto the floor. He
suggested that the average duration of the shock was about two seconds,
while for a natural earthquake it ranged from three to six seconds.

5. The existence of a prominent S-phase for mining tremors in the
Witwatersrand gold mines, led Gane et al. (1946) and Logie (1951} to con-
clude that the original release of energy at the focus bears a closer
resemblance to that of a natural earthquéke than to that of an explosion.
The latter gives rise mainly to compressional waves and a very small
proportion of shear waves.

6. It has been found that the frequency-magnitude distribution of
mining earth tremors follows the frequency-magnitude formula given by
Richter (1958) which also applies for natural earthquakes (see sections
1.5, 3.4.1 and Chapter 7).

1.11.2: Both macro-seismic and micro-seismic techniques have been used to
investigate mining induced selsmicity. Many different investigative methods
and strategies have been used in the many different case histories described
in this chapter. From the collective experience of the investigations
described, the following general points concerning the use of microseismic
methods in the study of mining induced seismicity can be listed.

‘1, Tremors generated by rock bursts, bumps, etc. can be recorded at
considerable epicentral distanées using conventional natural earthquake
observation instruments.

2. Since the occurrence of a : fremor " is unpredictable, it is
necessary to record the output signal of the seismometer networks

continuously,
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3. For the accurate location of seismic events, a seismic network
of small aperature must be deployed within the mining area.

L, The local seismic network should be deployed so that the seismic
events are well located in both epicentral position and depth, i.e. there
must be a wide variation in range and azimuth of the seismic stations from
the epicehtfeg.

5. For more accurate depth determinations of hypocentres, a three
dimensional seismic network is preferable. |

6. For Hypocentral'location of the seismic events, the travel time
from the source to at least four seismometers should be used in the
calculation.

7. Fbr accurate location, the output frbm all seismometers should
be recorded Wifh a common time code,‘on common graphic paper or magnetic
tape. ‘

8. The accuracy of the seismic location is lfmited by the accuracy
with which the velocity structure of the area is known.

9. For more accurate locations én anisotropic velocity model is
required. |

10, The accuracy of the seismic location is limited by the precision
with which the arrival times of the seismic waves at the seismometers can
be determined. |

11. ’Because of the short distances between the tremor foci and the

local network seismometers, accurate timing to at least 0.01 second is

required.
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CHAPTER 2

MINlNG INDUCED STRESS, STRAlN AND ENERGY RELEASE BY
MAKING AN UNDERGROUND EXCAVATIGON

2.1 lntroduction

. NWithout understanding the distribution of mining induced stress and
strain and their role in mlnxng induced seismicity, it is dlfflcult to find
the causes of mlnlng earth tremors and to interpret their actual mechanisms.
The intention of this chapter is to give some general knowledge about mining
engineers. ' o ' - | | |

If the ground is not subJected to any kind of tectonlc movements
(foldlng, faulting, etc.) before an underground Open|ng is made, the rock
dmass is in equillbrlum in its virgin state. The ground at any point at
depth is subJected to a pressure equal to the welght of the superlncumbent
strata.

When an underground opening is made, the ground on theJSIdes, and
above and below the opening is deprived of its natural supports. Consequent]y
the rock mass around the opening is no longer constrained. Therefore the
equillbrium is destroyed and the rock masses around the opening tend to-
deform towards the opening. | Thls situation leads to the redistrlbutnon of
strata pressure around the opening.‘ The mode of mining plays an important
role in this'new distribution of strata pressure, and consequently’on;strata

control,

2.2 Theories of rock pressure and strata movement

The theories of rock pressure and strata movement are closely related.
The former deals with the phenomena of underground stresses, while the
latter attempts to explain the consequent movement and the ultimate settle-

ment of the strata. The movement is the physical manifestation of the
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stresses developed within the strata as a result of mining operations. Rock
movements include deformation of the rocks in the vicinity of an excavation,
rock bursts, rock falls and surface subsidence.

Various theories based mainly on underground observations of strata
behaviour surrounding the excavation have been put forward in order to
explain the distribution of mining induced stresses, and consequently to
try to interpret the phenomenon of rock bursts.

In general these theories can be grouped into two main categories:

1. The Pressure dome theory

Observations of the cavities and tunnels in the rocks, which often
remain stable without artificial supports, have led to the dome concept
(Denkhaus, 1964). The principle of this theory is that the pressure is
arched over the excavation and bridges between two abutments.

Crowle (1931) and Dinsdale (1937) advocated the pressure dome theory
to explain the rock burst phenomenon in mines. They suggested that when an
underground excavation is made, the natural support for the layers above,
below, and at the sides of the opening is removed. The layers are therefore
fractured and deform towards the excavation, thus removing the support from
the next layer and so on. As these fractures proceed outwards from an
excavation, a dome-like area of fractured rocks is developed. The fractured
rock inside the dome is decompressed (intradosal ground), but a high stressed
Zone is created around the dome in the solid rocks (extradosal ground).
Ultimately this high pressure exceeds the elastic limit of the rocks in the
extradosal ground causing them to fail. As the excavation goes on, pressures
are concentrated on the ribsides and on isolated pillars or remnants causing
the formation of many small pressure domes. Failures of these pillars result
in two or more small pressure domes meeting to form a very large dome, thus
causing further stress concentration on the abutments., For the footwall,

the dome is smaller than for hanging wall, and this might be due to the

..37-



gravity effect which assists the breaking of the rocks in the hanging wall.
The extent and pressure effect of the dome increases as the depth and the
excavation increase.

Dinsdale (1937) considered the length of the roadway and modified the
iaea of a dome by using an arch.

2, The cantilever theory

Stratification of the rocks has led to the concept of treating the -
strata as a series of beams or plates overlying each other. The principle
of this theory is that the immediate roof stratum detaches itself from the
overlying strata and acts as a beam or cantilever over the goaf (Denkhaus,
1964) .

Sinclair (1936) and Joseph (1938) advocated this theory to explain
the pheonomenon of rock bursts in Witwatersrand gold mines.  As the excava-
tion is made in almost horizontally layered deposits, the strata of the
unsupported roof will sag under the effects of their own weight and the
superincumbent pressure. The sagging layers act as beams or cantilevers.
The deflection of each beam depends upon its thickness and its elastic
deformation modulus. The process of sagging proceeds upward decreasing
in each succeedfng layer, untli finélly a ghort‘beam i§ reached.' This beam
represents the apex of what appears as an arch or dome if the points in a
vertical plane at which the sagging ceases at both ends of the beam (abut-
ments) are Jjoined. As a result of sagging of a layer, the next layer above
it transmits its own weight and the weight of the above layers which it
supports to the nearest point of contact between it and the lower stratum.
Therefore, each sagging layer creates a compreséive stress on the layer
below it at the points of support (abutments). Consequently, if a large
number of layers act as a beam, high compressive stress will be concentrated
on the abutments. |f the concentrated stress exceeds the strength of the

supports, failure will occur. -
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The sagging increases as the depth and the excavated area are
increased. As the excavation increases the hanging layers (beams) begin to
fracture producing small rock bursts. The fractured layers may then act
as cantilevers supported at one end on the face, while the other end is
free. \

In the case of an inclined excavation, another force exists. This
force is the tangential pressure of the roof which is augmented in strati-
fied deposits by the natural tendency for the rock mass to drag down or sag
on the line of dip. This will lead to the development of a greater pressure
on the support on the down dip side, causing more shearing and greater
tendency to burst (Sinclair, 1936).

From above;ithan be inferred that the two theories do not contradict
each other. Rather, they represent two versions of one universal theory.
Both theories suggest that roof sagging is the main cause of the rock bursts.
Both recommend the setting up of adequate supports in the excavated area as
soon as the excavation is made:fn order to prevent or reduce roof sagging
and conseduently reducing rock burst incidence,

2.3 Mining induced stress in the case of longwall , and rooms and
pillars extraction

From the point of view of stfata control, mining methods can be
carried out in two general ways (Whittaker, 19?4): |

1. Partial extraction without cavihé ofohe roof (rooms and
pillars). In tHis method the sﬁrata pressure is redistributed in such a
way that it is taken by the remaining pillars. | |

2. Longwélllextraction. In this case the roof strata behind the
face are allowed to‘caQe in, causing the strata pressure to‘be sHif£ed to

the waste region and abutments.
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2.3.1 Stress distribution in the case of pillars

During mining, pillars are usually left for various reasons such as
preventing or redqcing syrface subsidence or preventing water infiltration.
In general the pillar needs to be of sufficient size to remain stable.

The pillar supports‘the strata immediately above it as well as
some of the strata which cantileversover into the surrounding openings.

Thus in a typical room and pillar layout, assuming that the overburden
pressure is uniformly distributed over the pillars, Hoek and Brown (1580)
show that the average stress imposed on a pillar is given by the

following formulae:

Lo

Wo
= — — i 2 Je 1
op pgH (1 + wp) (1 + Lp) ... Rectangular pillar 2.3.1a
= Wo .
op = pgH (1 + Wo *C° Long pillar 2.3.1b
verkical

where op is the average/pillar stress,

Wo is the width of the openihg;

Lo is the length of the opéning,

Wp is’the width of the pillar,

Lp is the length of the pillar,

p is the average density of the rocks = 2537 Kg/m3,

g is the gravitational acceleration = 9,81 m/secz,

H is the depth below the surface.

Hoek and Brown also calculated the average pillar stresses for
other kinds of pillars.

The stress distribution within the pillaf is not uniform. Hoek
and Brown also calculated the values and distribution of the major and
minor principal stresses around a pillar. They presented a number of

diagrams showing the distribution and magnitudes of the principal stresses,
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normalized to the average vertical pillar stress, in a rib pillar having
different ratios of pillar height to pillar width (Fig. 2.3.1).

Fig. 2.3.2 shows the distribution of the overburden p;essure within
the pillar. The ;igure shows that at the sides of the excavation a de-
stressed zone occurs since the coal is fractured in this area and suffers
little lateral constraint. Inside of the pillar edge, into the solid rock,
the stress increases gradually and the pressure peak (abutment pressure)
occurs at about 1-10 m from the side of the pillar. This abutment pressure
represents the failure strength of the coal under the prevailing conditions.
The broken coal in the area between this pressure peak and the side of the
roadway is called the 'Yield Zone'" (Wilson and Ashwin, 1972). The coal in
the region inside the pillar is relatively undisturbed, and still follows
the laws of elasgicity since it has not passed the yield point. It is
surrounded on all sides by the 'yield zone' which tends to constrain ft.
This central region is called the 'pillar core' and it has an average
stress lower than the peak abutment pressure. |In the case of a large
pillar, the average stress in the pillar core drops to the value of the
overburden pressure. In the case of a small pillar, the core -stress may
rise to the value of the abutment peak stress. If the pillar core stress
exceeds the abutment pressure a breakdown in the cohesion of the pillar
core occurs since it is beyond the elastic limit. However, the broken
pillar can still withstand high stress as a result of the lateral con-
straint offered by the fractured rocks in the ribs of the pillar to the
broken rocks inside the pillar. Wilson and Ashwin suggested that the
strength of the pillar corejincreaseg‘because oﬁfégnfining constraint
afforded by the yield zone. The increase in pillar core strength is

Proportional to the confining stresses according to the equation:

¢ = 0, + 03 tanf 2.3.2
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(a)

Fig. 2.3.1.

(b)

Principal stress distributions in a rib pillar defined by a ratio of pillar
height to pillar width of (a) 0.25 and (b) 4.0 respectively. The contour
values are given by the ratio of major and minor principal stresses to the
average vertical pillar stress. (After Hoek and Brown, 1980).
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where o

the stress needed to cause failure, or flowage if the rock
is already fractured (i.e. the strength of rocks in
confining conditions).
90 = the unconfined compressive strength, or the inherent
strength. 1f the rock is broken Oy = 0.
o3 = the confining stress,
B = the average slope angle of the curves of o versus O3 For
British Coal Measures tanB = 4.

This suggests that at depth the stress required to cause failure
or flowage in the coal measure is about four times the confining pressure,
regardless of their unconfined strength or state of fracture. Wilson and
Ashwin further suggest that in the case of a lithostatic virgin state of
Stress,i‘é,, both vertical and horizontal stresses are equal, the maximum

yield strength (i.e. the maximum vertical abutment pressure) is given by:

Orax - % * L ogH
or
Omax L pgH in case of fractured rocks. 2.3.3
where o = the average density of the rock,
H = the depth below the surface,
g = the gravitational acceleration.

Observations have shown that the value of the peak abutment pressure
ranges between 3 and 5 times the superincumbent pressure.
The authors showed that the distance of the peak abutment pressure

v), Figure 2.3.2, from the rib side can be expressed by the formula:
Y = 0.0043 hH(m) 2.3.4

where h s the excavation height in metres, and

H is the depth below the surface in metres.
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This indicates that if the pillar width is less than 2Y, the pillar has no
centre core. In this case the pillar is unstable. Wilson and Ashwin

were able to infer the required width of the pillar by equating the
strength and the average pressure subjected to different types of pillars.
Whittaker (1974) indicated that undergréund observations showed that pillar
strength depends on the pillar materials and the size and shape of the
Pillar. The pillar fails if the overlying pressure (P) exceeds the pillar
Strength. The ratio of the pillar strength to the pillar loading pressure
gives the safety factor (S):

strength of the pillar
pillar loading pressure

Observations of a number of stable and collapsed pillars showed that most
of the stable pillars have a safety factor of more than 1.3 (Whittaker,
1974) . During the determination of the safety factor, local mining con-
ditions should be taken into consideration. Creep and natural weathering
can weaken the pillar strength. Undermining a seam containing pillars can
also promote or accelerate pillar collapse.

2.3.2  Stress distribution in the case of 1ongwall'face

The longwall mining method is used extensively in the working of
stratified deposits, particularly in the European coalfields. This method
can be applied in a variety of geological conditions and at great depth.

I't has been found that this method is very reliable in places where the
roof and floor of the coal seam are not strong.

The longwall face usually ranges between 50-300 m in width, wﬁile
the length of the panel ranges from 300 m to mére than 1,000 m. Generally,
in this method, the extracted region behind the face is allowed to cave in.

Mining using the longwall method resﬁlts in a redistribution of the
Strata pressure in such a way that low-stressed and high-stressed zones are
Created, as shown in Figure 2.3.3 (Whittaker, 1974). High pressure zones

are developed in the solid rocks surrounding the excavation, while a
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de-stressed zone is created behind the face as a result of the extracted
coal and breaking of roof strata.

Wilson and Ashwin (1972) showed that the vertical stress applied to
the Qaste is directly proportional to the distance from the face. The
load, after reaching a hinimum\immediately behind the face, increases
slowly and coﬁfinues to increase, as the overlying strata cdllépse and com-
pact, until it reaches the value of the overburden pressure, after which it
remains constant, i.e. there is no rear abutment pressure. The point in
the goaf at which thekvertfcal streSs,reaches the overburden stress is
equal to 0.3 fimes the depth. Before‘this distance is reached, the load
which is not taken bywthe waste fs thrown onto the face. Some authors
(Spruth, 1951; Alder et al., i951) have indicated that another abutment
Pressure exists behind the face in the goaf. This is called the rear abut-
ment pressure. However, Shepherd (1973) pointed out that "It has now been
shown conclusively that the concept of a rear or back abutment is untrue
and this also is the view of workers abroad".

The front abutment pressure (ahead of the face advance) exerts its
peak pressure 1-10 m ahead of the longwall face. However, Peng (1978)
indicated that this abutment pressure is first felt at distances as far as
150 m ahead of the face.‘ This pressure abutment plays an important role
in induCing coal bursting. The strength of the coal and the surrounding
rocks plays an important role in determining the magnitude and position of
the peak pressure. Spruth (1951) and Shepherd (1973) pointed out that in
the case of sandstoneVroofs the abutment pressure occurs at a greater dis-
tance ahead of the face, compared to that in the case of mudstone roofs.
This is because sandstone is a relatively rigid fock and yields little
before breaking, causing a more uniform distribution of pressure, whefeas
Mudstone is flexible and yields greatly before it fractures. ngure 2.3.b

shows a diagramatic comparison between the relative position of the peak
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of the‘front abutment pressure for two different geological conditions,
representing British and West German (Ruhr coalfield) coal measures
(Whittaker and Pye, 1975). Ruhr coal measures are generally composed of a
strong silty-sandstone roof, a relatively weak and friable coal seam which
is underlain by a strong sandstone. This combination results in a reduction
in the pressure intensity near the face line. It was found that the peak
of the strata pressure abutment generally lies at a distance of between
5 mand 10 m ahead of the face. British coal measures, on the other hand,
generally consist of a mudstone roof of moderate strength, a relatively
stronger coal, and a much weaker seat earth forming the floor. This situa-
tion causes a concentration of pressure intensity near the face line. It
has been found that the position of the pressure peak usually lies about
-3 m ahead of the fece. The value of this’peak pressure is usually equal
to about 4 to 5 times the overburden‘pressure; |

Along the two sides of the panel; abutment’pressure Is also developed;
this is called the flank abutment pressure (section X Xl’ Figure 2.3.3).
As the face advances further, and wuth the elapse of time, the entry ribs
in the goaf area yield This may cause a reductlon in the flank pressure
abutment, and the transfer of the peak pressure further into theksolfd
(section X2 X,» Figure 2;3.3); | o

For British coal mining conditions, the value of the peak pressure
in tne longwall rib sidee has been estimated;to be about four times the
oVerburden pressure; while’the distance of this peak from the rib sfde'is
equal to about 0.015 times the depthu | o

The front and flank abufment pressures are superimposed at the cerner

of the advancing face due to their Interaction, and together form the corner

peak pressure (Fzgure 2.3. 3)
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2.4 Strata deformation around a longwall face

Farmer and Altounyan (1980) have measured the deformation ahead,
above and to the sides of a longwall face in a number of mine workings. A
typical example is shown in Figure 2.4.1, The deformation is presented in
terms of vertical strain contours. |t is shown that compressive strains
occur ahead of the face within the front abutment, and that they decrease
as the distance from the face increases. The large tensile strains above
the worked area indicate fracturing of the caved rock. Laboratory tests
Suggest that in the relatively unconfined conditions existing above the

worked area a tensile strain greater than 0.25% is indicative of rock

fracture.

2.5 The effects of interaction from multiple wdrkings

In British coalfields, mining in‘virgin'areas is becoming increasingly
uncommon (King, ef'al;, 1972) . 'Manyvcoal faces encounter interaction at
- least once during their working life.

Interaction is a £erm used tq describé the pressure effects produced
by one unde;ground wdrking upon another. An equally important aspect is
the effect of mass dispjacement of strata on an underground opening (King
et al., 1972). Holland‘(1958) indicated that “sfress concentration in an
overlying or an underlying seam may be reflected in a bed being mined .....
Whethér or not the stress concentfatioﬁs will have a serious effect depends
on the distance between beds as well as the cover on the beds, and to a
lesser extent, perhaps, on composition of the rocks between the beds con-
Cerned". King et al.,(1972) suggested that the sources of interaction are:

1. Stress Fiéld changes due to old or current workings.

2. Triggered interaction due to the cHangeé pfoduced by

current workings upon old workings.
3. Active strata displaceméntnin other wofkings due to

current workings.
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Interaction from other workings often have a marked effect on the
stability of existing roadways and coal faces. It can affect underground
workings in such a way that:

(a) Closure in the working areas, particularly in the roadways
would increase as a result of abnormally high strata pressures. Strata
control in these areas consequently becomes very difficult,

(b) THe‘natural strength of the straté declines as a result of
th'S hlgh pressure.‘ Remnant pillars in a previously worked seam result
in the strata immedaately above and below the plllar being subjected to a
high compressive stress, while the regions to the side are under lateral
tension due to rock fracture. This situation results in vertical fractures
in the strata immediately above and below the pillar (Whlttaker, 1974) .
These fractures have a tendency to run in a dlreCtIOn parallel to the
Tonger axis of the pillar., Therefore, during the extraction of the next
seam, locatnng roadways in these “high pressure zones must be avoided since
this tends to cause hlgh convergence.’ - |

(c) Interaction arises when an active subsid;nce trough of a lower
working face affects a higher working face. This mostly occurs when several
Seams are simultaneously mined.

During thé extraction of the non-initial seam, it has been found
that_the best method is to locate its fa;e over or under the old goaf,
Location of the actiye face‘in'this‘dé-stressed regidn will result in good
strata control‘on both the face and the gates. Fig#re 2.5.1 showsrsome

€xamples of composite longwall working layouts as suggested by Whittaker

and Pye (1975).

EEEL_ The effect of stresé on rock fracture

Many authors discuss the problem of mining induced stresses assuming

that the rocks behave elastically.
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If the strata are horizontal before mining at depth, the strata
overlying a coal seam are subjected to a vertical pressure equal to the
weight of a column of overlying material (Hudspeth and Phillips, 1932-33;
Shepherd, 1973). In Figure 2.6.1, zone A shows a cube of material in a
virgin area subjected to a vertical force P1 which compresses and
expands the cube, parallel and at right angles to the force action
respectively. “The cube reméins in an equilibrium Constraint condition
under the effects of the two'lateral forces P, and P3. These two forces
act parallel and perpendiculér to the coal face respectively. Under these

conditions (virgin state):

where m = Poisson's number.

The difference between vertical and horizontal stresses is given by

During mining the Iateral constraining pressure ahead of the face changes
as the face adQénces. The lateral forces Pé and Pgrare'gradually reduced.
P3 ultimately becomes zero as shown in zone B, and it may even become
tensional (zone C) due to roof bending.. Consequently; the coal deforms

towards the excavation. In this case

=P1

Py L
: m

and the stress difference increases to

The reduction in the lateral stresses results in an increase in the vertical

strain with a consequent increase in coal deformation towards the excavation.
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Fig. 2.6.1.

Vertical section through coal face and goaf, illustrating the action
of strata pressure in three different places (A, B and C) in front
of the coal face. (After Hudspeth and Phillips, 1932-33).



!

The deformation produced as a result of the reduction of P3 with
the consequent |ncrease in stress difference (shear stress), may |nfiuence
the development of induced shear failures in the rocks ahead of the face.
Assuming that the value of P3 = 0, as in Zone B, the maximum stress’ ;
difference will be equal to P,. The vaiue of P, is about 22 kN/m per
metre of depth. This vaiue is insuff1cnent to cause fractures in coai
measure rocks, and 50 indicates that other forces must account for most of
the fractures in the coal measure rocks. As we have seen from the previous
sectlons, dur:ng mining a very high abutment pressure is developed in the
rocks ahead of the face. This abutment pressure is represented by (R) in
Zone C. In this zone the total vertical stresses are represented by P, + R.
Therefore, the |ncreases of the vertical pressure from Py to Py + R, wnth
or wrthout reduction in P3, may result in a stress difference (shear stress)
sufficient to cause shear fracturesin the rocks ahead of the face. The
shear fractures take place along two intersecting planes, “hading in
opposite directions. Shepherd (1973) indicated that once the coal is
extracted, the backward hading fracture must be controiied, because the
rock biockS'formedvby these fractures may cause convergence, roof falls
and cavities. | |

HudSpeth and Phillips (1932-33) ShOWéd that the magnitude of induced
'stress (R) (in Figure 2.6.1) depends on the‘amount of roof sagging’and on
the Spanu(L) to the nearest adjacent effective support (M), such as‘a'piiiar,
packing orkpowered support. The shorter the distance to the adjaCent
supports the less the roof sags, and consequently the smaller the value of
(R),UrThis is because if‘the roof strata are strong, such as bed (2) in the
figure, they can act as beams or cantilevers (see Section 2.2). Therefore,
the presence of supports such as (M) will resuit in a reductlon of (R).
Hudspeth and Philiips suggested that due to the inevitable existence of a
certain span of unsupported strata, it is impossible to reduce the induced

stress (R) to zero.
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2.7 The application of elastic theory to analyse the movements in
the rock mass around an ideal longwall stope

The elastic theory assumes that a large mass of perfectly elastic
and homogenous material contains a void in the form of a slit of negligible
thickness and indefinite extent., A lithostatic virgin stress state i{s also
assumed {Ryder and Officer, 1964).

A model based on the theory of elasticity has been developed by
Cook (1962) to illustrate the behaviour of the rock mass in the vicinity
of a deep level —tabular excavation (stope). This‘modei was applicable to
the Witwatersrand goldrﬁineé where quartzite surrounds the stope (see
Section 1.2),

A stope of 610 m span and 0.9‘m high at a depth of 2,440 m below
the surface was investigated séismically. The failure of the quartzite was

found to be consistent with the Coulomb failure criterion. This is defined

by:
9. = s + fp
where q. = the maximum shear stress on the failure plane.
s = the shear cohesion.
f = coefficient of internal friction.
p = normal stress on the failure plane.

He used elastic theory to calculate‘the magnitudes and directions of the
principal stresses around the stope in which the seismic investigation was
made. He assumed in the calculation that the quartzite around the stope
wWas strong and behaved elastically. The stress field solution is
presented in Figure 2.7.1.’

Cook applied the failure criterion for quartzite to those theore-
tical stresses, and found that the quartzite fails in a small region around
the stope. |If q is the shear stress on any plane and 9e is the maximum

shear stress defined by the failure criterion for the same plane, wherever
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(q/qc)max. exceeds unity, failure must occur. The seismic investigation
showed that most of the failures occur in the region predicted by the model.
Rydér and Officer (196%) used a model based on the theory of
elasticity, calculated theoretically the movements induced in the solids as

a result of mining in a QEbping stope. The’theoretfcal calculations are
presented on graphs. By using these graphs it is possible to obtain the
absolute movement gt any given point in the solid. They showed that due to
the action of primitive stressés’(verfical and horizontal) on the’dipping
stope, two components of stfess will exist; the normal stress P and the
shear stress Q. As a result of applying these two stress components on the
stope, three components of movement induced by mining in the solid are
predicted by the elastic theory as shown in Figure 2.7.2.
1. A‘horizontal movement (U) in the X-axis directed towafds or
away from the stope centre line.
2. A perpendicular component (W) in the Z-axis_ directed’

normally towards the plane of the stope.

3. Aride component’(V) in the Y-axis moves down dip and

up‘dip in the haﬁg?ng wa]lrand footwall respectively.

Ryder and Officer (1964) and Cook et al. (1966) measured the verti-
cal displacement in the rock mass surrounding an excavation by precise
levelling of a number of accurate Benchmarks spread along tunnels running
throﬁgh the rocks in the vicinity of the excavation. The benchmarks were
fixed at the ends of 2.44 m long holes drilled into the tunnel roof. It
was noticed that rock movements started well ahead of the working’faces and
that the movement increased as the span of the excavation increaséd (Ryder
and Officer, 1964), Figure 2.7.3 shows a comparison between the observed
and calculated elastic theory displacements along a tunnel in the hanging-

wall of two longwall stopes. It was found that there was a good agreement

between the observed and calculated movements. The good correlation led
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February 1963. (After Ryder and Officer, 196L4).



Ryder and Officer to conclude that deformations in the rock mass induced

by mining may be described or predicted in terms of elastic theory. The
theory may also be used to calculate the stresses and the energy distribu-
tion around the excavation. Such calculations may be used to make a corre-
lation between rock failures and mining induced stresses, strains, and
energy distribution in the mines and consequently may provide greater

understanding of rock failure mechanisms.

2.8 The energy released by making an underground excavation

Since rock bursts are the result of a violent release of energy, a
study of energy change during mining may be useful in understanding the
mechanism of rock bursts.

In an underground stope, the rocks immediately surrounding the
excavation are fractured but the rock mass behind these fractured rocks
is solid and tends to behave elastically.

The work done in the deformation of an elastic material is equal to
the area beneath the stress-strain curve (shaded area in Figure 2.8.1a).
During unloading the strain follows the same cﬁrve and this work is
recovered from the elastic strain energy. When a load is applied to a
plastic material, however, it may deform continuously and it will not
recover its original shape after unloading (Figure 2.8.1c). Therefore the
workrdone in this deformation is dissipated within the material.

When an underground excavation is made, a change in the potential
energy of the rock mass occurs. This change is called the gravitational
Potential energy (Wé) and occurs as a result of rock displacements under the
influence of the gravitational field (Cook et al., 1966). These displace-
ments represent the amount by which the rock mass above the excavation
moves toward the excavation (towards the centre of the earth). The loss
in pbtential energy (WG) can be expressed in terms of the superincumbent

vertical pressure and the volumetric closure of the excavation.
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W, = WP o 2.8.1

where V is the volumetric closure.

P is the overburden vertical pfessure.
Part of this energy will be stored as strain energy (ws) in the surrounding
rocks, which significantly increases the stress in these rocks. The other
Pért (WR) will be released. However, the released and stored energies must

satisfy the following relationship:
Moo= W o+ W 2.8.2.

The non-elastic behaviour of the rock mass results in greater displacement
and, consequently, greater energy release, ie. ws 3 wR g WG (Cook et al.,
1966). The energy (wR) is usually released non-violently and is either
dissipated through crushing the rocks and supports, or by plastic flow of
the fractured materiels, and’ieimostly trahsformed'eventually into fric-
tional heat. The rate at wthH the energy een be dissipated hon-violenily
depends on mahy factors, such as exeavetion size, rock probekties, and depth
below the surface. However, the energy may bekfeieased‘violently; that is,
it is transformed into kinetic energy and manifests itself as rock bursts,
sometimes causing severe damage. Cook (1962) from his seismic study of the
Witwatersrand earth tremors, showed that a small amount of strain energy

is released, without damage to the stepe during blasting. However, the
blasting does not release all the excess strain energy. -At ofher times
fanlures occurred lntermlttently releasnng seismic energy between 1.36 x
103 J to 1 36 x 105 J whlch is small compared to the energy released by a
Iarge failure. The largest failures released up to 1.36 x 107 Joules of
Seismic energy and usually cauSed damage in the mine end occurred‘fn the

5 J of

form of a rock burst. Those failures releasing less than 1,36 x 10
seismic energy rarely ceused damage. During rock failures part of the

stored strain energy‘(ws) is also released.
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Cook (1963) calculated the energy released for a long and narrow

horizontal slit-like excavation in an elastic material as being given by:

A 242
E = 22 2.8.3
3G
where E = total excess energy per unit length.
p = vertical overburden pressure.
S = half span of the excavation.

G = modulus of rigidity.
The rate at which this energy is released as the span of the excavation is

increased is given by:

9.E_=.8_P.2.5_~ : . 2.8.4
3G ‘ , '

THefefore, the total energy release and the rate of energy release are both
functions of the stope geometry and overburden stréss. rFigure 2.8.2 shows
the‘relationshfp betweeh the rate of energy relgase and the span of a long-
wall stope at depths of 1524 m and 3048 m (5,000 ft. and 10,000 ft.), with
three possible values of maximum closure. Line A represents the rate at
which energy is dissipated non-violentlf,and lc represents. the critical exca-
vation size, where the two rates become equal. The graph shows that the
rate of energy release'increasés sharply as the spah increases, while the
rate of non-violent enefgy dissipation is nearly constant. The rate of
energy release augments as the span increases until the span reaches a point
where complete closure occurs at the centre of the excavation, after which
the rate of energy release approaches a constant value (Cook et al., 1966).
The graph also shows that the rate of energy release is a function of
depth (i.e. increasing pressure).

Statistical observations in mines have shown similar relationships

between mine geometry, depth, and the rock burst incidence. It has been
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found in the mines that the frequency of rock bursté increases both as the
excavated area becomes large and deeper (see Chapter 3).

From the above it can be inferred that for a given depth, there
exists a critical excavation size below which no rock burst should occur,
while béyond this size, rock burst incidence increases rapidly as the
excavation is enlarged (Cook et al., 1966). This critical size decreases
with increasing depth. Below this critical size, all energy is dissjpated
non-violently; Therefore, Cook suggested that ''the existence or otherwise
of the rock burst hazard depends on whether the geometrical rate at which
energy must be released, is gfeater or smaller than the rate at which energy
can be dissipated‘non-violentiy as the‘excavétion is enlarged'.

1t hés been found’thét the incidence of rock bursts greatly increases
wherever the excavation surrounds a small abutment. Figure 2.8.3‘shows the
effect of the siie df pillar at diffefent depths on the rate of énergy
release. The brdken line represents the rate of non-violent energy dissi-
pation. It can be seen that when the pillar size is small, the rate of
energy relegse is much greater than the rate of non-violent energy dissipa-
tion., This provides a good explanation of why,rock burst incidence increases
during the extraction of remnant pillafs (see Chap£er 3).

Cook et al. (1966)‘finally concluded that by reducingwthe rate of
energy release, it is possible to minfmize the rock burst hazard. Reduction
of the energy release can be achieved by reducing the stope closure, and by
adopting methods of mining which ensure the most uniform rate of energy
release, rSuch methods of mfning include extraction along a regulér line
and the avoidance of leaving small pillars. Although total étOpé closure
can be reduced by keeping the stope height as small as pos;fble, there is a
practical 1imit below which the stoping height cannot be reduced. The
reduction in closure can be achieved by:

(1) Leaving solid supporting pillars between the panels
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This method is carried out by the extraction of long paraliel
panels of equal span, separated by solid pillars of equal width spaced at
regular intervals. The extraction can be carried out along faces either
parallel or perpendicular to the long axes of the panels.

It has been found that the released energy increases linearly and
uniformly when the faces advance in the direction of long axis of the panel.
However, with advances in a direction perpendicular to the long axis of the
panel, the enérgy release is small initially, and then increases greatly
(non-1inearly) in the final stages of the panel extraction. Therefore the
first method is considered to be safer from the rock burst hazard point of

view.

(ii) Waste filling (stowing)

For the waste filling to be effective, it should reduce the closure
of the excavation to a maximum extent. The filling should offer the maximum
possible resistence and should be carried out as rapid]y\asipossible.
Theoretical studies have shown that while waste filling is very effective
in reducing the rock burst hazard at great depth, it will only combat the
hazards at shallow depth if the excavation is exceptionally large. This is
illustrated clearly in Figure 2.8.2.

(iii) Roof caving

Caving’has been considered as a method for reducing the rock burst
. hazard in Witwatersrand gold mines. Howgver, no definite conclusion has
been obtained regarding its adoption. Caving may help to prevent rock
bursts inrtwo possible ways:
1. The fractured rock masses iﬁ the caved area may be
regarded as waste filling.
2., More,freedom of strata movement may enable more

~ energy to be dissipated non-violently,
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CHAPTER 3

ORIGIN AND MECHANISMS OF ROCK FAILURES

3.1 Introduction

Rock failures induced by mining are generally referred to as rock
bursts, rock falls, bumps and bounces. The term rock burst is most used,
however» rock bursts in coal mines are often called bumps (Osterwald, 1970).
Blake (1972) defined the rock burst as "a sudden rock failure characterized
by the breaking up and expulsion of rock from its surroundings, accompanied
by the violent release of energy''. This definition suggests that rock
bursts occur only on free mine faces. However, Hodgson (1958) suggested
that ''the term rock burst should be extended to include any sudden release
of rock strain energy, whether or not it is accompanied by evidence in the
mine'', Morrison (1947) also defined the rock burst as ''that phenomenon
which occurs when a volume of rock is strained beyond the elastic limit
and the accompanying failure is of such a nature that accumulated energy
is released instantaneously''.

The lack of clear definitions of many terms used.in rock burst
studies had led to considerable confusion amon§ mining engineers. A survey
of the literature showed that many investigators used the term rock burst
to refer to failures occurring on and deep inside the face (Weiss, 1938;
Hodgson, 1953; Dunrud and Osterwald, 1965; Cook, 1962; Hodgson, 1958;
Mashkour, 1976). This suggests that most writers do not distinguish the
failure (strain energy release) from its effects (shock wave, noise, mine
damage, etc.).

In this study the term "'rock failure' is used to refer to all
kinds of rock failure (and associated strain energy release) except when
failure occurs on a free face (or surface) when the term "rock burst'

will be used.
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3.2 The Origin of Rock Failures

The origin of rock failures can be classified mainly into three

categories.

3.2.1 Rock failures (rock bursts) originating in the vicinity of an
excavation

In general the effect of these rock failures can be observed in
the mine. The rock failures in this zone can be divided into three’
groups:

(i) Rock failures (rock bursts) originating in the fractured
rocks immediateiy surrounding the excavation: As explained in Chapter 2,
an excavation at depth is surrounded by a zone of fractured rocks (intra- |
dosal ground). These fractured rocks are de-stressed in the sense that they
are relieved of stress due to the weight of the overburden. However, these
fractured rocks are not entirely unstressed. Cook (1962) indicated that
these fractured rocks can sustain certain stress levels without slipping,
and that they provide some support to the unfractured rocks behind them.
Roux and Denkhaus (1954) and Hill and Denkhaus (1961) called the system
of stress in these fractured rocks the 'Voussoir Arch''. They indicated
that some rock buréts may originate in these fractured rocks and they
called them “intradosal bursts''. They are a local collapse of the
voussoir arch and they usually occur where the hanging wall tends to
become unstable as a result of the presence of faults, dykes or other
disturbances in the mined-out area. During enlargement of the stope or
in reclamation operations, intradosal bursts may also occur as a result
of the sudden adjustment of the voussoir system (Denkhaus, 1964). Roux
and Denkhaus (1954) gave an example of this kind of burst. They.showed

that in one instance a rock burst occurred in two roadways in an area
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being reclaimed. They reported that the side walls and hanging wall of
the two roadways collapsed violently. In each roadway a thickness of
about 1.2 m of the hanging wall and a thickness of about 0.9 m of rock
from each side were forced into the excavation. However, they pointed
out that the intensity of the rock burst was low compared with the extent
of damage it caused. Weiss (1938) also indicated that some rock bursts
occur in the immediate fracturedlwalls. He called these rock bursts
“strain bursts'. They were small bursts which affect the immediate walls
only and include splinters of rock which fly from the faces, flake off
and slab off suddenly. Weiss suggested that these rock bursts cease

when mining operation stops. Rice (1935) explained that a rupture of a
cantilever bed extending over the goaf may produce a shock burst. The
mass of rock falling upon a lower layer which previously had subsided

may deliver a blow transmitted as a shock wave, although the distance

through which the mass falls may be less than a foot.

(ii) Rock failures (rock bursts) originating in the abutment:
These are the most common and severe rock bursts in the mine. They

affect the solid rock as well as the immediate fractured walls. As

discussed in Chapter 2, beyond
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the boundary of the fractured de-stressed zone, the ground is solid and
subjected to high stress (abutment pressure zone). These abutments can
be inside the walls of an excavation or inside the walls of pillars. As
the excavation is enlarged, the stress distribution in the abutment con-
tinuously changes and the condition can arise whére’the stress at any parti-
cular instant exceeds that which the rock can withstand. Conseguently, the
rock fails either gently or violently depending on the state of stress.
The literature is full of examples about the occurrence of rock bursts
during the driving of héadings or roadwayé through these abutments (The
South Staffordshire and Warwickshire Institute‘of Mining Engineers, 1945-46) .,
Phillips‘(19hh-h5) recognised two kinds of rock burst which commonly occur
in this zone; pressure bursts and shock bursts. |

(a) Pressufe bursts: These are those which occur dué to sudden
fallure of the rock under the influence of the excessive energy gradually
accumulated within it due to the application of én increasing external
pressure induced by mining, or to energy inherent in the rock qnder the
influence of pre-mining forces. This type of burst corresponds to that
occurring when a'pillar of coal is overloaded-and then fails in an
exPlosive’manher. |

The strain energy (W) stored in an unconfined body of rock éubject

to compressive stress can be described as:

2
1 P
W-—-Z-.T.V X 3.2-1
where P = the ébmpreééive force per unit area.
E = Yodng'sVModulus.
V = the vo\ume of the body subjected to compression.

Thns equation suggests that depth, thickness of the worked seam and the
low elastic modulus of the coal in compreSSlon compared wnth the other coal

measure rocks have an important effect on the liability of a coal seam to
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produce bursts, and also upon the severity of these bursts. In the case
of a constrained body subjected to confined forces, the stored strain

energy (W) can be defined as:
‘ ' 2 .2 2
V 2 P 2 2P P
W.= 'z?EP (L) -wleE ¢ e ]} 3.2.2

where m is the Poisson s number.

Phlllnps po:nted out that m for all rocks decreases with lncreasnng pressure,
and that for most of the coal when perfect]y constrained by stresses up to
211 kg/cmz, the value of m reaches 2. The coal inside a large pillar

(piliar core) is constralned. Thus accordlng to equation 3.2.2 no additional
energy can be stored if mbecomes 2. Near the free surfaces of the pillar
sides where the Iateral forces are not effective, the stored stra|n energy

s glven by equation 3.2.1. Therefore, pressure bursts usually occur in
pi]lars or remnants of certain limited dimensions where lateral constraint

is not effective, and in the highly stressed boundary pillars of coal faces.
It is possible that the boundary pressure burst can be followed by another
burst which would destroy the remaining portion of the pillar.

(b) Shock bursts: These are those caused by the sudden application
of strain energy accumulated notrin the coal bed but in a superjacent strong
bed of rock, i.e. the sudden application of an external load. Phillips used
the cantllever theory to explain the occurrence of this type of burst. This :
type of burst is produced in mines having strong strata which are able to
sustain a considerable span above the excavatlon and whnch produce an up-
ward bending force (counter force) over the coal ahead of the face. Abrupt
failure of these beds result in the sudden reversal of these forces pro-
ducing an Impact or blow to the lmmedlate roof and seam which is the
lmmediate cause of the burst. The impact is often of suffuc:ent |ntensity

to cause the coal seam to burst into the roadway, to crush pnllars, to
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induce the floor to 1ift, and sometimes to bring down the roof. The
occurrence of this phenomenon has been explained diagrammatically (Figure
3.2.1) by Holland (1958), though he indicated that its existence has never
been proved. If the pillar remnant in Figure 3.2.1a fails suddenly, part
or all of the load it supported is instantly transferred to the pillar at A
and may produce a high impact stress that might cause a shock bump at A.
In Figure 3.2.1b the stress at C increases as the span of the cantilever
increases due to mining. |f the span becomes long, a pressure bump may
occur at C. |If the cantilever fails suddenly, the stress at C is decreased,
but a high impact stress may occur in area B and could result in a shock
bump in this area.

Phillips pointed out that the amount of stored strain energy (W)
produced by the bending forces in a bed spanning the excavation loaded by

its own weight and that of the overburden strata is given by:

M21°
¥ = I5ET for a.cantilever 3.2.3
w212
W = IrToET for a fixed beam : 3.2.4
where 1 = the beam or cantilever length
E = the elastic modulus in bending
M = the load per unit length
3
| = the moment of inertia = %%— where B and D are the width

and thickness of the bed respectively.
From these equations‘it can be seen that the stored strain energy in the
bed varies as the fifth power of fhe span, i.e. if the span is doubled, the
elastic strain energy will increase 32 times. The most interesting feature
is that the cantilever‘beamvstores 36 times as much energy as a similar
beam suspended at both ends, provided the span length of both beams is the

same. This indicates the importance of avoiding long roof spans and, if
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PILLAR STREES DIAGRAMS
BEFORE FAILURE AFTER FAILURE
/OF PILLAR REMNANT

PILLAR STRESS DIAGRAMS

BEFORE FAILURE OF INSTANTLY AFTER FAILURE

THE CANTILEVER 0’; THE CANTILEVER \

*| SANDY FIRECLAY

=] SANDY SHALE

Fig. 3.2.1. Impact-stress in coal beds,

(a) In the case of a beam suspended at both -
ends. ’ ,

(b) In the case of a cantilever suspended
at one end.

(After Holland, 1958).



these are inevitable, there should be adequate roof support provided in
order to prevent or reduce rock bursts.

(i11) Rock failures (rock bursts) originating in the floor: |If
a strong floor of limited thickness is underlain by a weak soft layer, this
soft layer tends to squeeze out from beneath the sides of the excavation
when subjected to high pressure, and an upward thrust will develop against
the immediate overlying strong bed. Consequently, this strong bed will
fail, which sometimes occurs suddenly and violently so appearing as a rock
burst (Peng, 1978). This kind of rock burst has been observed in the South
Staffordshire, North Staffordshire and Lancashire coalfields (The South
Staffordshire and Warwickshire Institute of Mining Engineers, 1945-46) .
in the Kolar gold field, Crowle (1931) noticed that the footwall, when it
bulged upwards into the excavation, was often sheared at short intervals
along the\rigid edges of the stope faces, producing moderate rock bursts
and forming planes of weakness at right angles to the plane of the reef.

3.2.2  Rock failures (rock bursts) originating far away from the
excavation

In general the effect of these rock failures cannot be observed in
the mine since they are located deep inside the solid rock. However, the
sources of these rock failures can be located by seismic monitoring tech-
hiques. In some mines the seismic events are located in places far away
from the excavation (see Section 1.2). In Witwatersrand gold mines, McGarr
et al. (1975) used ten underground seismometers to locate the source of the
seismic events. They found the tremor foci located in the quartzite hanging
wall at about 200 m above the reef (with a location error of about 2 30 m).
Tests on samples from the hanging wall and footwall quartzites, revealed
that Young's Modulus is higher and Poisson's ratio lower in the hanging wall
than in the footwall, while the strength of the hanging wall quartzite is
about 1.4 kb higher than the average strength of the footwall quartzite.

This suggested that the seismic events tended to occur in the stronger
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hanging wall quartzite where the rock is capable of storing a great amount
of elastic strain energy before failure.

Correlation between the incidence of rock bursts in the mine and
earth tremors recorded by a seismic network in many mines have shown that
the number of recorded earth tremors were far greater than the reported
ones (see Sections 1.2 and 1.5). |n the Kolar goldfield, 13,000 tremors
were recorded annually while only 0.6% of this figure was reported as rock
bursts (Weiss, 1938). Even assuming that some small rock bursts may have
occurred in the abutments and produced no visible effect in the mine, or
that they occurred in old and inaccessible parts of the mine where they
could not be observed, the number of tremors still remains far higher
than the possible number of rock bursts. This indicates that most of the
earth tremor sources were located in the solid rock and probably far away
from the excavation.

Weiss (1938) explained the occurrence of rock failures in the solid
rock remote from the excavation or in pillarsfas a result of thé accumula=
tion of large amounts of elastic strain energy due to the elastic hysteresis
of the rocks and the increa#e of pressure. He explained that during mining
the stresses are continuously changing, increasing and decreasing, but owing
to elastic hysteresis no complete release of the stresses is possible withih
the time scale involved in mining. If the stress increases and decreases
repeatedly at intervals which are much shorter than that required for the
dissipation of the residual stresses, then due td hysteresis after a
certain time the stresses reach values higher than the critical strength
of the rock. Eventually the rocks fail, causing partial release of the
Stresses, The stresses however do not disappear Immediately after the rock
failure, but are reduced to just less than the critical value. Therefore a
further slight increase of stress by some other contributing factors will

Upset the temporary equilibrium and a rock failure occurs again. Weiss
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called the rock failures occurring in the solid rocks crush bursts. However,
this explanation seems to be more logical for the occurrence of rock bursts
in the abutment zone (Section 3.2.1) which may be he considere¢ as being far

away from the excavation.

3.2.3 Rock failures occurring as a result of fault=slips

Oplnlons differ as to whether movements along pre-existing fault
planes cause rock failures, or rock failures cause movements along fault
planes. Consequently, different opinions exist as to whether the presence
of faults in the mine increases oOf decreases rock burst incidence (Lama,
1967; Leiteritz, 1978).

| In general it is believed that mining in the vicinity of a fault or
faults is more liable to greater failures. This is because movements occur
more frequently near a fault or faults than elsewhere due to the additional
stress result from tectonic origin and/or the concentration of the m|ning
stresses along the fault. Many observations in mines confirm this (Robson,
1946; Isaacson, 1961; Taylor, 1962-63; Osterwald and Dunrud, 1965) .

Davison (1924) indicated that sliding of a rock mass along a fault

generates vibrations similar to that produced by rock bursts, The seismic
focus is then é portion of the fault plane. From his observations of mining
earth tremors in Britain, he showed that most of these tremors occurred in
areas where the mining took place neér a known fault or faults, and that
the foci of these tremors were on the down throw side at depths near the
mine level. He also noticed the migration of the tremor epicentres along
or parallel to some known faults. These observations led him to conclude
that the tremors were caused by small fault slips triggered by the mine
workings. He suggested that as a result of coal extraction the overlying
rock subsides due to the removal of support. Near a fault or faults, the
subsidence may take place by a series of fault-slips each of which might
give rise to a rather strong shock. The disturbed area would be small with

a circular or slightly elongated shape.
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Janczewski (1956) in his study of the Upper Silesian earth tremors,
noticed that some large tremors were characterized by their location along
one inclined plane. ,He suggested that this plane may represent a major
fault cutting across the crystalline basement. He also found that the
tremors in the coal field released more energy in the S-phase than in the
longitudinal phase. This also indicates that these tremors were due to
sliding movements along the fault plane. Crowle (1931) observed evidence
of movements along a fault plane known to hold isolated pockets of water
in two separate instances in the Kolar goldfield. In one instance ''the
fault had been intersected by a drive, 1830 m below surface, ten days before
a burst occurred in the vicinity of the fault in an adjoining property, a
considerable distance away from the level. The fault was dry when passed
through and remained dry until a few hours after the burst,’when a con-
siderable amount of water entered the level from the fault plane'. Crowle
also noticed in the goldfield that the major axis of the damaged area as a
result of extensive ground movements is always nearly parallel to the lines
of the intersection of the reef with the larger faults in the area.

Peperakls (1958) and Osterwald and Dunrund (1965) gave many
exémples of the correlatlon between faults and the occurrence of rock bursts
in the Sunnyside mines, Utah. Peperakis reported that in one instance the
rock bursts first started as a tunnel face approached to within about 9 m
of a dip fault. No further disturbance was noticed as soon as the face -
penetrated the fault.

In contrast, however, many observations have shown the reverse
effect with the occurrence of rock bursts decreasing in faulted areas
(Holland and Thomas, 195k; Holland, 1958; McGarr, 1971; Leiteritz, 1978).
Some authors belleve that faults usually release the excessive stresses and
so the area intercepted by faults should be less prone to bursts. This

opinion might seem logical since the fault not only releases the energy
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but also causes crushing of the rockvin the surrounding area. Consequently

tHese rocks should not be able, subsequently, to accummulate high amounts

of elastic strain energy. Therefore, overall, the presence of faults

should not favour the occurrence of rock bursts (Lamal, 1967; McGarr, 1971).
Holland and Thomas (1954) and Holland (1958) from their study of

coal mine rock bursts in some American coalfields, showed that some rock

bursts cccurred in areas Jisturbed by faults. However, the absence of

these faults in other areas where rock bursts Have occurred indicated that

the presence of faults do not necessarily contribute to the occurrence of

rock bursts. Leiteritz (1978)Vstated that in the Ruhr coalfield (West

Germany) most of the rock bursts éccurred in mining areas where there is

little faulting, and the events were largely reduced in more faulted and

highly fissured ground. He indicated that in the case of a reverse fault,

rock bursts occur more often in the lower block than in the upper block.

The same phenomenon was observed in the Upper Silesia coalfield (Lama, 1967).

This may be because during faulting the upper‘throw block is crushed more

than the lower block.

3.3 The mechanisms of earth tremors based on the analysis of first
motions '

‘Any sudden disturbance or displacement in rock results in the energy
being rad|ated throughout the surrounding rocks in the form of seismic waves.
Consequently a great deal of information about rock failures has been obtained
from studies of thelr associated seismic waves. This is based mainly on
analysing seismic wave first motions, which corresponds to the elastic
radiation from the onset of seismic events,at large distances (Knopoff and
- Gilbert, 1960).

Volumetric expansion or volumetric collapse causes the surrounding
rocks to move outwards or inwards respectively. It follows that the first

arrival of a P-wave will be detected at the surface as either compression
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(anaseismic) or dilatation (kataséismic). P-waves generated from an explosion
inside the earth pdsh the surrounding rocks outwards on a spherical surface,
and the seismbgfaphs at the surface will detect these waves as an upward
push and record it as an upward (anaseismic) first motion. If the source
of the detected P-waves is a fault, the first P-motion will be recorded in
a simple pattern at the surface depending on the direction in which the
P-waves left the fault. The radiated first motion pattern will form a
four-fold symmetry about the centroid of the failure, of alternating
compressions and dilatations.

The orientation of the fault plane (strike, dip and dip direction)
can be determined'graphically from the data of the signs of the first motion
of the P-wave and by using the stereographic projection technique. In an
ideal fault-plane solution where the seismic network surrounds the seismic
focus, two quadrants each of compression and dilatation are obtained. The
solution consists of two orthogonal planes, separating the polarity quad-
rants, called the nodal planes. One of these is the fault plane which must
be determined using supplementary geological and geOphyQical information
about the area. Q

Characteristic fault-plané solutions correspond to three funda- -
mentally different types of faults, namely, wrench faults, normal faults,
and reverse faulté are shown in Figure 3.3.1. By pomparing the fault-
plane solution of any seismic event with the characteristic solutioh givén '
in this figure, the type of fault can be deterhinedf

Gane et al. (1952), working in the Witwatérsfand gold mines
(Section 1.2), studied the first motions of P-waves in order to determine
the focal mechanism of the earth tremors. They suggested that the predomi-
nant recorded downward (kataseismic) movement of the P-wave first motion
indicates that the initial movements must be inwards toward the focus.

HoweVer, they considered it to be rash to interpret the kataseismic first
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motion‘as a simple fall of .the overyling strata into the excavatjon under
the influence of gravity. They defined the first motion as that ocqurring
within a few milliseconds from the abso\ute start of the event at the focus,
i.e. the first motion related to the elastic movement associated with the
failure. The kataseismic first motion could arise from the absoluté down-
ward‘movemént of the hanging wall as a result of the failure of the pillérs
and other supports in combression. This kind of failure is typical of
pressure bursts. The authors also concluded th;t failures in siﬁplé‘tension
or in tension due to bending is an uncommon form of initial failure. They
suggested that in such a case of failure the unbroken rock will spring up-
wards in vertical tension giving an upward (anaseismic) first motion at the
surface. They indicated that in the case of shear failure both types 6f
first motion were obtained. In the opinion‘of Gane two possible modes of
shear failure could give kataseismic first motions over a large epicentral
area. These are:
1, The hanging wall, supported in shear by pillars, moves
down dip and shears the pillars.
2. The hanging wall shears at a face working down dip, so
tending to close the stope.

Cook (1962) noticed in Witwatersrand that most of the energy
released was contained in the vertical shear component which may suggest
that shear was the mechanism of failure.

Hodgson (1958) showed that most of the :fremorsff in the Kirkland
Lake mines, Canada, geheratéd kataseismic longitudinal seismic waves.

Mashkour (1976) during his study of the earth tremors at Monktonhall
colliery, Scotland (Section 1.6) found three types of tremor. The first
group produced kataseismic first motion at all stations. He suggested that
th9_58 which aré pr;ssﬁfe bursts,kand always occur when the face enters an

abutment pressure of another worked out area, could arise from the downward
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movement of the hanging wall. The second group of tremors at Monktonhall
colliery generated anaseismic first motions. He considered these to be
shock bursts produced by the failure of rocks in tension due to bending
where the unbroken rock springs outwards giving anaseismic first motions.
However, it is known that the energy released when the rock fails in tension
Is less than the energy released when the rock fails in compression
(Osterwald and Dunrud, 1966; Kusznir et al. 1980b). Gane et al. (1952)
also mentioned that failure in tension is an uncommon form af failure in
mlnes. This may suggest that the Mashkour interpretation may be incorrect
since he did not discues the distribution of seismometers with respect to
the position of the tremor foci.‘ It could be that the tremors which
generated only anaseismic flrst motions occurred WIthln a sma]l arc of azi-
muth with respect to the position of the selsmometers, so that they recorded
only anaseismic furst motions. | o

The third group of tremors, thCh had the lowest incidence, arose
from the fracture of the roeks in shear and generated both kinds of flrst

motion.

3.4 Factors affecting rock failures

Rock failures in coal mines have occurred in several places under
diverse geological and mining conditions. The factors affecting rock failures
are variable and their relationship is very complicated. ' It is difficult
to determine the absolute effect of one separate factor on the incidence of
rock failures.However, knowledge of the various isolated factors can be
attained from statistical analysis of the rock burst data obtained from
Undergrouhd observations.

In general, the factors can be classified into two categories:

Artificial or controllable factors. These are:

1. The mode of wquing-,‘

2. The rate of face advance.
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Natural or uncontrollable factors. These include:
1. The physical properties of the rock.
2. The nature of surrounding rocks.
3. Depth.
L. The existence of dykes and faults.
5. The presence of folds.

6. Pore pressure and moisture.

3.4.1 Artificial‘or’controllable factors

1. The mode of working

The mining method fis undoubtedfy one of the most important factors
affectlng the occurrence of rock fanlures Improper mlnlng methods can induce
a very high stress in localized areas, such as plllars and headtngs (see
Chapter 1),

Statlstical studies in the Upper Silesia coalf:eld showed that 76.3%
Of rock bursts occurred in headlngs or roadways, 10.5% at the sl:cing faCes,'
9.4% st longwall faces, with 3. 8% assoccated with other cases (Lama, 1967) .

A comparison of various extractlon methods showed that 74.7% of
the rock bursts were assooiated with therroom and pillar extraction tech-
nique. This may be because in this method a great number of prelfminary
headings are required, Longwall systems contrlbuted about 22.1% and the
rest about 3.2% (Lama, 1967). Lama indicated that with the room and pillar
technique, the occurrence of rock bursts per 100 000 tons of coal produced
Was 5.1 times greater than that In the longwall system. Holland and Thomas
(1954) stated that longwall mining has been advocated as a means of ore-
venting or redueing rock hursts in coal minest They found that in room
and pillar minlng, more than 67.6% of the rock bursts occurred on pillar
llne p0|nts. Taylor (1962 -63) 1ndicated that for the period 1900 to 1938,
30% of the'rock bursts which occurred in the Kolar gold field were pillar

bursts, 273 were development excavation bursts, mostly in shafts, 103 were



area bursts, and the remaining 33% could not be classified accurately. In
recent years, 10% of the rock bursts were pillar bursts, 7% were development
bursts, and the rest were in stopes or stope abutments.

In general, however, it has been found that the extraction of pillars
(a) and the excavation of large areas (b) were the major source of tremors.

(a) Pillar or abutment size: Nearly all writers on the subject
agree that pillars are the most prominent source of rock failures (Crowle, 1931;
Holland and Thomas, 1954; Neyman, 1955; Hill and Denkhaus, 1961). When an
underground excavation is made, the stress and the strain energy per unit
volume increase in the surrounding rocks. In the case of a pillar surrounded
by excavations on nearly all sides, the stress and the strain energy are
more highly concentrated. As the pillar size is reduced, the stress in the
pillar increases until the strength of the pillar is exceeded and the pillar
fails (see Section 2.3.1). Weiss (1938), Pretorius (1964), Cook et al.
(1966) and Blake‘(1972) found that during pillar extraction, the stress ahead
of the face increased, and this caused rock bursts. When the highly stressed
abutment becomes small it may be completely fractured (de-stressed) and there-
fore becomes progressively less prone to bursting. Flghre 3.4.1 shows the
Iinfluence of the type and size of the abutment on rock burst incidence.
The rock burst incidence increased with decreasing abutment size, until an
abutment area of slightly less than 1672 m2 (500 square fathoms) was reached,
thereafter it decreased until the pillar was completely extracted.

However, leaving proper pillars may reduce the number of tremors
in the mines, as has been found by McGarr and Wiebols.(1977). They studied
the effect of pillars on the seismicity and overall seismic deformation in
the Witwatersrand mines (Section 1.2). Ten underground geophones deployed
In a region of about 3 km in extent and ranging In depth from 1,8 to 3.3 km
were used to monitor the tremors over a period of 100 days in 1972. The

mine faces in two regions were bounded by strike pillars. These pillars
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were left unmined in order to prevent stope convergence and to help in the
problem of strata control. In the third region the faces were far from
any pillars. During the experiment 450 tremors were located. Most of the
foci were located near the active faces, while seismic gaps occurred in the
stabilizing pillars. It was f§und that the distribution of tremor hypo-
centres in the two regions bounded by the pillars were less intensive than
in the third area. The magnitude-frequency distribution of the tremors in
the three areas using equation 7.4.1 (Richter, 1958) gave b values nearly
the same for the three areas, indicating, according to the authors, that b
values are stable in relation to changes in position and mine geometry.
Values of the constant a were lower in the areas bounded by the pillars.
The seismicity level, S, per unit volume of rock mined, was defined by

McGarr and Wiebols as:

S = 10%/avm 3.4.1

where Avm is the volume of rocks mined in a particular region. Using this
equation, it was found that the number of tremors per unit volume of rock
mined in the area affected by the pillars was about 40% of the number in
the area not affected by the pillars. They also found that the pillars
prevented about 60-75% of the convergence that would have occurred in their
absence.

(b) Excavation size: As already described in Sections 2.2 and 2.8,
as the excavation slze Increases the pressure on the abutments and the
amount of energy released increases and consequently rock fallures increase,

In the Witwatersrand, a relationship between the number of rock
bursts per fhousand fathoms versus the stope span (the distance between
opposite faces on strike) is shown in Figure 3.4.2 (Pretorius, 1964). The
number of rock bursts increased with the stope span until a maximum value

of approximately 1.4 rock bursts per thousand fathoms was reached at a span
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of approximately i83 m (600 ft). Thereafter the number of rock bursts
decreased to a level of 0.9 rock bursts per thousand fathoms for a span of
more than 274 m (900 ft). For greater spans no significant changes in the
incidence was noticed. This may suggest that the size of the remaining
abutment is the main geometrical controlling factor at this stage rather
than the excavation size.

In the Kolar goldfield, Crowle (1931) reported that the rock bursts
usually started when about 60% of the reef had been extracted from a glven
area. The depth of workings in this case was about 1520 m below the surface.

2. The rate of face advance

In the Witwatersrand gold mine it has been found that an increase
in the rate of face advance up to a certain value results in a decrease in
rock burst Incidence. Above this rate the incidence increases again (Cook
et al., 1966). (This initial reduction in rock burst incidence may be a
false reduction, because when a rock burst occurs on the face it causes a
delay in production). The rate of face advance beyond which the rock burst
incidence starts to increase as the rate of advance increases depends on
the size of the abutment. Cook suggested that beyond a certain rate of face
advance, varying between about 4.6 m/month for small abutments to 7.6 m/month
for large abutments, the incidence of rock bursts increases as the rate of
advance Increases.

In the Kolar goldfield, Crowle (1931) noticed that reducing the
rate of plllar removal resulted in fewer rock bursts. Therefore, he
suggested that during the extraction of pillars, the face should be
advanced slowly giving time for the development of fractures of the rock
inside the pillar face, and consequently of the releasing pressure. The
same phenomenon has been observed in the South Staffordshire coalfield

(The South Staffordshire and Warwickshire Institute of Mining Engineers,
1945-46) .
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Hodgson and Joughin (1967) discussed the effect of the rate of face
advance in terms of the spatial rate of energy release during excavation.
They carried out experiments in two mines at different depths in the
Witwatersrand gold mines. They found in both mines that seismic activity
and the incidence of violent rock bursts were a function of the spatial
rate of energy release as the excavation Is enlarged. They suggested that
the conditions in the mines are considered to be good if the energy release
rate is less than 107 J/mz, and if it is less than 106 J/m2 the problems

arising from rock failures are negligible.

3.4.2 - Natural or uncontrollable factors

1. The physical properties of the rock

It has been accepted that the physical properties of rocks have a
bearing on the incidence of rock bursts (Mukherjee and Singh, 1964). The
stress conditions in the rock at fracture is defined as the ultimate
strength. Different types of material have different strengths. |If the
rock is subjected to pressure which exceeds its strength, the rock fails,
releasing its stored strain energy. The quantity of energy released
depends upon the volume of the fractured rock and upon the energy released
per unit volume of rock which has falled,
If a coal measures shale which is naturally soft, is subjected to
stress, It will yield comparatively easily and slowly. Consequently, very
little or no strain energy can be accumulated. The release of stress in this
type of rock takes place slowly during crushing of the rocks and continuously
through the whole process of loading. Therefore this kind of rock ;;

not associated with rock burst§. The harder and more brittle rocks, such

as sandstones and quartzites can sustain very high values of stress before
ylelding, and therefore have the ability to accumulate great amounts of
energy. When the stress exceeds their strength they fall suddenly, releas-

ing their energy which is manifested as rock bursts. This indicates that
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 the susceptibility of coal to bursts depends on its ability to accumulate
elastic strain energy. The susceptibility of coal to bursts can be
expressed by an energy index (wE) according to the formula given by Peng
(1978) : |

Wp = 2= 3.4.2

where Ee the elastic strain energy accumulated in the coal.
Ep = the permanent strain energy.
lf-wE >5 the coal is severely liable to bursts.,
WE fs 2-5 the coal is slightly liable to bursts.
We < 2 the coal Is not liable to bursts.

Sebor et al. (1976) reported about experiments carried out on rock
samples to determine the susceptibility of the rocks to bursting. The
method determined the ability of the rock to accumulate strain energy dur-
ing a loading cycle, and the way of releasing this energy after reaching
the ultimate strength. As a result of these tests, the rocks were clas-
sified into three categories: ‘

1. Rock non-susceptible to rock bursts: These rocks do not
release any, or only a very small amount of seismic energy at their ultimate
failure, and the emission of seismic impulses continues during the entire
loading cycle.

2. Rock susceptible to induced bursting: These rocks release a
considerable amount of energy at their ultimate failure. However, emis-
sion of seismic impulses occurs during the whole loading cycle. In this
type of rock an ''Induced rock burst'' can occur as a consequence of sudden
stress Increases, such as those caused by blasting, adjacent rock burst
or tectonic earthquake.

3. Rocks susceptible to spontaneous rock bursts: These rocks
release a great amount of energy at their ultimate failure, and the emission
of selsmic impulses Is minimal during the loading cycle. This is

typical of burst-prone rocks.,
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2. The nature of surrounding rocks

The term ''surrounding rocks'' should be taken to mean the rocks in
the roof and floor .. Observations in many mines have showed that burst-
prone coal seams were mostly overlain by a strong massive rock stratum such
as sandstone, siltstone or conglomerate (Phillips, 1944-45; Holland and
Thomas, 1954; Shepherd and Kellet, 1973). The presence of strong overlying
strata does not necessarily mean that rock bursts will occur. . A weak
stratum sandwiched between the coal seam and the strong strata, and the
presence of a soft floor bed, will gradually dissipate the applied stress
by the yielding of the weaker strata, and consequently insufficient energy
will be accumulated to develop a rock burst (Phillips, 19L4L-L45; Peng, 1978).
However, Rice (1935) indicated that the presence of the strong massive
strata does not necessarily need to be immediately above the seam, and
that it could be as far away as 10-15 times the thickness of the coal bed.
Phillips (1944-45) suggested that the role of the strong roof beds lie in
their ability to span the excavation which results in the transmission of
excessive pressureronto the coal face or pillar and leads to rock bursts.
He gave an examplé about the influence of strong roof strata on the
occurrence of rock bursts in the Springhill mine, Nova Scotia, Canada.

In Britaln major rock bursts have been experienced in the Parkgate
seam at Barnborough in Yorkshire, where a thick, predominantly massive sand-
stone, overlies the coal seam (Phillips, 1944-45; Shepherd and Kellet, 1973).
In the Ruhr coalfield, West Germany, It has been found that seams with
overlying and underlying sandstone were very prone to bursts, while seams
with no roof and floor sandstones were mostly free from rock bursts
(Leiteritz, 1978).

Where the floor is very strong, the bursts may be more frequent
and violent (Rice, 1935; Phillips, 19L44-45; Peng, 1978). If the floor is

softer than the pillars, the pillars are likely to punch into the floor
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resulting in the dissipation of the energy stored in the pillars: Hi11 and
Denkhaus (1961), showed in the Far East Rand, Witwatersrand gold mines,

that rock bursts were relatively infrequent. This is because the footwall
consists of shale, and as the stress increases ahead of the faces, the shale
ylelds gradually by plastic deformation. Therefore the stress cannot
accumulate in sufficient amounts to produce rock bursts. The thickness of
the strong floor may play an important role in the occurrence of rock
bursts, as explained in Section 3.2.1.

3. Depth

As explained in Chapter 2, the vertical pressure exerted on the
coal faces and ribs or pillars is proportional to the height of the over-
burden. The deeper the coal seam the higher the pressure, which may exceed
the rock strength and consequently increase the incidence of rock faillures.
For each particular coal field, there is a minimum depth for the occurrence
of some mining peculiarities, such as rock bursts, roof falls, floor heaving,
and pillar fallures. This minimum depth depends upon the lithological and
structural geology in the field (such as the presence of massive sandstones,
faults, and dykes). Rice (1935) reported that coal bursts occur when the
depth is 300 m or more. In the Donets Coal Basin, Russia, the natural con-
dition of the mine starts to deteriorate at a depth of 500-600 m. In the
Kizel Coal Basin, deterioration starts at 600 m, while in the Kuznetsk and
Karaganda Coal Basins it is at abﬁut 400-500 m (Krasnikovsky and Baranovsky,
1963). At Springhill, Nova Scotia, the rock bursts begin at a depth of
about 550 m, and in Upper Silesia at about 230 m.

In the Witwatersrand gold mines a linear relationship was found to
exist between rock burst incidence, the size of the excavated area, and the
depth below the surface (Cook et al., 1966). Cook carried out experiments
to determine the relatlonshib between rock burst inclidence and the size of

the excavated area (in an area far away from faults, dykes, etc.) at
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different depths (Figure 3.4.3). An empirical formula relating the
fncidence of rock bursts to the excavation size and depth below the

surface was obtalned.

Y = - 0.0731 - 0.0294X - 0.00393x + 0.549 x 10°5 x3y 3.4.3
where X = percentage of the excavation in a 1,000 ft. radius
H = depth below the surface (ft.)
and, the number of rock bursts per thousand fathoms = Y if Y > 0
= 0ifY<x<o.

L, The existence of dykes and faults

It has been found that rock burst incidence for stopes in the
vi;inlty of dykes and faults was always higher than for those remote from
them (see Chapter 1). Observations in the Witwatersrand gold field have
shown that as the stope faces approached dykes and faults, the incidence of
rock bursts increased, Figure 3.4.4 (Hill and Cenkhaus, 1961). They indi-
cated that when the stope face reached a distance of 15 m from the dyke,
the Incidence of rock bursts increased rapidly. It was also noticed that
the Incidence of rock bursts was greater in the case of thick dykes than
in the case of thin ones. Cook et al. (1966) indicated that the effect of
the dykes and faults was more obvious when they were in small abutments
(such as remnants or Island abutments) (See Section 3.2.3).

It is belleved that dykes cause a concentration of stresses in the
surrounding area, consequently the frequency of rock bursts increases (Lama,
1967). He stated that ''the rise in temperature, metamorphism and re=-
crystallisation of rocks occurring near the dykes have an effect of
increasing the inherent energy and homogeneity of the rock mass'.

5. The presence of folds

Peng (1978) stated that when a regional horizontal stress causes
strata to fold, secondary local stresses are induced in the nelfghbourhood

of the anticline and syncline. Tenslle stress I's generated at the crest
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of the anticline creating tension joints. In the synclinal area, local
compressive stress occurs in the trough, which develops shear joints.
Lama (1967) also indicated that the syncline is associated with very
high stresses. He gave examples of the occurrence of rock falls and
bursts during mining in a synclinal area. He reported that cross-cuts
driven at the base of small synclinal folds were very difficult to main-
tain and as they passed through the synclinal region the trouble ceased.

In the Upper Silesia coalfield, Neyman (1955) noticed that the
rock bursts occur less frequently and less severely in the mines situated
in the main anticline. He explained this as being due to the anticlinal
shape of the uplift, the presence of numerous faults, and the shallower
depth of the seam than in the syncline, which did not favour the accumu-
lation of elastic strain energy inside the seams.

6. Pore pressure and moisture

Beneath a flat homogeneous ground surface, the ground water will
form a level water table, below which all the pores are saturated, and
above which they are only partially so, The water table might be close
to the surface or be at a depth of several hundred metres below It. This
will depend on the relative values of rainfall, permeabllity, and local
topography. The pore pressures beneath the water table rise hydro-
statically with depth, assuming all pores are inter-connected by highly
permeable paths, and above the water table they will be approximately zero.
Variatlon in rainfall results in fluctuations in the water table height,
and this will consequently affect the value of pore pressures,

It has been found that the most important effect of the pore
pressure upon the mechanical properties of the rocks is to reduce the
frictional resistance of the sliding block (Hubbert and Rubey, 1959).

The reduction of friction is achlieved by reducing the normal component

of effective stress which correspondingly reduces the critical value of
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the shear stress required to produce faulting. According to Hubbert and
Rubey, for porous fluid-filled rocks the Mohr-Colomb criterion for failure
must be modified to the form:

Terit. Ty + (0-P) tan¢ 3.4.4

where Terit. Is the critical shear stress required to cause failure.
T Is the.initial shear str?ngth of the rock when the
effective normal stress is zero.
g is the normal stress.
P Is the pore pressure,
tan¢ is the coefficient of internal friction.
c-P {s the normal effective stress.

In addition to the effects of internal fluid pressure in reducing the
effective stress, the pore fluid without pressure (moisture) can have a
significant Influence upon the strength of rock (Bell, 1975; Hoek and
Brown, 1980). It has been found that the strength of samples of shale
and sandstone was reduced by a factor of 2 from oven dried to saturated
specimens.

in many places seismic activity has been related to the filling of
large reservoirs (Simpson, 1976; Gupta and Rastogi, 1376). The activity
ranges from micro-earthquakes to destructive earthquakes. Simpson (1976)
and Beale (1981) indicated that the occurrence of reservoir induced seis-
micity Is related to the water height and, to a lesser extent, the water
volume. On the other hand, the filling of many other large reservoirs has
not been accompanied by Increased selsmicity. Simpson (1976) suggested
that the filling of a large reservoir creates stresses which are superimposed
on a pre-existing tectonic stress regime. Whether or not seismicity is
generated, depends on the way in which these stresses interact within the

tectonic, geological and hydrological environments. The reservoir changes
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the stress regimes in such a way that it Increases the vertical stress due
to the weight of the water mass (the load effect), and decreases the
effective stress (and therefore strength) due to increasing pore pressure
(the pore pressure effect).

The significance of pore pressure changes in generating induced
seismicity has been clearly shown for the cases of seismicity related to
high pressure fluid injection (Raleigh et al., 1976; Healy et al., 1968).
In these cases where any loading effect is minimal, the seismicity can be
properly explained by the reduction of effective stress due to increased
pore pressure as described by Hubbert and Rubey (1959). Simpson (1976)
indicated that the increases in pore pressure involved in the cases of
fluid injection (a few hundred bars) are much higher than those created by
a deep reservolr (1 bar/10 m height of water, or a few tens of bars).
Simpson also indicated that in the cases where fluid injection has trig-
gered earthquake activity (Denver, Rangely, Matsushiro), injection has
taken place into, or very near, a fault zone.

As indicated above, the association between fluid injection and
seismicity has been well established. Less well known are the relationships
between seismicity and fluid extraction, particularly with regard to petro-
leum production (Yerkes and Castle, 1976). Yerkes and Castle reported two
certaln cases of faulting and seismicity associated with oil extraction in
the U.5.A.; the Goose Creek oil field, Texas, and the Wilmington oil field,
California. The earthquakes of Goose Creek oilfield occurred in 1925 and
were closely associated with surficial displacements along steeply dipping
faults that were localised along the margins of the subsidence area. In
the Wilmington oil field, eight separate seismic events, occurring between
1947 and 1961, were accompanied in each case by subsurface faulting within
the oil field. Yerkes and Castle attributed the faulting and seismicity

associated with oil extraction to differential compaction at depth caused
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by reduction of the reservoir oil pressure and attendant increase in
effective stress. Differential compaction leads not only to differential
subsidence and centripetally directed horjzontal displacement, but to
changes in both vertical and horizontal strain regimes.

The effect of pore pressure on generating mining induced sefsmicity
has not been described or investigated to date. Mining induced seismicity
differs from reservoir induced seismicity in that reservoir induced seis-
micity is generated or triggered due to changes in the stress fields
resulting mainly from filling the reservoir, while mining induced seismicity
is generated due to changes in the stress fields resulting principally from
differentlal elasticity between the artificial excavation and the surround-
Ing rocks. The magnitude changes in the stress field, compared with that
of the virgin state, associated with mining may be several orders of mag-
nitude greater than that associated with reservoir loading. Underground
mining may be associated with water extraction from the strata overlying
the working level. This will lead to the increase in effective stress and
strength of the rock. Consequently the rocks will become able to with-
stand greater pressures before they fail. However a pronounced correlation
between rainfall and rock burst incidence was noticed in the Kolar goldfield
by Isaacson (1957). He explained that the seepage of water underground
caused the decay of old supports in the upper level workings, or alter-
natively have caused the lubrication of various planes of weakness along
which potential failure occurred. However, this correlation between rain-
fall and rock bursts could be re-interpreted as due to the effect of pore
pressure. Peng (1978) also Indicated that water in the mine will soften
some floor rock and cause subsidence or heaving problems. He explalned
that the effect of molsture In a coal mine Is more serioys because of the
abundance of shale and the cyclic nature of moisture content in the air.

Weiss (1938) suggested that much of the slabbing and flaking of rocks fin

= 78¢c-



the Witwatersrand gold mines were probably partly due to the moisture
content acting through the fissures produced by mining operations. He
suggested that if this flaking and slabbing continued, it could result
in a reduction in the size of the pillars, and eventually the pillars

might become unable to withstand the overlying pressure, and failure

would occur.
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3.5 The prediction of rock fatlures

One of the most promising features of the microseismic method is
to forecast when and where rock failures will occur. Long ago, miners used
to predict failure from natural warning signals such as creaks, pops, and
snaps, which were an indication of excessive pressure in the mine. Obert
and Duval (1945) pointed out that all rocks subjected to stresses approach-
ing their ultimate strength, generate microseismic activity (rock noises).
The number of microseismic events generated per unit time (the microseismic
rate) Increases as the time of failure approaches, 1.e. increases with the
applied stress. According to this concept, Hooker et al. (1974) and
Leighton and Stebly (1977) suggested that the recording and analysis of
microseismic activity Is a useful stabillty analysis tool, because stable
areas of a mine structure release very few rock noises at a constant rate,
while unstable areas release large numbers of rock noises at varying rates.

The key to using the microseismic method in prediction lies in jts
ability to detect and locate precisely In three dimensions the source of
the rock noises. Consequently, the area expecting rock fallure can be
determined by constructing rogk noise source location plots. Usually seismic
nolses occur near the area being mined and if this area is stable, the
noises do not recur at the same location on consecutive day plots, but
progress with the mining. However, if the noises are generated by unstable
areas, they will recur at the same location each day. By monitoring the
changes in the rate of microseismic activity when the rock approaches failure,
the time of fallure can be estimated. During mining operations in a stable
area, the total number of microseismic events released during a working
shift does not change dramatlcally from day to day. As an area is sub-
Jected to increasing stresses or is becoming unstable, the rate at which

rock noises are generated In that area Increases. Prior to failure, the
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rate of microseismic activity changes rapidly, Experiments have shown

that fallure areas generate selsmic noises several days in advance of failure.
Cumulative plotting of seismic events on mine maps was found to be very
effective in determining where failure is going to occur. The method was
conducted by adding the data from one daily plot to the next one, starting
at one particular point in time. Figure 3.5.1 shows a cumulative plot of
the rock noises in an area preceding the occurrence of a rock burst. It

can be seen that the number of microseismic events increased daily and con-
centrated in one particular area although the mine workings moved. There-
fore this area was considered to be a potential area of failure, and a rock
burst occurred on 30th April, As we cén see from Figure 3.5.1a, the fallure
area becomes evident nearly four weeks prior to final failure, Figure 3.5.2
shows the rock noise rate plot. It can be seen that a sharp increase in
noise actlvity started one week before failure.

The authors suggested that by using this method, and with experience,
It may be possible to predict where and when failure will occur.

The same method was used by Blake (1972) to locate the zone of
impending fallure during pillar extraction in the Galena mine, ldaho.

On the same basis as discussed above, the U.S. Bureau of Mines con~-
ducted experiments on controlled roofs (Leighton and Steblay, 1977). They
found that there was usually a background of microseismic events emitted
from the roof. About an hour before the roof failed, there was a sudden
increase in the rate of microseismic events, followed by a decrease. Failure

then occurred about 15 minutes later.

3.6 Preventing and combating rock bursts

The problem of rock bursts arises mainly due to the effect of the
large stresses generated by mining. Consequently the methods of preventing
and combating rock bursts depend basically on finding and applying ways to

eliminate or reduce the additional pressures In the mine. However,'these
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methods do not entirely prevent the occurrence of rock bursts but reduce

their occurrence and restrict their consequences in the mine.

3.6.1 Preventing rock bursts

Prevention usually means taking some measures aimed at preventing
or reducing the occurrence of excessive pressure during mining, and con-
sequently reducing the chance of rock bursé occurrence. Most of the stress-
ralsing factors are known and should be taken into consideration when plan-
ning the extraction of a new seam or mine. The literature contains many
procedures and examples used in mines to prevent or reduce the occurrence
of rock bursts. However, some general points can be deduced.

1. Planning of the mine layouts should take into consideration

the effect of factors such as cld workings, faults and dykes.

2. The mine layouts should provide for pillars of

uniform size and shape.

3. Pillars should be recovered in a straight line. An

irregular line of pillars results in excessive pressures
being exerted on the protruding points.

L, In the room and pillar method, all coal should be

recovered, i.e. the practice of leaving pillars in the
goaf should be avoided.

5. Roof span over the goafs should be kept as short as
possible by providing adequate supports or allowing
the roof to cave in.

6. The use of longwall mining techniques is preferred
wherever possible.

7. Reducing additional pressure by mining the panel over
or under a previously mined out area in the adjacent

seam.,
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3.6.2 Combating rock bursts

Combating means to use methods during the mining operations in order
to attain controlled release of the excessive pressure already in existence
in some parts of the mine, or to safely trigger the rock burst (Peperakis,
1958; Krawiec and Stanislaw, 1977). Different methods are used.

1. Shock blasting: Basically this method involves drilling a
series of boreholes perpendicular to the face prone to bursts and blasting
them with the Intention of stimulating rock bursts or shattering the rocks.
The shattered rocks cannot store high energy and the high stresses are pushed
back further inside the face. Therefore the face can be advanced for some
distance without any danger. This method is used in the Witwatersrand gold
mines (Hi11 and Denkhaus, 1961), in Czechoslovakian coal mines (Sebor et al.,
1976) In Polish coal mines (Krawiec and Stanislaw, 1977), and in U.S. coal
mines (Peperakis, 1958; Talman and Schroder, 1958).

2. Injection of water: It has been found from experiments that the
tendency of a coal seam to burst decreases with its Increasing moisture
content (Krawlec and Stanislaw, 1977). For this reason the injection of
water under great pressure is widely used Iin Polish coal mines. The water
Is injected through boreholes driven perpendicular or parallel to the
burst-prone face.

3. Drilling de-stressing holes: This method is usually conducted
by drilling vertical or horizontal holes through the seam in order to break
the coa! and relieve the stress. This method is used In Russian, West

German (see Chapter 1), and in Czechoslovakian coal mines (Sebor et al., 1976).
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CHAPTER 4

THE NORTH STAFFORDSHIRE SEISMIC NETWORK

4,1 Introduction

In North Staffordshire, earth tremors which are known locally as
“'goths or bumps'' have occurred occasionally since the latter part of the last
century (Davison, 1919). In early 1975 some small tremors were felt by the
local reslidents in the Trent Vale-Hanford area, in the south of Stoke-on-
Trent. Westbrook (1977) recorded some of these tremors using a three com-
ponent set of seismometers operated on behalf of the National Coal Board
(N.C.B.)

On the 15th July, 1975 a strong temor occurred and was felt over an
extensive area of Stoke-on-Trent causing some damage to buildings in the
Trent Vale-Hanford area. The iIntensity of this tremor was 6 on the Modified
Mercalll Scale, and of local magnitude, ML 2.8, as estimated by the
Institute of Geological Sclence (1.G.S.) Lownet seismic network (Kusznir
et al., 1980a). Analysis of the macroseismic survey carried out by the
Global Seismology Unit of the I.G.S. suggested that the depth of this tremor
was less than 1 km, aﬁd consequently at the same level as the mining opera-
tions which were being carried out in this area. The Ten Feet coal seam
was being mined at a depth of about 900 m. This tremor was the largest one
in a series of tremors which had been felt in the area throughout early 1975
and continued to be felt until August 1977 (Westbrook, 1977; Kusznir et al.,
1980a).

On the same day another tremor occurred and was felt in the Knutton-
Silverdale area té the west of Stoke-on-Trent. However, the occurrence of

earth tremors In this area died away during autumn 1975 (Westbrook et al.,

1980) .
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The frequent occurrence of earth tremors in the Trent Vale area
suggested that they may be connected in some way with the extensive mining
operations conducted in the area (see Chapter 7). However, further investi-

gations were necessary before this relationship could be established.

4,2 Stoke-on-Trent seismic network (5.0.T. network)

Following the event which occurred on 15th July, 1975, and in res-
ponse to public concern, the Global Seismology Unit of the 1.G.S., with the
co-operation of the Department of Geology, Keele University, installed a
selsmic network In Stoke-on-Trent. The objective of the network was to
monitor selsmic activity in the area and to try to find the cause and
mechanism of these tremors. The network was originally designed to provide
accurate locations for tremors in the Trent Vale-Hanford and Knutton-
Silverdale areas (Westbrook et al., 1980).

The monitoring network consistedof five vertical component seismometers
deployed in the Stoke area In a square array having an interior station,

and diameter of about 8.3 km and encompassing the mine workings in the Trent
Vale area. The three dimensional co-ordinates of each seismic station, the
station delay times (see Section 4.6), thé Amplifier/Modulator gain, and

the amplification are shown in Table 4.1. The seismic stations were named
according to their location. Keele station (K) measured north-south and
east-west horizontal components in addition to the vertical component.

Figure 4.2.1 shows the position of the selsmometer stations, the
recording station, the mine workings during the monitoring period and the
major structural features In the area. |t can be seen that most of the
active mine workings are located outside the boundary of the network. Each
of the selsmic stations contained a short period seismometer (with a natural
period of 2 seconds) and Amplifier/Modulator, and were housed in a pit with
a concrete base bullt for this purpose, or in outbuildings with a concrete

floor. The latter facilitatedrapid Installation of the network following
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Tahle 4,1

The co-ordinates, delay time and amplification
of the seismic stations

Code Northing Easting Helght Delay Gain  Amplifi-

Station Name above 0.D. Time of A/M cation

(km) (km) (km) (sec)
Dimsdale D L8, 41 84.34 0.155 +.015 5 120
Keele K kg, 25 82.15 0.203 -.010 5 120
Greenhil] G 45,25 90.63 0.189 -.004 b 48
Saint Joseph J L3 .45 86.78 0.125 . =-.010 L L8
Barlaston B 40.60 87.23 0.130 +.016 4 48

the event of 15th July, 1975. The electrical output signal from each seis-
mometer, proportional to the velocity of ground movement, was amplified,
converted to a frequency modulated tone, and then transmitted via a U.H.F.
radio transmitter or via cable to the central recording station at Keele
University. At Keele the seismic data from all the seismometers were
recorded on a 14 track, half inch magnetic tape with a common time code.
The three-component set of seismometers at Keele station (K) were connected
to the main recorder by military field telephone cables. The other four
statfons were telemetered to the recorder via a line of sight U.H.F. radio
1ink.

The advantages of radio-linked stations are that their seismograms
are recorded on the same tape, with a common time coding, saving tapes and
making the handling of the recorded data more convenient. Another advantage
is that the distance between the seismometer and the recorder can be
increased up to 100 km. For a land line the transmission may be effective
up to 10 km If the Amplifier/Modulator is powered by a separate battery, or
up to 3 km if It is powered from the central recording site through the data

line.



The use of magnetic tape allows considerable flexibility in pro-
cessing the recorded data, e.g. choosing different pass-band filters on
playback to obtain the most convenient record.

During the installation of a seismic network, several considerations
must be taken into account. These are:

1. The geometry of the seismic network should be such that the
earth tremor hypocentres can be well defined in both epicentral position and
depth, i.e. there must be a wide variation in range and azimuth of the
stations from the epicentre.

2. The seismometer sites should be chosen so that noise from
varlous non-seismic sources, such as traffic, wind and machinery are minimal.

3. The selsmometers should be Installed as close as possible to
bed rock to ensure good coupling between the seismometers and the ground.

L., The seismometers and the tape recorder must be secure from
theft and damage.

5. The recording site should be chosen to provide easy access
for frequent visits. (The recording station for the $.0.T. selsmic network

was near the Department of Geology, Keele Unlversity).

4.3 Instrumentation

Instruments may be divided Into those forming part of the detection/
tape recording system, and those of the play-back system. Figure b4.3.1
shows a typical layout of the seismic network, detection/tape recording
instruments, In the field. The play-back system was used entirely separately

to replay the recorded seismic data and to produce visual seismic records.

L.3.1 The detecting instruments (seismic stations)

The Instrumentation at each station consisted of a vertical seis~-

mometer, an Amplifier/Modulator unit, and a U.H.F. radio transmitter.
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(1) Seismometer: Willmore MKII short period seismometers with a
natural period of 2 seconds wereused to detect earth tremors. The device
consists of a magnet suspended by a spring set to move only In the axial
direction and a coil fixed to the instrument's case. When in use, the case
is firmly fixed to the ground. Provided that the coupling between the
seismometer and the ground is good, relative motions between the magnet and
the coil occur as the seismometer frame vibrates in sympathy with the ground
motion, so inducing an E.M.F. in the coil. The electrical output from the
seismometer is directly proportional to the ground velocity. The natural
period of the oscillation can be adjusted within the range of 0.6 to 3.0
seconds with the instrument in a vertical position, and to 5 seconds when it
is installed horizontally. The sensitivity of the instrument is approxi-
mately 5.7 volts/cm/sec. when fitted with a 3,300 ohm coil., The instrument
has the ability to detect ground movements of the order of 10-7 cm.

(1i) Amplifier/Modulator Unit: This is used in conjunction with a
seismometer at the seismometer site (in the field). The function of this
unit is to amplify and to then convert the seismometer output signals to a
frequency modulated signal (centre frequency 676 Hz) suitable for line or
radio transmission and direct recording onto magnetic tape. The unit has
ten switched gain ranges, such that t Loy frequency deviation is produced by an
input voltage of 0.25 mV at gain 10 to 250 mV at gain 1. The ground motion
is therefore represented by deviations in the frequency of the carrier wave
signal. The optimum gain setting can be selected depending upon the site
noise level and the expected seismic wave amplitude. The unit is usually
supplied by a direct current carried over the data lines from the recording
station, or in the case of a radio link station, through a separate power
supply.

(111) VU.H.F. Transmitter: When a radio link station was used, the

output signals from the Amplifier/Modulator were fed to a small U.H.F.

-87_



transmitter. The cable also carried the power required to operate the trans-
mitter. The transmitter was housed in a metal can attached to an aerial
mast with a multi-element Yagi antenna directed towards the central

recording station.

4.3.2 The recording system

The recording equipment consisted of four U.H.F. receivers, a
magnetic tape recorder, a radio recelver, and a field test box.

(1) U.H.F. Recelver: The radiated signals from the outstation were
received by a U.H.F. receiver via another multi-element Yagi antenna
installed at the site of the central recording station at Keele University,
The signals were then fed to the recorder through a multi-core armoured cable.

(11) Magnetic Tape Recorder: The tape recording unit used was a
Racal-Thermionic Geostore field recorder. It is housed in a weatherproof
aluminium cabinet which can be operated in a wide range of environmental
conditions. The recorder has been designed to record frequency modulated
data over a long period with very low power consumption. It accepts FM
input signals with a centre carrier frequency of 676 Hz, and maximum linear
deviation of + 40%.

The recorder has 14 tracks, 11 of which are available for data.

Two provide flutter compensation to improve the signal to noise ratio, while
the other one carries the time code. It has an internally-generated and
crystal-controlled time encoder having an accuracy of better than one second
per week. The time encoder produces a train of pulses at intervals of one
second recorded on channel 2 In accordance with Vela Uniform Code, with a
one minute time frame. An external check facility has also been included
whereby a radio time signal can be recorded on one data channel. The time
signals can be recorded continuously or intermittently, controlled by an
option switch,

The recorder is used with 2400 ft (731 m) of half inch (12.5 mm)
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magnetic tape wound on an 8 inch (20.3 cm) spool. |t has three recording
speeds, 15/640, 15/320 and 15/160 inch/sec., giving maximum recording times

of 680, 340 and 170 hours respectively using bidirectional recording., Bi-
directional recording can be used only if not more than five data channels

are being used. Conductive marks are used to provide end-of-tape and auto-
reverse signals. Each recording speed has a particular bandwidth frequency.
The recorder requires a 12 volt power supply (normally a standard car battery).
Facilities are available for changing batteries without disturbing the
recording of the time code.

(ii1) Radio Receiver: A short wave radio receiver was used to
receive the MSF time s}gnals transmitted from the Rugby radio transmitter.
The received signals were fed into the recorder through the radio input
terminal to be recorded continuously on channel 14, after being amplified
and frequency-modulated. This recorded time signal is used as an absolute
time check.

(iv) The Field Test Box: This was used to monitor the frequency-

modulated tone of each channel and to verify correct functioning of the

equipment.

4,3.3 The playbéck system

To recover the seismic events detected by the selsmometers and
recorded on the central recording station, the tape must be played back and
the frequency modulated signals must be demodulated and displayed in a
visible form. The playback system consistedof two parts:

(i) The playback unit: This was a 1h4-channel Racal Store reprod-
ucer. The signals are demodulated and flutter compensated on replaying.
The output s 1.2 v for full + 40% frequency deviation. Seven tape speeds
were available from 15/16 in/sec. to 60 in/sec. The instrument was fitted
with a four digit counter and reset button. The counter indicates the

length of the tape used in feet.
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(i) The Jet Pen or Chart Recorder: An eight channel Siemens Jet
Pen Recorder was used to obtain the visual transcriptions of the tape data.
The output signals from the playback unit were fed into the jet pen on
which the signals were reproduced in a visible form on paper. The ink
trace is made by directing a fine jet of ink at a moving paper chart. The
jet pen has variable gains and paper speeds. Headphones were also connected

to the store 14 output in order to listen to the seismic events.

4.4 The seismic network operation

The network was operated for two years in the period between September
1975 to September 1977. The recording equipment was operated 24 hours a day
during most of the monitoring period, except for brief periods when the
tapes were being changed.

Since the seismometers were sited in urban areas, a low signal to
noise ratio was expected. The gain of the Amplifier/Modulator was set at
different levels at each seismometer site (see Table 4.1). During the data
processing, the nolsiest records were obtalned from the seismometer sited
at Greenhill (G). The tapes were recorded at 15/320 inch/sec. to give a
maximum recording time of one week. However, sometimes the speed was reduced
to 15/640 inch/sec. to give a longer recording time, particularly during
holidays. The frequency response for these two speeds are 32 Hz and 16 Hz

respectively as shown In Figure 4.k.1. A log was kept containing the tape

number, date and time of changing the tape, the tape recording speed, the
stations and time channel numbers, the date and time of battery change, and
the faults or maintenance to the network during the recording life of each
tape. This log book was used during the data processing for checking.

Data on about ten tapes recorded early in 1976 and having a total
recording time of up to two months were lost due to the cross-interference
of the output signals from three stations, K, D and G. Further daté were

lost from about twelve tapes recorded during 1975 ang early 1976 having a .
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total recording time of about two and a half months, due to the inter-
ference between two stations; either K and D or D and G. However, about

20 events weré identified on these latter tapes at four stations only. The
output signal from D station was the most powerful, overlapping signals from
the K or G stations. An attempt was made to separate the D station output
signals from the output signals of K and G stations. However, the attempt

failed due to both signals having the same frequency.

4,5 Data analysis

The recorded magnetic tapes were initially played back at about 40
times the speed of the original tape recording, using a relatively slow jet
pen paper speed to produce visual records. The visual records were used for
rapid identification of local selsmic events. An event can be easily dis-
tinguished from any other nearby non-seismic source, such as lorry noise or
small quarry blasts. The seismic events were usually recorded at three or
more seismic stations, while nolse was usually recorded on the nearest
seismic station only.

The date, the number of the tape, the Paper page number, the approxi-
mate tape length position, and the approximate location (T.e. north or south
of Stoke) of the identified seismic events were listed in a file. The
Identified events were then played back at slower tape speed and faster
paper speed to give more detailed records of the events. Since the jet pen
has only 8 tracks, each seismic event was replayed twice to give two records.
One record showed the seismic data obtained from the five vertical seismo-
meters. The other one showed the Keele (K) three-component set siesmograms.
Great care was taken to eliminate errors caused by the alignment of the jet
pens.

The arrival times of the seismic waves were then measured and the
polarity of the p-wave first arrivals were identified. The maximum ampli-

tude and the frequency of each selsmic wave were also measured.
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4,6 Determination of the local velocity structure

The seismic velocity structure for the Trent Vale area, as deter-
mined by Westbrook (1977) was used initfally to locate the seismic events
in the northern part of the coalfield. The velocity structure for the
Trent Vale area was determined initially from sonic logs in boreholes
drilled for the N.C.B. in the area. It was found that the velocity increased
linearly with depth (Westbrook et al., 1980). This velocity structure was
later revised by using the joint hypocentre determination (JHD) method. The
method involves the relocation together of a group of seismic events located
in the same region, with the velocity structure treated as extra unknown
parameters (Westbrook et al., 1980). For further checking a 45.5 kg explo-
sion was detonated at a known time and in a known position. Treating
the shot as an unknown tremor, Westbrook obtained a solution, using the
velocity parameters derived from the JHD which placed the hypocentre within
110 m of the shot and at a depth of 300 m below it. However, using the
known co-ordinates and origin time of the shot, the velocity parameters
were revised and local delay times assigned to each station (see Table L.1),
The preferred local velocity structure in the Trent Vale area is 3.2 km/sec.
at 0.D. with a linear increase in velocity with depth of 1.2 km/sec/km.

Using the above velocity structure to locate the seismic events
occurring In the northern parts of the coalfield, It was found that the
seismic events were distributed mainly in five different areas (areas A, B,
C, D and E). Therefore to locate the seismic events In these areas more
accurately, the local velocity structure in each area needed to be determined
more precisely. Due to the inability to detonate any calibration shots in
these urban areas, the joint hypocentre determination (JHD) method was used
to determine the velocity structure In each particular area. By using this

method, the following velocity structures (Table 4.2) were obtained.
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Table 4.2

The local velocity structure in different
parts of the coalfield

Velocity at Gradient

Area Name Code 0.D. (vD) Velocity (Gv)

km/sec. km/sec/km
Cobridge A 3.194 1.067
Wolstanton B 3.853 0.992
Silverdale c 3.301 ' 0.980
Tunstall D 3.956 0.660
Chesterton E 5.452 0.587

The velocity parameters for the first four areas are very similar
to the veloclty parameters for the Trent Vale area, These velocity para-
meters may represent the actual veloclty structure in these areas. For
area E, the velocity at datum Is very high compared with the other areas,
while the gradient velocity is relatively lower. This is probably due to
a lithologlical anomaly in this area.

An alternative model! was examined assuming a two layer velocity
structure with a simple horizontal refractor. Although the model gave
good hypocentral location for the test shot In the Trent Vale area, it was
not used for the location of the seismic events. The solution put the
refractor at a relatively shallow depth of about 200 m below the 0.D. The
geological information In the area suggests that there s no major 1itho-
logical discontinuity at this depth (see Chapter 5). At the same time also,
the structure of the area Is more complicated than can be represented by two
layers with a horlzontal or even dipping refractor,

The velocity of S-waves (Vs) in the northern part of the coalfield

was determined from an estimate of the ratio Vp/Vs, using the method
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described by Francis et al. (1977). An estimate of Vp/Vs was obtained by
finding the difference Ap in any two first arrival p-times for each event,
and tﬁe corresponding difference As In the first arrival S-times. Since

the first arrival S-times for most of the seismic events in the coalfield
were very difficult to determine from the same pair of seismic stations (in
our case stations K and G), the differences in arrival times (Ap and As)
were only obtained from 12 events from all the five seismic areas in the
northern part of the coalfield. The differences were plotted in Figure 4.6.1
as As against Ap. A regression method was used to fit a straight line
through these points, which gave a ratio of %% = 2,075. This value corres~
ponds to a Poisson ratio of about 0.35. This value is relatively high but
probably represents the true value. The area has been extensively excavated
for many ceﬁturies, consequently the rocks are greatly fractured. At the
same time, the lithology of the coalfleld mainly consists of shaly materials
which do have a high Polsson ratio. However, when the Vp/Vs ratio was
determined using known high accuracy hypocentre determination in the Trent
Vale area, a value of 2,03 was found, corresponding to a Poisson ratio of

0.34. This ¥§ ratio gave generally lower hypocentre solution residuals.

4.7 Determination of selsmic event parameters

Thetkey to interpretation of the seismic mechanisms in mining induced
seismicity Is the determination of the source location of each recorded
seismic event. The source of a seismic event may be defined by five para-
meters, namely, the latitude (or northing) and longitude (eagting) of the
epicentre, depth of the source (focal depth), the time of the seismic event
occurrence (origin time), and the size (magnitude) of the event (Bath, 1973).

Although the various methods of locating earth tremor epicentres
and focl differ in detail, they depend fundamentally upon one principle
which is that the travel time of a seismic wave from the source (hypocentre)

to a given point on the earth's surface |s g direct measure of the distance
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between the two points. The time required for the seismic waves to travel
from a tremor hypocentre to the seismometer is defined as the difference
between the time of the occurrence of the seismic event and the time of
arrival of the seismic waves at the detecting station.

When 5 seismic event occurs, compressional waves (P-waves) and
shear waves (S-waves) are generated in the surrounding rocks and propagate
from the source in all directions. The P-wave travels with a speed of
about twice that of the S-wave. Both these waves may be detected on the
selsmograms where the difference in their arrival times can be measured.

The S-P time Interval increases as the distance from the tremor hypocentre

increases. If the seismic velocities of both these seismic waves are known

for the media, it is then possible to calculate the distance of the selsmic

station from the source. This method is called the S-minus-P method, or
simply the S-P method (Milne and White, 1958). Since the onset of the S-
wave is mostly obscured by the train of P-waves, the S~P method is rarely
used for focal parameter calculatiohs. Computations of the selsmic event
parameters are usually carried out by using the fractional difference of

the P-wave first arrival times at various seismic stations.,

4,7.1 Graphical method

To calculate the epicentre of a seismic event we need arrival time
measurements of the P-wave from at least three stations (Bath, 1973), i.e.
we need three given quantities to calculate three unknown parameters
(1atitude, longitude, and origin time).

If a selsmic network in a glven area consists of three stations,
A, B and C, t], t2 and t3 are the measured arrival times of the P-wave at
these stations respectively. For a velocity structyre with no lateral
discontinuities, the bisector of the line joining any of the two stations
is the focl of events which will give a zero time difference at the two

stations. The lines of constant time difference between the stations are
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smooth if there is a constant velocity structure, but if there is any
lateral change in velocity a "kink' in the ‘curves will result., Therefore,
in areas of complicated velocity structure, it is expected to have curves
with several kinks (Browitt, 1977; Banson, 1970).

Consider arrival times at three seismic stations so that t, < t. <

1 2

t For the two stations A and B, the epicentre of the seismic event must

3¢
lle on a line along which the time difference t-ty is constant, i.e. the
loci of constant time difference (Figure 4.7.1). Such a line is an hyper-
bola. A second curve having the geometrical loci of possible epicentres
which correspond to a time difference t3=ty can be introduced by considering
the palr of stations A and C. The intersection of the two time difference
curves t,-t, and t3-tl determines the epicentre location. This method is
called the hyperbola method (Bath, 1973). In practice, the loci of con-
stant time differences may be computed for a known velocity structure and
assumed depth of focus for pairs of seismic stations in a given seismic
network., A set of charts could be constructed in advance fér a number of
different depths of focus. The charts are usually drawn on tracing paper,
so that when they are used two or more charts are superimposed over each
other.to give the location of the epicentre from the intersection of two
or more lines of given time differences. Since the location of the epi-
centre In this method is determined by the intersection of two lines, the
accuracy of the epicentre determination is greater if the Intersection is
nearly at right angles, than in the case where the intersection occurs at
a more acufe angle. Therefore, in order to obtain a good epicentral
determination, the seismic event and statIOnsvmust not be collinear
(Banson, 1970). Figure 4.7.1 shows that outside the perimeter of the net-
work the locl of equal time difference becomes almost parallél, allowing
for observational errors in the relative onset data (Browitt, 1977). This

results in large errors In the hypocentre determination. However, using
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the S-wave arrival time from at least one station can put some constraint
on the solution.

If the focal depth of the seismic events is also required then the
arrival time of P-waves from a fourth station is also required.

In practice, however, the graphical method of locating seismic
event parameters is laborious and time consuming, and moreover inaccurate.
Therefore, the epicentre and hypocentre solutions are determined analyti-

cally using a computer.

4,7.2 Analytical method

The hypcentres.of the seismic events in the North Staffordshire
coalfield have been located using mainly the relative differences between
the arrival times of P-waves, and also using some S-P arrival times. The
hypocentre location has been determined by using a computer program written
by Dr. G. K.'Westbrook. The program calculates the travel times for a
theoretical case and compares them against the observed times, and the co-
ordinates of the hypocentre varies until the differences between the observed
and computed times become minimum (Westbrook et al., 1980). This was
achieved using non-linear optimisation procedures (James and Roos, 1971),
minimising an objective function which was the variance between the observed
and computed times. The seismic velocity structure used in the program has
a linear increase of seismic velocity with depth (Appendix 1). The depfh
of focus was not treated as a free variable, instead it was constrained to be

less than a depth of 2 km. With no depth restraints, convergence was slow.

Initially the hypocentre for each selsmic event was located
individually using a single hypocentre location method (SHL) and using the
seismic velocity structures obtalned for the Trent Vale area (see Section
L.6). As explained before, it was found that the seismic events were
located In five grouped areas.

For a particular area the JHD method was used to relocate a group

of the clearest selsmic events for that area. The JHD-calculated velocity
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structure was then used to relocate the other events in the area.

The JHD method, as well as determining the seismic velocity
structure in a particular area, Improves the location of the seismic events
in that area. In the SHL method the hypocentre location of an event |s
less reliable since in this method the program used for calculation tries
to vary the hypocentre position until the residual becomes minimal and
the effect on the solution of any travel time anomalies in the region, part-
icularly on the hypocentral depth, Is difficult to detect. In the JHD
method which involves the joint, or simultaneous, determination of all
hypocentres for a group of seismic events located in the same region, it is
possible to minimize or remove statistically the effect of travel time
anomalies (regional bias) between the source of tremors and the stations

recording them (Dewey, 1971; Douglas, 1967).

4.8 Accuracy of the tremor hypocentre determination

The accuracy of hypocentre location may be expressed as the dif-
ference between the calculated hypocentre location and the true hypocentre
location, Thé accuracy to which a hypocentre can be located seismically
depends mainly on four principal factors:

1. The accuracy of onset times of P and S-waves

The accuracy of determining the arrival times of P and S-waves
depends on the background noise at the selsmometer sites and the aperture
of the seismic network.

In the urban areas, background noise arises from various human
activities. Such noises often tend to be the cause of serious difficulty
in reading or Interpreting records. In the Stoke area, the background
nolse imposed a detectfon limit of 0.4 u/sec. (Westbrook et al., 1980).
Much of the artificlal nolse, however, was eliminated by partially burying
the seismometer in a hole on or near to bed rock, and a hard horizontal

cemented surface was used for installation to ensyre good seismic coupling.
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The detection noise may also be reduced by reducing the sensitivity of the
seismometer and also by reducing the amplification. However, there is a
limit to this since the small seismic signals generated from small or dis-
tant tremors cannot be detected. The arrival times of the seismic waves
in the Stoke area were determined to an accuracy of about 0.01 second for
P-waves and less accurately for S-waves. The dominant frequency of the
seismic waves produced by the seismic events in the area was between 10-15
Hz. Filtering was not of any great value in improving the clarity of the
records since the dominant frequency of the noise and the seismic waves
were similar. 1f an improper pass band filter is used for filtering the
noise, the error in determining the onset times of the seismic waves can be
more serious, and can change the polarity of the P-wave first motion
(Banson, 1970).

In general, selismic records of tremors occurring close to seismic
statlons are characterized by wave groups of higher frequency and larger
amplitude. The high frequency seismic waves are raplidly attenuated with
distance leading to an increase in rise time (Cook et al., 1966). The
accuracy to which the arrival time at the detecting station can be deter-
mined Is greatly dependent upon the rise time of the initial seismic pulse.
The rise time can be kept small if the high frequency seismic wave attenua-
tion is reduced by shortening the distances between the hypocentre and the
seismic stations, i.e. using a small aperture seismic network. Moreover,
by shortening the travel paths, anomalies In the seismic velocities are
also reduced. Janczewskl (1950) indicated that satisfactory hypocentral

solution can only be obtained for arrival times from seismic stations sited

at epicentral distances no greater than 4 to 5 times the depth of the

focus concerned. E

However, reducing the travel path will give a short separation
between the arrival of P and S-waves, consequently making the determination

of the onset of the S-wave arrlval very difficult if not Iimpossible.
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According to the above argument, it can be concluded that the Stoke-
on-Trent sefsmic network is quite suitable for the study of seismic activity
in the North Staffordshire coalfield as a whole, but it is too large for
the precise study of seismic activity associated with mining operatfons in
a specific longwall panel. If a precise study is required for a given long-
wall panel, a small array seismic network (high resolutidn seismic network)
needs to be Installed immediately above and In the vicinity of the panel.
Such a network was installed in the Trent Vale area to study the seismic
activity assoclated with panel 206 (see Chapter 7).

A study was conducted on 15 of the best recorded seismic events to

.determine the error In hypocentral location due to the error in determining
the first arrival times of the P-wave. The 15 events were chosen from all
the five seismic areas. These events were located by using the arrival
times from flve selsmic stations and the single hypocentre location (SHL)
method. Since the true hypocentre location of these events are not known,
their calculated hypocentres were assumed to be the true hypocentre
locations.

In this study the true arrival times for station (J) were reduced

by 0.01 seconds (the error In determining arrival time), whereas the true
arrival times for the other four stations were fncreased by 0.01 second.
It was found that all the tremor epicentres were shifted in a direction
towards the centre of the network, i.e. towards station (J) as shown in
Figure 4.8.1a. Most of the events became shallower except for some of
the events in areas E and D which became deeper.

The same experiment was repeated by reducing the true arrival times
for station (K). In this case most of the tremor epicentres were moved to
the north west as shown In Figure 4.8.1b. The tremor hypocentres in the
areas near to the (K) station (areas € and E) became shallower, while in

the other areas they became deeper.
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In both cases the tremor epicentres were shifted to the east or west by an
amount ranging between 3mand 305 m, and by 1-558 m to the north or south.
The depths of the tremor focl vary by up to 192 m.

In both cases it was noticed that the tested events from areas E
and D have the maximum epicentral devlation. This may be because they are
situated farthest away from the centre of the seismic network.

In general, it can be seen from the figures that the epicentre
deviations are greater In the north-south direction than in the east-west
direction. This may be because most of the events are located within the
diameter of the seismic stations in the east-west direction, while they are
located north of the boundary of the network in the north-south direction.

2. Accurate knowledge of the local veloclity structure

As a result of vertical and lateral variations in lithology within
sedimentary sequences, seismic velocity varies widely and may also show
anisotropy.

In the North Staffordshire coalfield, errors in hypocentre location
of the seismic events are most probably due to a lack of precise values for
the local velocity structures. Errors also arise from the assumption of an
jsotroplc velocity structure in the area (see Section 1.3). The lateral
and vertical variation of seismic velocity Is further increased by the pro-
cess of coal extraction which itself causes discontinuity and inhomogeneity
of the rocks. In most sedimentary formations, however, the velocity of the
seismic waves lIncreases with depth.due to differential compaction effects.
This type of velocity structure is assumed for the North Staffordshire coal-
field (see Section 4.6).

A study has been carried out in the coalfield to find the effect of
velocity errors on the accuracy of hypocentre locations. An error in the
velocity structure equal to % 0.450 km/sec. for the velocity at 0.D. (vD),

and * 0.290 km/sec/km for the velocity gradient (GV) were Introduced. These
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values are slightly higher than the average difference between the velocity
structure iIn the four areas (areas A, B, C and D) and the velocity structure
in the Trent Vale area (see Table 4L.2), Hypocentres have been determined
using errors in VD and GV of - 0.45 km/sec. and + 0.29 km/sec/km respectively,
and als§ for errors of + 0.45 km/sec. and - 0.29 km/sec/km. The results

are shown In Figures 4.8.2a and 4.8.2b respectively. It was found in both
cases that all the epicentral events were shifted to the east or west by an
amount ranging between 1 m and 781 m and by 4-522 m to the north or south,
In the first case the hypocentral depths for 14 events became shallower by
amounts ranging between 46m and 674 m, while only one event was relocated
deeper. In the second case the hypocentral depths increased or decreased by
L6-460 m. The events in areas A, C, and some events In area D became deeper
while those events in the other areas were relocated at shallower depths
(see Figure 4,8.2p),

Repeating the same experiment by Introducing an error of + 0.45 kmy/
sec. for VD and + 0.29 km/sec/km for GV relocated all the tremor focl at the
surface, while introducing an error of - 0.45 km/sec. for VD and - 0.29 km/
sec/km for GV increased the hypocentral depths by at least 1 km, relocating
all the focl at depths greater than 2 km.

3. The qeometry of the seismic network

The accuracy of the mathematical solution of the hypocentre is
affected by the seismometer array geometry, linear or planar seismometer
arrays do not give rellable source locations especially for focal depth
(Leighton et al., 1972; Banson, 1970). Lilwall and Francies (1978) studied
the effect of the seismic network configuration for Ocean Bottom Seismo-
graphs on the accuracy of hypocentre location. A simple network of three
or four stations was examined. The geometry of the networks studied was
tripartite with side of 10 km, and two quadripartite networks; a square

network with side of 10 km and an equilatera) triangle of the same area
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Variation of calculated hypocentre‘due to seismic
velocity errors.
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with the fourth station at the centroid. The study was carried out for
simulated events at a depth of 1 km. Simulated arrival time data for P
,and S-waves were obtained by calculating the travel times from hypocentre
to the stations and then adding normally distributed errors. The velocity
structure used to compute the travel times was a two gradient structure.
For each network the mean errors in depth and epicentre were computed.
Figure 4.8.3a shows the mean epicentre errors for the three networks, while
Figure 4.8.3b shows the mean depth errors for the same networks. It was
found that the tripartite array has poor depth control in its interior and
optimum depth control outside the triangle near the seismometers, while the
epicentre errors were least at the centre of the network and increase out-
wards. The same results were obtained for the square network and probably
for all networks with no interior stations. Browitt (1977) indicated that
an event glving only time difference close to zero (i.e. located in the
middle of a network with no interfor station) does not yleld information
required to determine its depth from first arrival times alone, although
its eplicentre can be determined accurately, Therefore, he suggested that
for good depth control there must be some stations close to the epicentre
and others further away. Lilwall found that the triangular quadripartite
network has the best eplcentre anddepth control at its centre (Figure
4.8.3a(ii) and b(il),
The geometry of the Stoke-on-Trent seismic network is more or less

a square array with an interior station (see Figure 4,2,1). Consequently,
according to Lilwa]l and Francies' experiments the errors in depth and epi-
centre are least for those events located inside the network or at its
border, and the errors increase for those events located outside the network,

L. The number of seismic stations

The precision of hypocentre determination increases with the increase

in the number of seismic stations used to give arrival times (James et al.,
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{ii) Triangular quadripurtite network

<

/

(iii) Tripartite network side 10 km

v CONTOUR =05 km
(a) - (b)

Fig. 4.8.3. The effect of a seismic network configuration on the

accuracy of hypocentre location.

(a) Mean epicentre errors in km.
(b) Mean depth errors in km.

(After Lilwall and Francies, 1978). )



1969; Leighton and Duvall, 1972). James et al. (1969) were unable to deter-
mine the minimum number of selsmic stations required In a network for
stable calculation. However, they suggested that, in general, nine or more
stations are required for good solution and the event must be well within
the network. Leighton and Duvall (1972)-found that the addition of infor-
mation from only one seismometer can improve the solution by about 50%.

For the Stoke-on-Trent seismic network, a study was conducted on
the same 15 seismic events mentioned previously to find the effect of omit~
ing the information from one seismometer on the hypocentre calculation. |In
general, It was found that removing any station changes the position of the
hypocentre. Moreover, subtracting the Information from one or more stations
can change the geometry of the seismic network significantly, which may
jtself lead to the variation In hypocentre determination. This was very
obvious in this study. It was found that removing station G or K produced
the greatest change In the epicentral positions of the tremors as shown in
Figure 4.8.4. The eplcentral shift is particularly significant for the
tremors in areas E and D. The tremor epicentres in area E were shifted
towards the east by as much as 390 m when station K was removed, and to the
south by up to 2,700 m when station G was removed, The tremor epicentres
in area D shifted westwards by up to 290 m and to the south by as much as
1,250 m when station G was removed. This is probably because removing
station G changes the geometry of the network from a square network with
an interior station to a nearly linear geometry with the seismic events
in area D along its extension. The same situation also occurred for the
tremors in area E when station K was removed. At the same time removing
station K or G shortened the network diameter in the east-west direction

markedly, consequently the epicentre determination accuracy in this

direction was reduced.
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The minimum change in epicentral position occurred when station B
was removed. Cancelling this station also resulted in minimal change in
the hypocentral depth (see Figures 4.8.4a (v), b (v) and ¢ (v)). This may
be because this station is located far away from the tremor locations.
Hence, removing this station had less effect on the hypocentral depth than
the others. Also, removing this station did not change the network geometry
in such a way that produced great effect on the hypocentral determination.
The maximum difference in the hypocentral depth occurred when the data
from station D was omitted (Figures 4.8.b4a(it), b(ii) and c(ii)). The
depths of the tremor foci were increased or decreased by up to 710 m. As
we can see from the figures, nearly all the events are located in the
vicinity of this station. Consequently, removing this station had the
greatest effect in their depth determination.

Another factor which may have an effect on the hypocentre deter-
mination Is the errors in station co-ordinates. This error was considered
negligible for the Stoke-on-Trent seismic network.

From these error studies It can be concluded that the error in
hypocentral location (in both epicentral position and depth) introduced by
any or all of the four tested parameters may be about + 500 m. The errors
in hypocentral determination are generally higher for the tremors located

in areas E and D than the other areas.

4.9 The determination of the seismic events' local magnitude

Magnitude is a quantitative empirical scale used to measure the size
of earthquakes instrumentally.

In general, magnitude determination depends upon the maximum ampli-
tude of a seismic wave that a given earthquake produces at a specific epi-
central distance. Richter (1935) first constructed a scale for measuring
the size of southern Californian earthquakes quantitatively. Before the

construction of this scale the intensity scale was used to estlmaté the
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power of an earthquake in a particular region. Richter plotted the logar-
ithm to the base 10 of the recorded trace amplitude for a group of southern
Californian earthquakes recorded on Wood-Anderson seismographs against
their epicentral distances. Curves were then drawn through the points
corresponding to each earthquake. These curves were shown to be roughly
parallel. These curves were then combined into a single composite curve
passing through an arbitrarily selected point. This point defines the
"standard shock' and was chosen so that the calculated amplitude of regis=~
tration at an epicentral distance of 100 km is 0.001 millimetres. Richter
defined his Local Magnitude Scale as the logarithm to the base 10 of the
maximum seismic wave amplitude (expressed in thousandths of a millimetre)
which the standard Wood-Anderson seismometer would register at an epicentral

distance of 100 km. The local magnitude scale (M ) can be expressed by:

M = log,o A - log,, Ag k9.1
where A = the recorded trace amplitude (in mm) for a given earthquake
at a given eplcentral distance, as recorded by a Wood-
Anderson seismometer.
A0 = the amplitude for a particular earthquake selected as a

standard.

The value of log Ao for a particular epicentral distance can be read off
from the composite curve. These values are also listed in a table as a
function of epicentral distance given by Richter (1958). Richter did not
specify the type of seismic wave to be used, the only condition was that
the wave chosen be the one with the largest amplitude.

However, the application of the Richter Local Magnitude Scale to
measure the size of the North Staffordshire coalfield tremors raises four

v

major problems.
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1. The amplitude response (amplification) of the S.0.T. network
Is not the same as that of the standard Wood-Anderson seismograph used by
Richter. Therefore a correction factor is needed to convert the maximum
amplitude observed by the S$.0.T. seismometer to the amplitude that would
have been recorded on a Wood-Anderson seismograph;

2, The $.0.T. seismometer measured the ground velocity, while the
Wood-Anderson seismograph measured the ground displacement. Therefore the
measured ground velocity needs to be converted to ground displacement.

3. The S.0.T. seismometers measured the vertical component of
ground movement. Only at the Keele (K) station were there horizontal com~
ponent seismometers. The seismic waves obtained from these horizontal
seismometers were frequently saturated. Since the Wood-Anderson seisnﬁ—
graph measures the horizontal component of ground movement, a correction
factor relating vertical to horizontal ground motion must be used.

L, Richter applied his scale to the southern California region.

The A,-epicentral distance relationship applies therefore for California

0
and cannot be assumed to apply in North Staffordshire.
An empirical formula considering the previous four factors and based

on the Richter magnitude scale has been deduced to measure the local magni-

tude, M, for the seismic tremors in the coalfield. The formula is:
M = Tlogy, V+ log,, f - log,4 Yy k.9.2
and

log10 f = log10 a+ Iog10 b + log10 c . 4.9.3

where V s the maximum trace amplitude (in volts) of the ground velocity
measured on the record.
Vo Is the attenuation of the ground velocity with distance in the
Stoke area, i.e. the amplitude of standard earth tremors in the

Stoke area. This is equivalent to the Richter Ao term.
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f 1Is a correction factor dealing with the first three problems
discussed above, and which includes:
a for the conversion of the response of the S.0.T. selsmic
network to that of the Wood-Anderson seismograph.
b for the conversion of the ground velocity to ground
displacement.
c for the conversion of the vertical seismometer to a
horizontal seismometer.
To compute the local magnitude, ML’ for the seismic events in the
North Staffordshire coalfield, the maximum amplitude (in volts) and its time
period (tn seconds) of the seismic waves were measured from the record
obtained from station B. This station Is the farthest station from the
seismic region. The ground velocity in mm/sec. corresponding to the
maximum amplitude on the record was calculated. It was found that 1 mm/sec.
ground velocity produced 17.5 volts on the record. This, of course,
depends on tﬁe selsmometer response, the gain of the Amplifier/Modulator,
and the Store 14 response. The ground displacement in millimetres cor-
responding to the maximum amplitude on the record was computed assuming

the seismic waves are a pure sine waves, by using the formula:

Vmax. = Amax. - 2. %' h.9.4
where V. = maximum ground veloclty (mm/sec) .
Arax = maximum amplitude of ground displacement (mm).
T =" time perfod for maximum amplitude (sec).

it was found that 1 mm of ground displacement produced 110,3/t volts on

the jet pen record, f.e. the amplification of station B is equal to 110.3/1.
Constants a and b may be combined to give a single correction

factor, such that

. 6
logyo f = 109y, E!ﬂ 4,9,5
ST
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where Gy = 2800 mm/mm = amplification of the Wood-Anderson seismograph.
GST' = llgél volt/mm = amplification of the S.0.T. seismic network.

Constant ¢ has been assumed to be one.

The accuracy of measuring the time perifod is about 0.02 sec. for
those maximum amplitudes measured from body waves, while the accuracy is
about 0.05 sec. for those measured from surface waves. These errors pro-
duce a maximum error in magnitude of about 0.2.

The attenuation problem has been dealt with by plotting loglo V0
versus distance scale for the North Staffordshire coalfield, as shown in
Figure 4.9.1, The figure shows the attenuation of the ground velocity with
distance. The standard shock was determined by applying the established
formula (equation 4.9.2) on two large earth tremors. These two tremors
occurred in the region on 13th and 19th May, 1976 and their local magnitude,
ML, was determined by the 1.G.S. In Edinburgh (Jacob and Neilson, 1977).

It was found that 10910 Vo at a distance of 6.3 km is equal to -2.02 volts,
i.e. the amplitude for the standard shock at a distance of 6.3 km is 0.01
volts.

Unfortunately, the determination of magnitude from other seismic
stations which could have provided a cross check for our local magnitude
scale was not possible due to difficulty in measuring the maximum wave
amplitudes and their time periods for other stations nearer to the seismic
area.

Due to the different reasons mentioned above, it is expected that
the error in the local magnitude scale could be about + 0.5. Nevertheless,
this scale provides a useful measure of the relative size of the seismic
events within the North Staffordshire coalfield. The largest seismic event
in the area was found to have a local magnitude, ML. of about 2.5, and this

explains why none of these tremors were felt on the surface.
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Plot of logarithm amplitude (logmvo) of the standard earth tremors against distance, showing

the attenuation of the ground velocity in the North Staffordshire Coalfield (labelled composite
curve). The figure was obtained by plotting the logarithm of maximum trace amplitude of ground
velocity against its epicentral distance, for a number of seismic events. The curves were then
combined into a single composite curve passing through a point chosen as the standard shock.



Although Richter did not specify the type of seismic waves used
for magnitude determination, he indicated that "it would be desirable to
identify the phases of each seismogram, and to compare amplitudes of the
same wave or set of waves at the various distances''.

The magnitude of seismic events in the area was also determined by
using the largest seismic wave amplitude and its time period for body waves.
However, this scale has not been used since in some records it was difficult
to distinguish between the surface waves and the body waves, and so would
produce an unreliable and inconsistent magnitude scale.

The seismic energy (E) released by a seismic event has been cal-
culated from the local magnitude scale (ML), using the following formula

given by Richter (1958):

log;g E = 9.9+ 1.9 # - 0.024 w2 4.9.6

4,10 The types of the recorded earth tremors

Four different types of records representing four different kinds
of tremors were obtained by the Stoke-on-Trent seismic network.

1. The first type of records consisted of selsmic waves that have
low amplitudes and an average duration of about three seconds (Figure 4.10.1).
This type of seismic wave may represent small tremors which originate near
the detection sites. Most of these tremors were recorded on less than
four seismic stations since they had relatively little energy.

2, The second type consisted of seismic waves that have relatively
higher amplitude, lower frequency and longer duration than the first type
(Figure 4.10.2). The arrival times of the S-wave and P-wave have a longer
separation time than the first type. These represent larger and probably
more disgant tremors than the first type,

3. The third type have very large amplitudes and very low fre-

quency seismic waves compared with the second type (Figure 4.10.3). The
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Fig. 4.10.1.

Sefsmogram of first type of tremor recorded at 1977 6-6 06-23.
Low amplitude and short duration of selsmic waves probably indicate

tremors which originate near the detection site. Letters designate
seismometer names.
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Fig. 4.10.1.

Seismogram of first type of tremor recorded at 1977 6-6 06-23.
Low amplitude and short duration of selsmic waves probably indicate

tremors which originate near the detection site. Letters designate

seismometer names.
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Fig. 4.10.2. Seismogram of second type of tremor recorded at 1976 10-1 20-02,
High amplitude; low frequency and large duration of seismic waves
probably represent larger and more distant tremor than the first type.
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Fig. 4.10.3.

Seismogram of third type of tremor recorded at 1976 6-20 21-06.
high amplitude and long duration of seismic waves represent regional or teleseismic
events. ‘ ' '

Very low frequency,
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duration of the selsmic waves lasts for several minutes. These types of
seismic waves represent regional or teleseismic events.

L, A single event of this type was recorded by the network and
an attempt to locate the source failed. The frequency and amplitude of
the seismic waves are similar to those of the second type (Figure 4.10.4).
Two prominent downward peaks can be seen In the record obtained from
station K. In this station a very sharp downward first arrival followed
by another prominent downward peak, less than two seconds later, was
obtained. The arrival times in the other stations could not be determined.
At these stations the highest amplitude seismic waves were preceded by low

amplitude waves. These types of seismic waves are typical of that produced

by sonic booms from jet aircraft (Goforth and McDonald, 1970).
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Fig. 4.10.4.

Seismogram of fourth type of tremor recorded at 1977 6-16 19-01.

Two prominent downward peaks can be seen in seismometer K and probably

in seismometer G also, while in the other seismometers the highest
amplitude seismic waves preceded by low amplitude waves. These most
probably represent seismic waves produced by sonic booms from jet aircraft.



CHAPTER 5

THE GEOLOGY OF THE NORTH STAFFORDSHIRE COALFIELD

5.1 introduction

The North Staffordshire or the Potteries coalfield lies on the
western flank of the Pennines. It is roughly triangular in shape with the
apex situated to the north of Biddulph, and the base to the south extending
from Mucklestone in the west to Moddershall in the east. The coalfield
covers an area of more than 259 kmz. In addition to coal, the region con-

tains deposits of economic value such as iron ore and clay. The region is

drained mainly by the river Trent and its tributaries.

5.2 Stratlgfaphx

The exposed rocks in the coalfield are mainly Upper Carboniferous
sediments (Figure 5.2.1). These are surrounded by Triassic sediments to
the south and west.

The Upper Carboniferous strata have been divided Into two main
divisions: the Millstone Grit Series at the bottom and the Coal Measures at
the top. The maximum thickness of the Millstone Grit Series is over 1910 m,
and for the Coal Measures, approximately 2743 m (Halns and Horton, 1969).

A characteristic feature of both the Millstone Grit Series and the
Coal Measure sediments Is their rhythmic deposition which led to the develop-
ment of cyclothemic strata (Hains and Horton, 1969). The depositional

cyclothem consists of:

seat earth
sandstone

siltstone
non-marine mudstone
marine mudstone
coal

seat earth

one
cyclothem
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It is unusual for all the components of the cyclothem to be present; there
is considerable variation in the sequence and also rapid lateral variation,
particularly in the sandstones. Individual cyclothems vary in thickness,
usually ranging from a few metres to tens of metres. The thickest members
of a cyc\othemic unit are generally the mudstones and shales (arglllaceous),
but massive bedded sandstone may be present. The occurrence of argillaceous
rocks is often widespread and uniform and may be traceable over large areas
of the coalfleld. The sandstone beds are the most inconsistent members of
cyclothems. They are generally lenticular in shape and vary rapidly in
thickness. Most sandstones are fine to medium grained, but coarse varieties
do occur occasionally and these may merge into conglomerates and breccias,
In the Coal Measures, the coal seams are thicker and more frequent than

in the Millstone Grit Series, while the sandstones are thinner, finer
grained and less persistent.

The Coal Measures represent the chief lithology of the North
Staffordshire coalfleld. In the eastern part of the coalfield, the lower
portions of the Coal Measures crop out and form a band bordering the central
trough to the east of Longton, Hanley, Burslem, and to the north of
Goldenhill (Gibson, et al., 1925). In the west, the lower parts of the .
Coal Measures crop out also on the eastern flank of the Staffordshire anti-
cline. Since the syncline plunges to the south, the eastern and western
outcrops coalesce northwards near Kidsgrove to form the apex of a roughly
triangular area, as shown In Figure 5.2.1,

The Coal Measures have been classified into three major divisions:
Lower, Middle and Upper Coal Measures (Mains and Horton, 1969). Figure
5.2.2 shows a generalized sequence and classification of the Cosl Measures
in the coalfield. Sharp, well-defined differences in lithological and
palaeontological characteristics distinguish the Upper Coal Measures from
both the Middle and Lower Coal Measures, while the differentiation between

the Middle and Lower Coal Measures Is very difficylt (Gibson et al., 1925),
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The Upper Coal Measures are the barren or unproductive Measures.
They attain a thickness of about 1524 m, and their lithology consists
mainly of red sandstones and marls containing bands of grey shale and grey
sandstones. Seams of coal are few, thin and impersistent. They also con-
tain many thin bands of limestone and laminated ironstone.

The Middle and Lower Coal Measures are the main productive series,
and consist mainly of grey shales with coal seams and beds of grey sand-
stones. The coal seams constitute about 2% of their total thickness. The
thickness of the Individual coal seam ranges from very thin films to
several metres (Hains and Horton, 1969).

The Middle Coal Measures have a thickness of about 610 m. They are
characterized by the presence of many thick ;oal seams, particularly in
thelr lower part, but above the Moss seam; workable seams are less common.
Eight out of eleven of the seams mined during the seismic monitoring period
were of the Middle Coal Measures, while the other three were of Lower.

Coal Measures.

The Lower Coal Measures also have a thickness of about 610 m. They
consist chiefly of mudstones and siltstones. Sandstones are less common.
In thelr upper quarter the coal seams are thicker and contain many of the
pest workable and valuable seams, such as the Bullhurst, Cockshead and
Banbury seams, while in the lower three quarters of the successions the coal

seams are frequent but generally thin.

5.3 Tectonic and geological structure of the coalfield

The coal measure deposits originally formed a thick persistent sheet
of strata covering most of central England (Gibson et al., 1925). This
sheet was folded and faulted by the Hercynian earth-movements, eroded and
then buried deeply under Triassic sediments. Subsequent erosion has removed
most of the Triassic sediments, and parts of the folded and faulted sheet
(coal measures) form a number of separate coalfields in the Midlands, the

North Staffordshire coalfield being one of them (Hains and Horton, 1969).
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In the North Staffordshire coalfield, two major earth movements
affected the carboniferous strata. These are:

1. Permo~Carboniferous movements. |

2, Post-Triassic movements.

The present structured patterns of the coalfield were mainly developed
during the earth movements of the Hercynain orogeny (Hains and Horton, 1969).
These movements took place at the end of the Carboniferous period. The
folding and faulting developed during the Permo-Carboniferous movements
influenced the pattern of the Post-Triassic movements (Gibson et al., 1925;
Hains and Horton, 1969). The Post-Triassic movements may have occurred
along the pre-existing faults developed during the Carboniferous movements.
Consequently, the amount of Post-Triassic movements along these faults
cannot be determined.

The structure of the coalfield represents a broad syncline plunging
towards the south-southwest. This syncline is enclosed between two anti-
clines (Figure 5.3.1). The Endon-Werrington anticline is to the east, and
trends a little west of north, and the Western or Staffordshire anticline
1s on the west side running north-northeast (Gibson et al., 1925),

The central syncline encompasses the entire Coal Measure sequence,
and contains the chief coal bearing strata. The syncline shows a marked
asymmetry in its development. It has a steeper dip on its western side,
where the outcrops are narrow, while it has a gentler dip on its eastern
flank, where the outcrops are wider (see Figure 5.3.1). In the northern
part of the coalfield, where the lower parts of coal seams crop out to the
north of Kidsgrove, the strata are inclined at a fairly high angle, but In
the southern part of the coalfield the strata gradually flatten out, and
the trough structure Is nearly lost. The structure of the coalfield with

respect to the structure map of central England is shown in Figure 5.3.2,
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The coalfield is disturbed by numerous faults which makes an under-
standing of the Qtratigraphical succession in the coalfield very complicated.
Two major sets of faults can be seen in the coalfield (see Figure 4.2.1).
one set trends roughly north-south, and is the main fault set in the coal~-
field. The faults radiate from a focus situated at Mow Cop In the north
of the coalfield. Each large fault consists of a single fracture in the
centre of the coalfield, but traced northwards -it divide and disappear
into small fractures (Gibson et al., 1925). This radial system of faults
is crossed by another system trending generally east-west. These two
major sets of faults appear to have the same age. The major faults in the
area were usually named according to their geographical location, their
orientation or from their accompanying distinguishing structural features.
All the major faults in the area are normal faults. Among the major faults
are the Apedale and Newcastle faults, each well developed in the central
part of the coalfield, where they have maximum throws of about 640 m and
134 m respectively. None of the faults, particularly these large ones
show signs of recent movement.

In addition to these faults there are a large number of smaller
subsurface faults in the area which have been encountered during mining
at different levels.

The only known Igneous body in the coalfield is a large doleritic
dyke which penetrates the late Carboniferous and Triassic deposits and
extends intermittently parallel to the Apedale fault from Butterton Park
to Norton Bridge in the south of the coalfield (Gibson et al., 1925). The
dyke has an average thickness of about 2.4 m. It is exposed in a quarry at
putterton Hall, and In the Hanchurch Hills it has been observed as an
{ntrusive mass cutting across Triassic Bunter conglomerate. A borehole
near Seabridge met with several intrusions at depths of 163 m and between

332 m and 344 m (Gibson et al., 1925),
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According to the N.C.B. (Private communication) no igneous body has

been encountered anywhere in the coalfield during mining operations.
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CHAPTER 6

MINING TECHNIQUES USED IN THE COALFIELD

6.1 Introduction

Mining of coal and other ores has taken place for several centuries
in the North Staffordshire coalfield. In 1850, legislation to keep mine
records was first enacted in the U.K., and in 1872 the production and
retention of mine plans became mandatory (Bell, 1975). However, as Bell has
indicated, in areas of productive Coal Measures, even if no records of
mining activities have been found, it should not be assumed that mining
has not taken place.

In the North Staffordshire coalfield records of mine layouts for
more than 40 coal and fronstone seams are kept by the N.C.B. showing workings
which had been carried out in the area since the mid-nineteenth century.
These records reveal that extensive mining has taken place under most of
the North Staffordshire area at different depths. |In particular it can be
seen that most of the old workings followed the boundary of the coalfield
(i.e. coal outcrops) on both limbs of the syncline, and eventually formed

a2 triangular mined out area.

6.2 Mining techniques

o —

Two general techniques have been used to extract coal; room and
pillar and longwall techniques. The majority of the old mines were worked
py using the room and pillar method while the recent mines have been
usually worked by the longwall technique.

In the room and pillar technique, the coal in the seam is split

fnto plllars which are subsequently extracted. During the seismic monitor-

ing period, the coal from only one small area (area E) was being worked

using this technique (by a private company having a subcontract 1icence

from the N.C.B.)
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Extraction using this method comprised two distinct operations.
First a set of roadways was driven to a predetermined boundary. These
roadways were then crossed by another set of roadways usually at right
angles and at intervals of about 9 m to split the coal into pillars having
an average dimension of about 13.5 m x 7.5 m. Then in order to maximize
coal extraction from the seam, these pillars were subsequently extracted,
from the goaf or the boundary backwards towards the main roadways. Cutting
of the coal took place on only one shift per day (between 8 am and 3 pm) .
A shot was fired on the face to break the coal which was then subsequently
hand cut by picks. The shot firing was usually, but not always, carried out
at around 11 am and 2.30 pm to prepare the cutting for the next day. The
roadways were supported by wooden legs and steel bars. Near the face the
roof was supported by wooden bars. The roof in the goaf was not allowed to
cave in, but was supported by 45 gallon oil barrels filled with waste and
set up In rows in the goaf to prevent closure.

The longwall mining method is usually now used in coal extraction by
the N.C.B. In this method the coal in a given area Is extracted along a
more or less continuous long working face, and usually without leaving
pillars. The panels usually have lengths ranging between 250 m and 900 m,
and widths ranging between about 125 m and 250 m. Two variations can be
used in thls method; longwall advancing and longwall retreating extraction.
Both these techniques were used in the coalfield during the seismic monitor-
Ing period.

in the longwall advance technique the panel face is advanced from
the main entries away towards the panel boundaries. The roadways on both
sides of the panel (panel entries) are developed simultaneousiy and just
ahead of the face. In the retreat technique the face is advanced backwards
(retreated) from the rear boundary of the panel towards the main entries.

The panel entries are first driven in the seam from the main entries to a

=119 -



pre-determined position. These heading roadways are then connected at
their rear ends by another road (cross-road) to form the boundary of the
panel. The coal face is opened out at the rear end of the panel, and the
coal is worked back towards the main entries.

In both these techniques the goaf is filled wholly or partially
with debris (packing) or the roof is allowed to cave in fully in the goaf
behind the face.

It is not known whether the roofs in the old workings were allowed
to cave in or not, but in the 1960's the technique of roof caving was
widely applied. In this technique the roof is supported for about 4-5 m
behind the face by yielding hydraulic jacks having a canopy in contact with
the roof extending to within about 1.5 m of the face. These supports not
only hold up the roof, but also provide a safe space for all the necessary
mining activities on the face. These supports are advanced after each cut.
After the supports have moved over,the roof behind them is free to cave In,
and usually does so within a matter of minutes. Since the strata when
they break produce about one and a half times their original volume, only
a limited height of the roof, about twice the height of coal extracted,
falls and breaks up In the goaf area. The upper beds settle on the broken
rock, recompressing it and a wave of subsidence is initiated which goes
right to the surface.

On the face, the coal is cut mechanically by using a shearer. The
height of cutting [s approximately the thickness of the seam. However, up
to 0.5 m of coal may be left in the roof and less than that in the floor
depending on the condition of the roof and floor, especially if they are
very weak or friable. Condition of the roofs were variable in different
panels, but according to the N.C.B. (private communication) they were
generally good. The rate of advance of the face was variable in different

panels, according to local conditions, but usually ranged between less than
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6 m to more than 25 m a week. The direction of face advance with respect
to the seam strike was variable, but mostly they advanced along the strike
(see the panel layouts in Chapter 9). The direction of cleat with respect
to the face was also variable.

The mining activities were carried out 24 hours a day through three main
working shifts. These shifts worked from 6 am to 2 pm, 2 pm to 10 pm, and
from 10 pm to 6 am. The first two shifts were usually associated with coal
extraction, while the third shift was usually used for mine maintenance.
Coal extraction was carried out on working days. There was no production

on Saturday although some mine maintenance took place, while on Sunday the

mine was ldle.

- 121 -



CHAPTER 7

MINING INDUCED SEISMICITY IN THE TRENT VALE-HANFORD AREA

7.1 Introduction

Mining Induced selsmiclty In the Trent Vale-Hanford area has been
discussed thoroughly by Kusznir et al. (1980a,b), Westbrook (1977) and
Westbrook et al. (1980), Westbrook mainly discussed the Stoke-on-Trent
seismic netwofk and the method of locating earth tremors, while Kusznir
established the relationship between mining and seismic activity, and
the mechanism of earth tremors.

As already discussed in Chapter 4, the Stoke-on-Trent seismic net-
work was Installed In response to the public alarm following the earth
tremor of 15th July, 1975 which shook the Trent Vale-Hanford area. This
area is situated in the south of the Stoke-on-Trent conurbation (see
Figure 4.2.1). The area is located between two major faults; the Newcastle
and Apedale faults. Figure 7.1.1 shows a geological section drawn by
Kusznir et al. (1980a) approximately north-south. The geological sequence
consists of numerous coal seams occurring Iin a cyclical sequence with mud-
stone roofs and floors and with occasional Intervening sandstone lenses.
The seams dip to the south at about 8°.

In the period between 1973 and 1977 the area was mined for coal in
the Ten Feet seam by five panels (panels 202-206 in Figure 7.1.2) driven
parallel to the Newcastle fault at a depth of approximately 900 m below the
surface. Panels 205, 206 and part of panel 204 were mined during the seismic
monitoring perfod (September 1975-September 1977) . The face width and height
of the panels were approximately 150~200 m and 2.4 m respectively. The
retreat longwall extraction method was used in the extraction of panels 205
and 206. Pillars of coal were left between adjacent panels except between

panels 204 and 205. The area had previously been extensively mined. The
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Fig. 7.1.2. Layouts of the mine workings in the Trent Vale area showing

(a) the location of the active mine workings (pénels 205

and 206) In the Ten Feet seam with faults at the seam
level,

(b) previous workings in the Great Row seam (GR),
(c) Moss seam (M),

(d) Bowling Alley seam (BA) and (e) Rowhurst seam (R).
(Taken from Kusznir et al., 1980a).



mine workings in the Ten Feet seam are underlain by workings in the Bowling
Alley seam at a depth of 15 m (Figure 7.1.2d), and overlain by workings in
the Moss seam (Figure 7.1.2¢) at a height of about 170 m above the Ten Feet
seam. There are also previous workings in the Rowhurst and Great Row seams
(Figure 7.1.2b and e) but these are considered too high above the Ten Feet
seam to cause Interaction problems (Kusznir et al., 1980b). Two main pillars
were left in the Bowling Alley seam, one 25 m wide intersecting panels 204,
205 and 206 and the other 40 m wide Intersecting panels 202 and 203. Both
these pillars were affected by minor faulting. In the Moss seam there is
one large pillar about 200 m wide intersecting panels 204, 205 and 206,

The mining conditions were generally good. No rock bursts were
observed underground but some deterioration of access roads of panels 205
and 206 occurred when passing under or over pillars left in the adjacent

seam (Kusznir et al., 1980b).

7.2 The observed relationship between mining and seismic activity

Kusznir et al. (1980a,b) have extensively described and interpreted

the spatial and temporal relationship between mining and seismicity.

7.2.1__ The spatial distribution of the tremor hypocentres

Kusznir et al. (1980a,b) reported that during the two year monitor-
ing period, a total of 724 tremors were located in the vicinity of the
active panels (panels 205, 206 and part of panel 204)., of these, 179
tremors occurred during the working life of pane; 205 and 541 tremors for
panel 206. In total, 55 tremors were sufficiently large to be felt by
local residents. 39 of these occurred during the mining of panel 205, and
16 felt tremors occurred during the mining of Panel 206 (Kusznir et al.,
1980a). None of these tremors were felt underground. The tremor hypocentres

for events which occurred during the working life of each panel were plotted

In Figure 7.2.1 to show their relationship to active mine workings, previous
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The distribution of tremor hypocentres for tremors
occurring during the mining of panels 205 and 206
with respect to the active mine workings in the Ten
Feet seam, faults at Ten Feet seam datum, and old
workings In the Moss (M) and Bowling Alley (BA)

seams.
(A) Plan view.

(8) Vertical section parallel to the line of face
advance.

(C) Vertical section parallel to the coal face.
(Taken from Kusznir et al., 1980b).



workings and faults in the area (Kusznir et al., 1980a). Tremor hypocentres
are shown in plan and vertical sections perpendicular and parallel to the
coal faces. Each event was represented by a circle whose radius is pro-
portional to its magnitude. The accuracy of the location was estimated to
be +200 m (Kusznir et al., 1980a). It was found that most of the tremors
were located in the vicinity of the active mining area and lie at depths
pbetween 400 m and 1000 m below the surface. The tremors which occurred
during the mining of a particular panel a}e not always located immediately
above or below that panel, but may be displaced slightly to the east of it,
{.e. they are located above the previously mined adjacent panel. Kusznir
suggested that this may be due to errors in location, or it may be a real
effect. The tremor foci are well away from the nearest fault (Newcastle
fault) and no relationship with any of the large or small faults has been
established (Kusznir et al., 1980a,b).

For more accurate determination of tremor hypocentres, a small
seismic network (T.V. network) consisting of five vertical seismometers and
having an aperture of about 1.5 km was installed by Kusznir et al. (1980b)
above panel 206. This network monitored the seismic activity associated
with panel 206 in the period between March and June 1977. The network
recorded about 50 events per day (Kusznir et al., 1980b). The two networks
(5.0.T. and T.V.) combined together gave more accurate hypocentre locations
which were estimated to be better than 150 m (Kusznir et al., 1980b).

Figure 7.2.2 shows the spatial distribution of the tremor hypocentres occur-
ring during a perfod of about one month and located using the two networks.
It can be seen that most of the events occurred above and were displaced
about 200 m to the east of panel 206 (i.e. over panel 205) but all within
about 250 m in depth from the working level (Kusznir et al., 1980b). It
can also be seen that the larger shear type tremors (represented by solid

circles) occur at the level of the previously extracted Moss seam and are
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situated in the Moss seam pillar. The greater accuracy of tremor location
confirms that most of the small events particularly the collapse events may
occur over the previously extracted panel (in this case panel 205),

Figure 7.2.3 shows the relationship between the Plan position of
the tremor epicentres and the position of the working face as it advanced
along the panel. The figure is drawn by plotting the horizontal position of
the tremor, projected onto the line of face advance and measured from the
start of the panel, against the distance advanced by the face. The figure
shows that the tremors appear to migrate with the advancing face and were
usually slightly in front of it. The seismic activity mainly started after
the face had progressed a distance of about 250 m (Kusznir et al., 1980a,b).
The figure also demonstrates that the occurrence of felt tremors were mainly
assoclated with the passage of the Ten Feet panel face under or over the
pillars of the old workings in the Moss and Bowling Alley seams, The major-
ity of felt tremors had ashear source mechanism and local magnitudes.ML,
of greater than 2,5,

The vertical position of the tremor hypocentres were plotted in
Figure 7.2.4 against the distance advanced by the face. The figure shows
that those felt tremors which occurred when the Ten Feet face passed under
the Moss plllar are located at a higher level than the working seam (at the
level of the Moss pillar). Some of those which occurred when the Ten Feet
face passed over the Bowling Alley pillar are located at the Bowling Alley
pillar level. This is particularly obvious for Panel 206 (Kusznir et al.
1980a). The smaller unfelt events are usuvally located within a height of
150 m of the level of the active panel. They had a collapse/implosional
source mechanism and local magnitudes,M, , of less than 2.5. Figure 7.2.5
shows the relationship between the depth of the tremor foci and the local
magnitude. The figure clearly shows that the felt tremors are located at

shallower depth, Thls/most probably due to the mining practice as
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explained above. However it could alternatively be that the larger
tremors usually have small rise times, so that the onset of the P-wave
first arrivals could have been picked earlier than for weaker events.
This would have caused the larger tremors to be located at shallower
depths than the weaker tremors. The location of large tremors at

shallower depth may have
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et al., 1980a).

(Caption and diagram taken from Kusznir
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led to more tremors being felt at the surface than if those events had

occurred at the level of the Ten Feet seam.

7.2.2 The temporal distribution of tremors

The distribution of the total number of tremors, the felt tremors
and the seismic energy released, per week and during the week, for each
panel are shown In Figures 7.2.6 and 7.2.7 respectively, which were taken
from Kusnir et al. (1980a). The figures show a close relationship between
the mining activity (which took place between Monday and Friday) and the
seismic activlty; It can be seen that most of the tremors occurred during
the working days of the week. The distribution of the total number of
tremors per week shows that seismic activity is noticeably greater during
the latter half of the llves of both panels. Westbrook (1977) pointed out
that the seismic activity ceased for 12 days in late June and early July
1976 during the mining of panel 205, which corresponds to the miners!
holiday. A similar relationship also existed between holidays and seis-
micity for panel 206 (Kusznir et al., 1980a).

Kusznir et al. (1980a,b) summarized the established relationship
between mining and selismicity in the following points: |

1. Earth tremors were associated with the active

mining panels of the Ten Feet seam.

2, The tremors were not associated with any of the

faults in the area,
3. The tremors did not start until the face had
progressed about 250 m,

4, The tremor hypocentres lie adjacent to and move
In unison with the face.

5. Most of the tremor hypocentres were located about
200 m to the east of the active parnel, i.e. over

the previous panel.
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6. The larger tremors, particularly the felt tremors,
occurred when the Ten Feet face passed under or over
pilléés left in adjacent previous workings.

7. Most of fhe large tremors, particularly the felt
tremors, had a shear source mechanism, and were
located in the pillars of the adjacent previous workings.

8. The smaller unfelt tremors had an implosional or

collapse source mechanism, and lying usually within

a height of about 150 m of the level of the active panel.

7.3 Mechanism of earth tremors

Kusznir et al. (1980b) suggested from the first motion analysis
that two groups of tremors exist.

Group One: This type of tremor had magnitudes, ¥ , of less than
2.5 and produced mainly kataselsmic first motions. They were located within
about 150 m in depth of the Ten Feet panels and usually above them. This
type of tremor occurred mainly in the goaf of the previous panel adjacent
to the one being mined. Some occurred in the goaf of the previous old panels
in the adjacent seams. They were dilational or tensile in origin and were
attributed to roof collapse above the worked areas due to the reduction of
the compressive principal stress in the goaf resulting in the breaking of
strata In tension due to bending. The location of the majority of this
type of tremor over adjacent panels (see Figure 7;2.1) can be explained as
a result of the extension of the tensile stress and strain zone already
existing over the previous working, due to Fhe working of the active panel.
The stress willbe at a maximum in the centre of a hypothetical beam or plate.
sandstone will be particularly able to withstand high stress. The presence
of a barrier pillar such as this existing between panels 205 and 206 will
reduce the stresses but only to a certain extent. Failure of the sandstone

bed along a fault or sandstone lens boundary caused the release of energy.
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The amount of energy released in tensile failure is far smaller than the
energy released in failure by compression or shear due to the difference
in material strength between compression and tension. This type of tremor
is probably the inevitable and normal noise and vibration associated with
the caving of strata and does not appear to constitute any form of hazard.
Group Two: This type of tremor had larger magnitudes than group
one. Some of these tremors were felt on the surface. They usually gave
first motions which Indicated they have a shear fracture type mechanism.
This type of tremor occurred mostly when'the Ten Feet face passed under or
over the Moss or Bowling Alley pillars. These pillars can be expected to be
under heavy load. When the Ten Feet face approached such a pillar, the
front abutment pressure of the face added to the pillar abutment pressure
producing together a very high stressed zone which led to rock falls in
shear. Shear failures can occur when the stress conditions in rock abruptly
change from a state with confining stress to uniaxial stress leading to the
release of great amountsof stored strajin energy. The amount of energy
released due to fracture depends on the rock strength, the magnitude of

stresses and the size of the fracture .

7.4 Some comments on seismic activity In the Trent Vale-Hanford area
7.4.1 The mine workings in the Trent Vale-Hanford area provide a good
opportunity to examine the effect on the behaviour and occurrence of earth
tremors of a barrier pillar left along the panel or pillars left in adjacent
seams, above or under the path of the advancing face.

As already discussed, panels 205 and 206 of the Ten Feet seam were
mined using the longwall technique. Panel 205 was driven to the west of
panel 204 without leaving a pillar between them, while panel 206 was mined
to the west of panel 205 leaving a coal barrier pillar between them, having

a width of about 40 m (Figure 7.1.2).
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The frequency-magnitude relationship for seismic events which
occurred during the mining of each panel has been shown to follow the
frequency-magnitude distribution for natural earthquakes and can be

represented by the following simple relationship given by Richter (1958):
'0910 N=a-b ML 7.4.1

where N Is the cumulative number of earthquakes of magnitude > ML'
3 and b are constants,

The value of a varies significantly for different seismic source
regions since it depends upon the period of observation, the size of the
region considered and the level of sejsmic activity. The value of b mostly
varies between 0.7 and 1.0, and depends upon the ratio of the number of
earthquakes with low and high magnitudes (Gupta and Rastogi, 1976).

The frequency-magnitude distribution for the seismic events of
panels 205 and 206 follow the equation 7.4,1, The following formulae

were obtained graphically from Figure 7.4.1:

1ogiq N = 3.1761 - 0.61 M (panel 205)

log;q N = 4.6128 - 1,19 M (panel 206)

Both formulae show that there is a linear relationship between the magni tude
and the frequency in the magnitude ranges between 1.7 and 2.6 for panel

205, and between 1.7 and 2.7 for panel 206. The tremors in the higher
magnitude range do not fit this relationship, instead they fall below the
straight line. This may suggest that a maximum magnitude exists, indjca-
ting that the rocks have an upper limit of strain energy which can be
stored. The observed data in each panel were found to follow Gumbel's
third statistical distribution (Gumbel, 1958; Burton, 1979) which enabled

us to estimate the upper magnitude value of tremors that could have
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occurred during the mining of each panel. It has been estimated that the
largest magnitude (ML) of a tremor that could have occurred during the
mining of panels 205 and 206 Is 3.2 and 3.25 respectively,
The total amounts of seismic energy released during the mining of
panels 205 and 206 were 5.85 x 10° 4 and 5.18 x 10° J respectively,
McGarr and Wiebols (1977) defined the level of seismicity (S)

per unlt volume of rocks mined as (see Section 3.4.1):
S = 10%/avm 3.4.1

where Avm Is the volume of rocks mined in a particular region.
The total volume of rocks mined from panels 205 and 206 were

2.97 x 10° m3 and 2.64 x 10° m respectively,

(]0)3.1761

3 = 0.005 (panel 205)
2,97 x 105
L.6128

S = -(—!-[&—-—— = 0.155 (panel 206)

2.64 x 105

Similarly, the level of selsmic energy released per unit volume of rocks

mined (EL) can be calculated:

9
L= 283 X100 g o0 ob (panel 205)
2.97 x 105
5.18 x 10° 4
EL = =———u = 1,962 x 10" y (panel 206)

2.64 x 105

Panel 206 has a higher seismicity level per unit volume of rocks mined

than for panel 205,
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The ratio of the seismicity level per unit volume of rocks mined

A
from panel 206 to panel 205 = %jﬁ%% = 31. The ratio of the energy released

1.962 x 101‘ .

1.970 x 10%
1.0. These figures indicate that the seismic energy released per unit

per unit volume of rocks mined from panel 206 to panel 205 =

volume of rocks mined from both panels is remarkably the same, while we
can see that the number of tremors occurring per unit volume of rocks
mined from the panel affected by the barrier pillar (panel 206) is about
31 times the number of tremors occurring in the panel not affected by the
pillar (panel 205). This may suggest that leaving a coal barrier pillar
be tween, along, the active panel and the previous adjacent panel increases
the seismicity level (increase g) but decreases the size, ML, of the
seismic events (increase E). The opposite happens if a longwall panel is
driven along a previous old panel without leaving a pillar between them.
This is also clear from observations of the total number of tremors and
the number of felt tremors which occurred during the mining of each
panel (Section 7.2.1).

From the above | suggest that leaving a proper coal barrier pillar,
of pre-determined width, between adjacent panels is a good practice in

underground mining for the purpose of reducing the magnitude of earth

tremors.
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Leaving pillars in the adjacent seam over or under the panel which
Is being mined, on the other hand, may have a different effect on the values
of a and b. The faces of panels 205 and 206 retreated southwards (down dip)
passing under and over pillars left in the Moss and Bowling Alley seams
respectively (Figure 7.1. 1). The computed a and b values in each 100 m or
200 m of advancing face are plotted in Figure 7.4,2 against the distance
advanced by the face. The position of the mine workings in the Moss and
Bowling Alley seams are also shown in the figure. The values were computed
from the frequency-magnitude relationship of the seismic events which
occurred in each 100 m or 200 m interval of the advancing face. It can be
seen that as the face moved under or over pillars left in an adjacent seam,
the b and a values decreasedmarkedly. The values increased as the face
advanced further, reaching maximum values when the face moved under or over
a previous mined out area. This s particularly clear for panel 2b6.

As has been discussed earlier, panels 205 and 206 retreated (down
dip) passing exactly through the same pillars left in the adjacent seams.
Retreating the panels down dip may have caused any competent bed, such as
sandstone, present in their roofs, not to break easily, but overspan the
goaf and acts as a beam or cantilever throwing its weight and the weight of
the overlying strata onto the solid rocks ahead of the face (see Sections 2.2
and 2.6). This sltuation could be aggravated by the action of the drag
which tends to concentrate more Pressure on the face down dip of the seam,
Therefore, when the face passed under or over a previous pillar in the
adjacent seam, the front abutment Pressure was increased and consequently
the rocks In the pillar and ahead of the face sometimes fafled violently
and generated strong tremors. However, leaving a long barrjer pillar along
the eastern side of panel 206 may have reduced the roof sagging and con=
sequent)y reduced the concentration of the Pressure ahead of face 206. As

a result of this the rocks ahead of face 206 may have failed relatively
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less violently releasing a more continuous sequence of small amounts of
stored strain energy, so generating many small tremors. At the same time,
as the face retreated southwards, the barrier pillar itself would fracture
continuously due to the interaction of the flank abutment pressures for
both panels 205 and 206 applied on this pillar.

From the above it can be inferred that If a pillar was left between
panels 204 and 205, the earth tremors generated during the mining of panel
205 probably would have been less severe, and the stored strain energy
would have been released through a large number of smaller tremors, It
may also suggest that if panels 205 and 206 had been advanced northwards
(up dip) it might have reduced the level and severity of the seismlc acti-
vity occurring during their mining. In this case the strata in the roof
could have broken and caved into the goaf more easlily and consequently
reduced the pressure on the panel face.

The variation of b and a values when the Ten Feet face passed under
‘or over a plllar or goaf can be explaineﬁ or interpreted in two different
ways .

1. It may suggest that there s a relationship between the state
of stress and the values of b and a. As we have expla}ned previously, once
the face approached a plllar left in the adjacent seam the front abutment
pressure of the panel face and the pillar abutment Pressure were super-
imposed, producing together a very hféhly stressed zone. Consequently, the
rocks in the plllar and ahead of the panel face break, sometimes violently,
and appeared as tremors. As one large tremor releases more energy than many
small ones, therefore, usually a few large tremors occurred. This results
in a small b value and also a small a value. Scholz (1968) found, in micro-
fracturing experiments, lower_g values associated with higher stresses. He
indicated that at a stress of about 60% of the fracture strength, new

micro-fractures are developed, emitting small Pulses, and as the stress is
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increased the events become statistically larger producing a small b value,
At low unconfined stress, Scholz found high b values. He attributed this

to frictional sliding on pre-existing cracks, This may explain why the
value of b is higher when the face moved over or under a Previously mined
out area. When a face moves over or under a previously mined area, fre-
quent falls and sliding movements usually take place in these fractured
rocks releasing small amounts of stored strain energy which in our case
appeared as small tremors. This also may explain why most of the small
tremors which had implosional/collapse source mechanisms were mainly located
near the working level of the Ten Feet seam (see Section 7.2).

2, It may suggest that there is a relationship between the homo~
geneity of the rocks and the values of b and a. The rocks in the pillar
are solild, while the rocks over or under a goaf In the adjacent seam are
extensively fractured (Intradosal ground). This means that the rocks in
the pillars are less hetrogeneous than the rocks over or under a pre-
viously mined area.

In homogeneous rocks the stress is distributed more uniformly than
in the case of heterogeneous rocks. If the homogeneous rock is hard it can
sustain a high stress before It falls. Fallures of this kind of rock
usually occur suddenly and violently; this situation would also correspond
to low b value. |In heterogeneous rocks, localised stress concentrations
occur, consequently the rocks break frequently but relatively gently, cor-
responding to a high b value and probably a high a value also. Mogi (1962)
indicated that the frequency-magnitude relationship of elastic shocks
accompanying fractures is greatly influenced by heterogeneity of the
materials. He found, experimentally, that more heterogeneous rocks are
characterized by much higher b values.

The position of the tremor hypocentres, for events which occurred

during the working life of each panel, are plotted in Figure 7.4.3 with
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respect to the position of the working face at the time of occurrence.
Figure 7.4.3a is a plan view, while Figure 7.4.3b gives g vertical section.
Most of the tremors are shown to occur ahead of the face and slightly dis-
placed to the east (i.e, they occurred over the previously mined panel),
The majority of tremors are located at the level of the face, Figures
7.%.4 and 7.4.5 show the positions and the amounts of seismic energy
release with respect to the Position of the coal face. Figure 7.4.4 is a
plan view (corresponding to Figure 7.4.3a) while Figure 7.4.5 gives vertical
sections., Figure 7.4.53 is a vertical section parallel to the coal face
(corresponding to Figure 7.2,1c), while Figure 7.4.5b shows a vertical
section perpendicular to the coal face (corresponding to Figure 7.4,3p),
The figures were obtéined by computing the amount of sefsmic energy released
in an area having dimensions 100 m x 100 m, either In plan or in vertical
section. Each area is represented in the figures by a rectangle. |t can
be seen that most of the energy was released ahead of the coal face and

at a distance of less than 200 m from the face. Only small amounts of
seismic energy were released behind the face, these being released within
not more than 400 m of the face, Most of the energy was released at g
depth of less than 100 m below the level of Panel 206, while in the case of
panel 205, most of the energy was released above the panel leve] and at
height intervals of between 200 m and 300 m from the panel level. Figure
7.4.4 shows that in the case of panel 204 the maximum value of energy
released in a unit area occurred Just to the east of the face (i.e. over
the long barrier pillar and over panel 205). This also helps to confirm

that part of this pillar failed during the mining of panel 206 as explalned

above. .
Figures 7.4.3, 7.4.4 and 7.4.5 indicate that in both panels the

y
released seismic energy and the tremors were concentrated near the working
coal face. This confirms without doubt that the mining operations for panels

205 and 206 generated the earth tremors In the Trent Vale-Hanford area,
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Fig.

7.4.

if.

Plan view showing the total

amount of seismic energy released per 100 m x 100 m area

(represented by a rectangle) relative to the position of the working face, at the
time of occurrence, for tremors occurring during the mining of panels 205 and 206.

Integers indicate the total

number of tremors which occurred within the specific area.
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Sections showing the vertical distribution of seismic
energy released per 100 m x I0Om area (represented by
a rectangle), for tremors occurring during the mining
of panels 205 and 206. The position of the panel face
is also shown, (&) Vertical section parallel to the

coal face, (b) Vertical section perpendicular to the
coal face. (For legend see Fig. 7.~.M).



7.4.2 In order to determine the state of stress and extent of failures
within the Moss and Bowling Alley pillars,before the mining of the Ten
Feet seam, diagrams presented by Hoek and Brown (1980)04J figure 2.3.1
in this thesis were used to estimate the values of the maximum and minimum
principal stresses associated with these two pillars. The ratio of the
pillar height to the pillar width is about 0.01 for the Moss pillar and
0.08 for the Bowling Alley pillar. Hoek and Brown presented a diagram
with the least pillar height to pillar width of 0.25 (Fig. 2.3.1a). As we
can see in Fig. 2.3.1, the ratio of the maximum and minimum principal
stresses to the average pillar stress increases as the ratio of the pillar
height to the pillar width decreases. Figure 2.3.1a was used to estimate
the values of the principal stresses in these two pillars.

The average pillar stress, op, in the Moss and Bowling Alley pillars
prior to fallure has been calculated using equations 2.3.1a and b respect~
and were found to be 46 MN/m2 and 273 MN/m2 respectively. Using

ivelYu

Fig. 2.3.1a it was estimated that the lowest values of o at the edge of
the Moss plltar, inside the pillar, and at the corners of the pillar, were

about 184, 92 and 253 MN/m2 respectively, while the lowest values of o3
at these places were about 18, 32 and 46 MN/m2 respectively. These values

were applied to the fallure criterion given by equation 2,3.2:

og = 95+ ko3 2.3.2

where Og¢ is the compressive stress needs to cause failure.

% is the uniaxial compressive strength of the coal. Bell
(1975) estimated % for strong coal to be ranging between

50 and 100 MN/mz. Therefore, the average value (75 MN/mz)
has been used.

Wherever ¢{/0¢ exceeds unity, failure must occur. It was found that the

Moss pillar must have failed at its edges and corners, but remained intact

inside (i.e. It had an Intact core pillar). Application of the same
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stresses in the Trent Vale area. However, the models are limited b th
assumption of two dimensiona) plane-strain conditions ang the us o
homogeneous rock properties, =
rock failure and closure of the opening.' Therefore the Stress magnitud
presented in the diagrams and the text are not the eéxact valyes ;j th“ es
e
mine and should be treated with great caution, however they are at i
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qua]itatively useful for the purpose of comparison
« Al models have b
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~ 134p ~



10 ‘ -
given a Young's Modulus of 1g dynes /cm? (1077 MN/mZ) and a Poisson's

ratio of 0.35,

greater than the length of the mipe (100 m). Horizontally the contours
extend less than 50 m, With longer mine openings (200 m and 300 m in
length) much larger stresses have beep seen to develop around the mine,

2
The 2.5 MN/m” contours extended vertically to 250 and 400 p respectively,

action on the stress fields, in particular when one panel is mined under
a previous plllar. Figures 7.4.7 to 7.4.9 iTlustrate the changing stress
field whilst a face is being advanced beneath a 59 Pillar in the above
seam. The Interseam distance is 10 M. This situation js analogous to

that existing in the Trent Vale area. VWhen the active working lies wholly
beneath one of the upper workings (Fig. 7.4.7), the stresses at the end of
the active working are noticeably lower than that for 5 single mine (see

Fig. 7.%4.6). When the active face reached the boundary of the pillar

(Fig. 7.4.8) the stress field surrounding the active working in this case
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the face to beneath the pillar (Fig. 7.4.9) the maximum shear stresses
in the pillar rise by a further 20%, and the shear stresses around the
active working are 40% greater than for a single mine,

Beale finally concluded that the stress field associated with a
slit-like excavation, as defined by the 25 bar (2.5 MN/mZ) shear stress,
extends vertically to a distance approximately 1% times its length or
width. He also indicated that although the stresses associated with the
pillar are very great in the pillar itself, they do not have a great
effect unless other workings are mined above or below it.

In the Trent Vale area the interseam distance between the Ten Feet
and Moss seams is about 170 m (see Section 7.1). The length of panels 205
and 206 when they approached the Moss pillar edge were about 210 m and 300 m
respectively. Therefore, according to Beale's study, interaction between
the Ten Feet panel stress field (as arbitrary described by the 2.5 MN/m?
shear stress contours) and the Moss pillar Stress field would have occurred,
As we indicated in Section 2.3.1, the vertical Stress inside the piliar is
less than the peak abutment pressure. Equation 2.3.1a suggests that the
vertical stress inside the Moss pillar has a maximum value of about 2.5
times the overburden pressure (i.e. it has a valye equal to the average
vertical pillar stress). When the Ten Feet panel advanced beneath the
Moss pillar, the maximum stress inside the pillar would have increased
approximately by a maximum of about 35% according to Beale. (This value
was deduced for a pillar 50 m wide and 100 m above the active working,
while in the Trent Vale area the Moss pillar Is about 200 m wide and lies
170 m above the Ten Feet active workings). Thisg Suggests that the Moss
pillar core remained intact, since the maximum strength of the pillar core
is about four times the overburden pressure (Wilson and Ashwin, 1972).
Failures would have only occurred at the boundary of the pillar, since

the interaction would have caused the peak abutment Pressure on the pillar
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edge to rise further so exceeding the strength of the rocks at the edges

of the pillar as described in Figure 7.4,10,
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CHAPTER 8

THE OBSERVED RELATIONSHIP BETWEEN MINING AND SEismiciTy |y
THE NORTHERN PART OF THE NORTH STAFFORDSHIRE COALFIE| p

8.1 Introduction

The Trent Vale-Hanford area, in the southern part of the North
Staffordshire coalfield suffereqd a series of earth tremors generated by
mining. Over a perfod of about two years, 55 earth tremors were felt and
hundreds of smaller non-felt tremors were detected by the s.0.7T. and T,v,
selsmic networks (see Chapter 7). Some of these tremors were large and
caused damage to property on the surface. The northern part of the coal-
field which has a similar mining activity, however, was quiet and only one
tremor was felt In the $ilverdale area during the same perlod, However,
examination of the seismic records obtained by the $.0.T. network revealed
that many non-felt tremors occurred in the northern part of the coalfield in
regions adjacent to the active mining areas during the same period,

In this chapter, an attempt is made.to find the relationship between
seismic and mining activities in the northern Part of the coalfield in order
to establish the actual causes of the seismicity,

8.2 Seismic events recorded by the S.0.T. seismic network in the
northern part of the coalfield

For ghe two year moni toring period, from September 1975 to September
1977, more than 300 seismic events were recorded by the $.0.7. seismic net-
work, and found to have locations in the northern part of the coalfield,
Only 98 selsmic events were recorded on four or fjive seismometers however,
so that satisfactory location of the events could be obtained. None of the
recorded events were felt on the surface or underground, nor did they cause
any damage to property in the area, Furthermore, according to the N.C.B.

(private communication) no rock bursts were reported in the mines during
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Appendix 2 gives a tabulated Iist of the dates of tremor Occurrences,

hypocentre co-ordinates, magni tudes, and their released energy,

8.3 Characteristics of seismic activity in the coalfield

The most prominent characteristic of the earth tremors in the coal~

field is their distinctive relationship in time and Space to mining
activity.

8.3.1 The spatial distribution of tremors with respect to mine workings
and structural geology

structural geology are shown in Figure 8.3.1. ¢ can be clearly seen that
most of the tremor epicentres cluster adjacent to the mined areas, and
usually are within a few hundred Metres of active mine Panels. Only a fey
events are located outside areas of mining activity. The figure also shows
that the tremors are not located within all the actively mined areas, but
that they were encountered within six specific areas. These areas are
denoted A, B, C, D, E and F. The total number of seismic events and the
total amount of seismic energy release In each area are shown jn Table 8.1,
Figure 8.3.2 Is a vertical section showing the distribution of
tremor hypocentres with depth. Figure 8.3.24 I's an E-Wsection, while Figyre
8.3.2b is a N-S section. The majority of the focj lie between the surface

and 1 km depth, i.e. within the depth range of the active  mined seams.
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The Distribution of Selismic Events and Energy Release
in Different Parts of the Coalfielq

No. of events  Total amo t
No. of % of the un
Area Location tremors  tota] With a shaar of seismic % of the

origin energy releaseq total
Uoule)
A Cobridge 19 19.39 1 268.3 x 10°  ,q.qp
B Wolstanton 9 9.18 5 26.1 x 19° 2,03
c Silverdale 33 33.67 19 301.5 x 10° 23.51
D Tunstall 22 22.45 7 199.4 x 10° 5.5
E  Chesterton 13 13.27 1 485.3 x 105 37.g4
F Burslem 2 2.04 2 2.1 x 10° 0.16
Total 98 100 55 1.28 x 108 100

The relationship between the depth and the tremor size, ML’ Is shown
in Figure 8.3.3. No obvious relationship can be seen. |{p particular,
unlike the situation in the Trent Vale area, no relationship has been
obtained between the depth and the Occurrence of any specific type of

tremor (i.e. shear or Implosional/collapse source tremors),

The temporal distribution of seismic events and seismic energy
release

8.3.2

(i) Annual distribution: The total number of seismic events per
year and the total amount of the corresponding seismic energy release are
shown in Figure 8.3.4, The maximunm number of tremors occurred during 1976,
while the minimum number occurred in 1975, The distribution of events
having a shear source mechanism (see Chapter 9) followed the same pattern,

The number of seismic events which occurred tn 1975 ang 1976 do not represent
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while that released in 1977 was the minimum. The occurrence of
the maximum number of tremors and seismjc energy release ip 1976 is most
probably because 1976 represents the longest recorded time, and the largest
area of coal was extracted during this year,

(i1) Monthly distribution: The monthly distribution of seismic
events, the corresponding seismic energy release » and the leye] of coal

production are shown in Figure 8.3,5, general, the distribution of

with minima in January and August, and maxima in Jupe and October, The

for the elastic strain energy to build up again. The drop in seismicity and
energy release in July and August again colncided with holidays (the firs¢
two weeks of July). The drop In seismicity and energy release In these
holiday periods may also be related to the Monthly production of coal ag
shown in Figure 8.3.5. The figure clearly shows that the minimum coal pro-
duction occurred In January and July In each vear. (This figure represents
the total production of the whole North Staffordshire coalfield, i.e.
includingAthe Trent Vale area).

(iii) Weekly distribution: The distribution of seismic events and

energy release

week and sefsmic activity and energy release |s very clear, Figure 8.3.6a
shows the total number of seismic events which occurreq On each day of the

week, while Figures 8.3.6b and 8.3.6¢c show the distributton of those events
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(a) Distribution per month over two year perlod
(b) Cumulative monthly plot.
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with local magnitudes, M 21.5 and M 220 Tespectively, The figures

shear source mechanism follows the same pattern, Figure 8,3,64 gives the
weekly distribution of the released energy, and shows g peak in the released
energy on Sundays, This distribution is greatly influenced by the occurrence
of event 13976 10-31 15-47, the largest event in the northern part of the

coalfield, which occurred on ; Sunday. This event reached a magnitude, ML,

of approximately 2.5, and released aboyt 3.7 x 107 Joules of seismic energy,

and Saturdays respectively, while the peak is on Fridays and Tuesdays,

(iv) Daily distribution: The total humber of seismic events which
occurred within each hour of the day, and the corresponding seismic energy
release , are shown in Figure 8.3,7. It can be seen that there is no single
peak In the occurrence of sejsmic events,also it can pe noted that no single
event was recorded between 8 and 9 am. If the frequency of tremor OoCCurrence
was equal throughout the day, as might be deduced fronm Figure 8.3.7a, then

the frequency of large tremors should pe the same, However, Figures 8,3,7p

~ 139 -



TOTAL MUNBER OF TREMORS

12 4 [ s ® - W EENECRENE
- la) om
™1 ]
TN . Ny

TREMORS
WITH W18
a‘

TREMORS
iTH 51
—

{1}

Liones x 93
SR W |

hd

gJ

- TOWAL AMOUNT OF SEISMC ENERGY RELEASED

ie)

th_ 8.3-7'

Histogram showing dally distribution of (a) the total
number of tremors, (b) the number of tremors with M
2 1.5, (c) the number of tremors with M 2 2.0, and
(d) the total amount of the released seTsmic energy,
for tremors which occurred in the northern part of the
North Staffordshire Coalfield. Shaded area represents
shear tremors.



and 8.3.7c, which give the daily distribution of tremors having magnitudes

M 2 1.5and M > 2.0 respectively, clearly show that most of thege large

histogram showing the. daily distribution of sejsmic energy. Most of the
energy was released between 10 am and 1 PM and between 3 Pm and 10 pm,

This can be interpreted in terms of mining activity. ag already discussed
in Chapter 6, mining activity was carrjeg out 24 hours 4 day, through three
working shifts. The first two shifts (from 6 am to 2 PM, and 2 pm to 1 pm)
are mostly Involved with coa] Production, while the third shift (from 1¢ pm
to 6 am) is mainly concerned with mine maintenance., Figure 8.3.7d shows g

marked drop in the energy released immedfately after 10 pm which coincided

with the end of the second Production shift, During the middle of the night
and the early morning when no coal extraction Was carrjed out, the releaseg

energy was signif!cantly low. The energy release ig also noticeably low

during the first half of the first production shift unt) about 10 ap when
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for the miners in the second shift to restart pProduction, After 3 pm the
seismic energy release continued at a high leve] until the eng of the
working shift at 10 pm, The close relationship between the release of
seismic energy and coal Production is more clearly establisheq from Figure
8.3.8 which is a histogram showing the daily distribution of the seismic
events and the corresponding seismic energy release for those events which
occurred during working days only,

The high Incidénce of sefsmic events, shown ip Figure 8.3.7a, between
10 pm and 8 am (during the night and early morning) may be explained by a

greater detection capability of the selsmlc hetwork at night due to lower

background noise,

It can be seen that the detection rate of seismic events is below the
average level between 8 am ang 7 pm. The average seismicity leve] was com~

puted using linear regression,

The frequency-magnitude relationship

8.4

by Richter (1958) for natural earthquakes (see Chapter 7), Figure 8.4, 1
shows a plot of the logarithm of the number of seismic events having local

magnitudes,M , equal to or greater than a specifijc magnitude versys that

specific magnitude.
Togio N = 2.54 ~ g.8; M, o

This formula was obtained from the data shown in Figyre 8.4.1. The number

of tremors having local magnitudesML > 2.25 are less than that expected
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Fig. 8.3.9.

CUMULATIVE NUMBER OF TREMORS

984

90

80

70

60

S 0

40-

30

20

Y=3-843X + 3:254

104 /

lll['llllllrll'ﬁ-IIYIIT_r

18
am . pm
HOURS OF THE DAY

plot of the cumulative number of ‘tremors against
hours of the day for tremors which occurred in
the northern part of the North Staffordshire.
Coalfield. The diagonal dashed line corresponds
to the line on which the total number of tremors
would plot If the tremor occurrence was uniform
throughout the day.



. © SEISMIC EVENTS
2 ENERGY RELEASE.

~

2'5}
o .
o
fﬁ 2- 21
a 1 & s \a & @ -100% |
= o A N
g - a - w)
1-8 b
w
= - 8 g0 o
= 24
% Z L "
> :i) 1-44 x
= g A 60 o
s 9  b=0-82 A L
%J - 1 0- o Lu:
H - 40 o
u (72 w
o «
o .64 A L. Q
z = 0° o =
T uw 20 Z
— [0 ed - w
o e &:)
3 02 1 3 uw
o ’ Q.
- T T T T T ] T T T P T
05 1-0 1-5 2:0 2:5 30

LOCAL MAGNITUDE (ML)

Figure 8.4.1. Plot of the logarithm of the cumulative number of
tremors having local magnitudes, M , equal to or
greater than a specific magnitude against that
specific magnitude. The percentage of selsmic
energy released by each set of tremors having a
specific range of magnitudes is also shown.



from formula 8.4.1, This may be explained in terms of the maximum strain
energy which can be stored within the region, which consequently leads to
the existence of a maximum tremor magnitude. The tremors followed Gumbel's
third statistical distribution (see Section 7.4.2) which suggests that the
largest magnitude (ML) of the tremor in the coalfield is about 2.5. How-
ever, this should not be taken to be the maximum magnitude of tremors that
would be likely to occur in the future in the northern parts of the coal-
field, since the tremors in the coalfield are man-made tremors and their
magnitudes depend to a great extent on mining practices (éuch as panel
interaction, rate of face advance, etc.) as shown in Chapters 7 and 9.

In fact, in August 1980 an earth tremor occurred in area A and was felt

the Stoke-on-Trent. Th .
over e magnitude (ML) of this tremor was estimated

to be of about 3. (N. J. Kusznir, personal communication).

The fall-off of the number of tremors with low magnitude values is

dJue to a detection threshold. Formula 8.4.1 applies for the seismicity of

the whole of the northern part of the coalfield. The frequency-magnitude

relationship for each seismic area of the coalfield has also been deter-
mined separately and described in Chapter 9.
The value of b for the foreshocks and aftershocks could not be

determined since it has not been established which events are mainshocks
L

foreshocks and aftershocks or even whether this subdivision of events is
The possible absence of foreshocks and aftershocks may suggest

appl icable.

that the §
or the applied stress in the coalfield is concentrated locally

tructural state of the rocks in the coalfield is extremely hetero-

geneOUS;
Mog i (1963) explained that in a highly fractured material, when the applied
stress gradually increases a high stress concentration appears around

nume Fous cracks and faults and so local fractures begin to occur generating
small tremors at such weak polints under a low stress. Thus a single pre-

dominately large fracture cannot occur. Mogl suggested that this type of
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tremor ocCccurs as
an earth
quake swarm and resylts from ext
xtremely co
ncentrated

stress.

Figure 8.4.1 also
shows the Percentage of the totgal
energy released

by each set of tremors havi
aving a specific r
ange of magni tud
e.
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CHAPTER 9

EARTH TREMOR OBSERVAT I ONs AND SPECULAT 10N ON THEIR MECHANISMS
\

9.1 lntroductf_og

geology are discussed Separately for each Individual area. With the help

generation.

9.2 Mine layout

September 1977, i.e. during the selismic monitoring period, A total of 27
longwall panels, as wel] as small areas worked by rooms-and-pillars, were
used for the extraction of coa] from these Seams. Some of these panels had
been mined since the early 1970's ang continued to pe mined throughoyt the

monitoring period. These workings are distributed mainly in seven areas

some workings dating from the last century. The seams dip to the sy at an

angle of about 15°. The two seams of Interest are;
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TABLE 9.1

The dimensions and specifications of the mine workings which were carried out during the
seismic monitoring period (i.e. the active mine workings).

* lndicates that the panel was continued to be mined after September 1977 and the gnven
panel length indicates the panel length at the end of September 1977.

- hyl -

A = Face Advance. R = Face Retreat.  Minus depth indicates depth above 0.D.
‘ | Diréction 4 i | fhfckness
Me thod Panel  Panel Panel depth X
Area  Locatlon Colliery Seam Name Panel Date of Extraction of of face Length Width from 0.D. of worked
Name No. Start Finish Workin Advance (m) (m) (m) seam
; o . 9 or Retreat (cm)
: Bowling 101 6-12-1975 15~ 1-77 A NW 510 223 705-745 “142
A Cobridge Wolstanton Alley 102 11- 1-1975  29-11-75 A NW 385 163 6‘%0-705~
Banbury 402  25- 9-1976  Sept.77* A NW 500 - 227  920-960 152-16
403  15- 1-1977 Sept.77* A SE 295 227  884-936 52-167
B Wolstanton Wolstanton Holly Lane 208 July 197k Sept.76 A NW 1060 136 925-948 85-102
7 20-11-1976  10- 5-77 R Sw 618 118 320-381
8 L-10-1975 -31- 1-76 R N-NW 500 106 335-358
, ’ . .. 12A 1= 2-1975 18-10-75 R SE - 824 135 290-320 . _
C Silverdale Silverdale Winghay 14 8- 5-1376 7- 8-76 R W 306 118 350-375 250-300
15 24- 1-1976 15-12-76 R NW 677 224 357-400
16 . 14- 5-1977  22-10-77 R NwW L70 170 360-400



Direction

‘ ' Thickness
Method , Panel Panel Panel depth
Area Location Colliery Seam Name Panel Date of gfffacfion f of face Length Width  from 0.D. of worked
Name No. Start "7 Finish Worki Advance (m) (m) (m) seam
‘ Orking  or Retreat (cm)
7 1973 26~ 2-72 ‘ A SE 73% ‘ 160 670-731
: 9 19- 7-1975 26~ 6-7 R - SE 71 165 710-755 -
c Silverdale Holditch .Hams 10 31- 5-1976  Sept.77* R SE 706 200 716-756 135-222
11 11- 4-1977 Sept.77% R SE 294 200 739-780
56 | Dec. 1974 14- 2-76 A SE 473 140 660-690 _
' D Tunstall Wolstanton Ten Feet 57  Sept.1976 Sept.77% A NW 455 235 635-665 152-250
35 )
| New High Cannel Row 1975 Sept.77* . ' ~137 to -60 =100
' Carr Winghay Early 1970s 1976 Rooms and Pillars Method =100 to -60 150
E Chesterton ;
Winghay Early 1970s 1976 -160 to 40 150
Wedgwood Rowhurst Sept.1976 Sept.77% Roems and Pillars Method =120 to -80 210
Hams 1975 Sept.77* -158 to -100 150
11 Sept.1974 Sept.75 R NW 475 146 Lo8-448
Bullhurst 12 Aug. 1974  28- 1-76 R SE k15 166 Loh-533 132
F Burslem Norton 14 Jan. 1976 24~ 9-76 R SE 463 159 427-472
Brights 2 2-10-1976 11- 6-77 A NW 358 225  408-490 96




Direction

‘ ‘ ‘ Thickness
o Method Panel  Panel Panel depth
Location Colliery Seam Name Panel  Date of Extracf:on £ of face Lenath Width  from 0.D. of worked
Name No. Start Finish Workin Advance (m? (m) (m) seam
‘ ~ 9 or Retreat (em)
; 9 ) 1971 ] 31- 1}-76 A "SE 1078 125 257-529
. : 12 24- 1-197 23~ 4=77 R E-SE 625 - 220 96-542 _
- Victoria  Hams 13 March 1975 10- 1-76 R SE 392 147 she-s60 1607180
Goldenhill 17  22- 1-1977 May 77 A SE 200 127 L60~506
Chatterley . L 25- 5-1974  20- 9-75 = A W-NW 893 176 658-716 -
Whitfield hardmine 5 Sept. 1975 March 77 A W-NW 64 222 652-701 127-150
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(i) The Bowl Ing Alley seam: Two panels -

Panels 101 gng 102 -
were mined in this sean during the monitoring perjo

d in an area which formed
a coal plllar barrier between Properties of two olq

collierjeg which
operated before natfonalizatfon.

»  They
Banbury and Cockshead seams

(Figures 9.3.1f, b and g), at depths of aPproximately 32

» 145 m and 208 ,,
respectively below the go

wling Alley seam level,
(i1) The Banbury seam:

kings, as well as between the two panels,
wor

Mudstone, siltstone and silty
dstone form the roof of the Panels,
san

while muds tone forms the floor, Minor

re 9.3.1g) at a depth of about 60 m be Joy the pape} levels,
(Figu ‘

rlain by workings in the Holly Lane,
ove

(Figures 9.3.1f, a and ¢) at heights of
Figu

» 153 m and 198 respectively
bove the Banbury seam level,
a
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Fig. 9.3.1.

The layouts of the mine workings in area A showing the
active mine workings (dotted ornament), faults at the
surface and at the level of the active seam in

(a) the Bowling Alley seam (B.A.)

(b) the Banbury seam (BANB).

Also shown are the mine workings in the Bowling Alley
and Banbury seams superimposed on previous mine work=
Ings in

(c) the Ten Feet seam (10 Ft)

(d) Ragman seam

(e) Moss seam

(f) Holly Lane seam (H.L.)

(g) Cockshead seam.
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of the Bowling Alley seam, to the east of Panel 402 gng to the norgh of

panel 403 of the Banbury sean, Without 4 well determined seismjc velocity
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Fig. 9.3.2.

Map of earth tremor epicentres for tremors which occurred
In area A. Tremors are represented by a circle whose
radius Is proportional to the magnitude, ML’ of the
tremor. Clrcle with a cross represents tremors
having a shear source mechanism, Tremors are located
near the active mine workings (dotted ornament) in
(a) the Bowling Alley seam

(b) the Banbury seam.

Faults at the surface and at the active‘seam

datums are also shown. Also shown are the two

active seams (Bowling Alley and Banbury seams)
together with previous mine workings in different
adjacent seams; In the

(c) Ten Feet seam

(d) Ragman seam

(e) Moss seam

(f) Holly Lane seam

(g) Cockshead seam.

(For legend see Fig. 9.3.1).
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Fig. 9.3.3 Hypocentre sections (A-B, C-D, Figure 9.3.2) of

tremors located in area A, showing the position
of tremor hypocentres with respect to the active
and old mine workings and to the Far Green fault,
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A plot showing the number of earth tremors and the corresponding seismic
energy release, occurring within each 100 m depth interval in area A.
The depth ranges of the active mine workings in the Bowling Alley (BA)

and Banbury (BANB) seams are also shown. The shaded area represents
tremors having a shear source mechanism,



were generated mainly due to mipe workings in the Bowling Alley seam, in
particular by the mining of pane) 101, since 17 tremors occurred during
the working life of this panel. The two Stars represent the only two
tremors which occurred in 1977 during the working life of Panels 402 zng

403 of the Banbury seam, and after panels 1p7 and 102 of the Bowling Alley

Alley seam had finlshed production,

The relatfonship between the tremor size, ML’ and the depth is shown
in Figure 9.3.5. |In general, it can pe seen that the largest tremors occyr-
red at relatively shallow depths. This could be real and a direct effect
or it could be that the selsmic énergy generated from deeper

of mining,
tremors suffered more absorption during theijr Propagation. Ap alternative

the larger tremors to be located at shallower depths than the weaker
tremors (see Section 7.2). No obvious relationship between the size of
any kind of tremors (collapse/imp!osional or shear source mechanism) ang
depth was found.

Figure 9.3.6 shows the distribution of the tremor foci with respect
to the general lithological succession in the area, in particular with
respect to the presence of sandstone beds. The section was drawn down dip,
No obvious relationship between the focj locations ang the presence of any
sandstone bed can be seen, However, the accuracy ip determining the focal

depth is poor and the sandstone beds relatively thin, MoreOVer, information
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about the seam levels and the lithological Séquence above the Moss seam

is unavallable,

working face, at the time of Occurrence. Figyre 3.3.7a is 5 plan view
?

270 m. Before this distance there was no selsmic activity except for three
tremors which occurred just as the face Opened. These are probably

associated with the mining of Panel 102, sipce they occurred less than two

w

the panel face under and above pillars in olg workings, Figure 9.3.9 gives
the depth of tremor foci as the face advanced along the Panel. The foyr
largest tremors generally lie at g higher leve] (adjacent to the Ragman
seam and approximately 190 m ip depth below 0.D. o average) than the
smaller tremors (570 m average depth), The depth of panel 101 ranges
between 640 m and 705 m below 0.p. Bearing in minde the Tow resolution of
depth determinations, the smaller tremors appear to be located near the

level of panel 101 (approxlmately 100 m above the panel on average)
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Fig. 9.3.8.
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Banbury pillar and under the Ten Feet and Ragman pillars and the occurrence
of earth tremors is also evident in Figure 9.3.10, Figures 3.3.10a and
9.3.10b give respectively the size, M , of the tremor and the energy
released, as the face advanced along the panel. The figure shows that

the largest tremor occurred when the face had moved a distance of about

85 m over and under the pillars. This largest tremor had a shear source

mechanism and occurred about 550 above the panel level as shown in

Figure 9.3.9.

were smaller in size.

Temporal distribution of tremors and selsmic energy release

9.3'2
The maxImum number of tremors (14) occurreg in 1976, while only

three tremors occurred in 1975 and two tremors in 1977. This suggests
that most of the tremors were generated by the mining of panel 101 of the
Bowling Alley seam., Thijs panel started Production in December 1975 and
finished In January 1977, while Panel 102 finisheg Production in late
November 1975. Panels 402 and 403 of the Banbury seanm Started production
in late September 1976 and in January 1977 respectively (see Table 9.1),
The weekly and daily distribution of the tremors and their cor-

responding seismic energy release are shown in Figure 9.3.11. The direct

relationship between mining and selsmic activities jg evident,

First motion analysis of seismic data

9-3'3
Analysis of the P-wave first motions shows that 11 tremors had a

shear source mechanism, while the other 8 could have had an implosional/

col lapse source mechanism, The reliability of the dilatationa] source

mechanism Is uncertain since the seismic €vents were recordeq on a few

stations only (4 or 5) which were badly distribyteq (in both azimuth ang
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located within an arc of apoyt 140° from the tremor epicentres, | e, these
statlons could be located in One or two opposite quadrants of 4 fault

plane solution, as shown in the figure, The same explanation also applied

carrying the sign of the P-wave first arrival, assuming the centre of the
net to be the focus of the event,

A composite fault-plane solution using the data from alj the
events having a shear type mechanism was attempted Unsuccessfully, The
first motions exhibited major Inconsistencies, The fault-plane solution
for each event is given In Figure 9.3.12. The figure shows that the
plotted first motion data ljes mostly in two quadrants only, which makes
it very difficult to give an unambiguous solution. The nodal-plane soly-
tions for the selsmic events in this area are therefore not very satjg~
factory and could be in error by as much as 30° in their dip and strike,
Most events show fault-plane solutions (Figures 3.3.12a, 3, D, E and F)
which can be interpreted as representing rock Movements ejther by normal
or reverse faulting., The determlination of which of the nodal planes ig

the fault plane Is very difficult since there Is no major Structyrg}

-.]52-



Fig. 9.3.12.  Upper hemisphere fault-plane solutions for tremors
occurring in area A. Dashed lines represent
alternative fault-plane solution. A, B, D, E and F
show fault-plane solutions which can be interpreted
as representing movements by either normal or
reverse faulting. Date of the event or events Is

shown below each fault-plane solution.
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feature which these solutions can be related to, However, for those events
which show fault-plane solutions representing movements by normal faulting,
the different solutions have nodal planes striking NW ang dipping either
to the SW or to the NE. These nodal planes may correspond to the faylt
planes since they generally agree with the orientation of many small
faults at different seam levels, These small fayults mostly strike Nw-SE
and dip to the SW and NE, as explained previously, For those events which
gave fault-plane solutions representing movements by reverse fautling,
This could be an error in observation, or it could be these events have
occurred along pre-existing reverse faults, or may have occurred in the
roof behind the active face. When coal is extracted the roof sags and the
compressive princlipal stress in the goaf is reduced while the horizontal
stress pushes the rocks towards the excavation and increase the sagging.,

| f strong beds, such as sandstone, exist in the roof and if a strong bond

exists between two strong layers, the two layers behave 1jke one beam

- 1523 ~



planes of different orientations, ang that these tremors were not relateg

red due to rock movements along Pre-existing smaii fractures op planes of

weakness, or on neyw fracture planes deveIOped by shear fracture in Pillars

and surrounding rocks,

can be represented by the formula:
IogmN = 2,26 ~ 1,4 M 9.3.1

The constants were obtained graphically from the frequency-magn}tude plots

(Figure 9.3.13),
L " the magnitude ranges betyeen 0:9 and 1.2, The garq having a

magnitude greater than 1.2 4o not fit thig linear relatfonship, and fit

long = 2,95 - 1,48 ML 9.3.9

The b-values in both of these formulae are almost equal, but the a-value s

greater In equation 9.3,2,

statistical error,
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disintegrates and can no longer store large amounts of strain energy, so
small tremors tend to occur. This situation consequently will lead to an
abrupt change in the frequency-magnitude relationship. Formula 9.3.2
suggests that large tremors could occur more frequently in a given time

than it is suggested from formula 9.3.1.

9.3.5 Earth tremor generation mechanisms
In order to determine the earth tremor generation mechanisms we
have to determine first of all which seam (Bowling Alley or Banbury), and

in particular which panel or panels generated these tremors. Consideration

of the times when tremors occurred and which panels were then working indi-
cates that panel 403 of the Banbury seam was not responsible. The spatial

and temporal distributions of the tremors indicate that the mine workings

in the Bowling Alley seam, In particular the mining of panel 101, was the

main panel responsible for generating most of the tremors.

As we can see from Figures 9.3.1 and 9.3.3, panels 402 and 403 of

the Banbury seam were driven under a previous extensively mined out area

in the Holly Lane and Bowling Alley seams at heights of about 125 m and

5 m respectively above the active panel levels of the Banbury seam. Panel

15

403 was als
pth of about 60 m below the panel. No pillars were left over or under

o driven over a large mined out area in the Cockshead seam at a

de

panels 402 and 403 In these old mined adjacent seams, except very small

p”lars of coal left in the Bowling Alley seam. These small pillars most

l:,robably disintegrated under the overburden pressure. From the above it

can be concluded that panels 402 and 403 of the Banbury seam were driven in

de_stressed zones due to the fracture of the rocks above and below the panels

as @ result of
ely that the mining of these panels generated seismic activity,

previous old mine workings in the adjacent seams. Hence it

‘5 un’ik
except pehind the face as a result of roof caving.

- 154 -



Panels 101 and 102,'however, of the Bowling Alley seam were mined
in a large barrier pillar of coal. The extracted area of Panel 102 is about

‘hal f the extracted area of panel 101, Figures 9.3.1 and 9.3.3 reveal that

cular, over and under panel 101,  As we have indicated above, 17 tremors
occurred during the working life of panel 101, Three of these tremors mos t
probably occurred due to the mine workings of panel 102, These three
tremors had a shear souce mechanism, They probably occurreg when the face
of panel 102 approached 3 previous long, narrow, mined out ares in the same
seam (see Figure 9.3.1a), forming a smal1, very stressed, pillar, Con~
sequently the pillar may have failed in shear under very high Compressive
The smaller dimensions of panel 102 may have reduced the oCcurrence

stress.
of seismic events during the mining of this Panel, since the humber of rock

the mining of panel! 101,

(i) Tremors oceurring ahead of the Panel face and in pillars
left above and below the panel,

due to the presence of these piliars which are Surrounded by extensive

mined out areas, causing the weight of the overburden to be put onto these
pillars, particularly on their sides (abutment Pressures), as discussed in
Sections 2.2 and 2.3, As face 101 advanced, a high Pressure zone would

have bullt up In front of the face (front abutment Pressure) as welj as
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the pressure arch. After some distance, however, the front abutment pressure
may become constant due to roof caving which reduces the Concentration of

the pressure on the face, When the face moved under ang over the highly

Section 2.6 by Hudspeth and Phillips (1932-33), The same situatjon would
| have occurred as the face advanceq further, as already indicated most of
the large tremors had a shear source mechanjsm, These large tremors occyrred
at a higher level, probably in the Ragman piljar since this Pillar is wide

enough to permit the occurrence of differentlal Pressure, while the narrow
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face and in pillars over the panel might exist, If q strong stratym is
éresent in the roof Succession, such as sandstone, This bed need not
necessarily be present in the immediate roof but it could pe higher. Such
a competent bed may not break when the roof caveg in, but may overspan the
goaf and acts as a beam of cantilever, This beam or cantilever js loaded
by its own weight plus the welght of the overlying beds and supported by the
panel face at one of its ends. The other end may rest on the compacted
broken rocks In the goaf (in the case of a beam) or it could be free (in
the case of a cantilever). |n both of thege two cases the rocks ahead of
the panel face are put under heavy Pressure. |f the rocks in the face are
hard, these beds may fail in shear, while the rocks ahead of the face may
fail in compression, as explained by Holland (1958) in Section 3.2.1.

It is also known that at a shale-sandstone contact, numeroys fractures,
randomly oriented mainly within the shale, are to be €xpected due to the

di fferential compaction during the solldification Process of sand deposited’
in a generally clayey depositiona] area (Peng, 1978) . Hovements along these
fracture planes are expected. |In addition to the OCcurrence of the fractures,
the stress Is highly concentrated at the shale~sandstone tontact due to the
large difference In their elastic constants., The higher stress concentra-
tion usually occurs in the sandstone since |t has a larger elastic Young's
Modulus. Therefore, during mining, when the excavation @pproaches these

highly stressed regions, the stress may be released Suddenly, producing

seismic events,
(11) Tremors occurring behind the face

101 as we have seen earller. As explained before, this could be due to an
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impact of falling could be very great and coyld generate an earth tremor,

as explalned by Rice (1935) ip Section 3,2.1.

9.4 Area B

at a depth ranging between about 925 m ang 948 py below 0.p. (see Table 9.1),
This seam was the only seanm mined during the monitoring period In this area,
The panel was bounded to the east by many older workings as shown in Figure
9.4.1a. The panel extends along the €astern side of the Stoke fault, ang
is parallel to the fault, This fault strikes at N 30, Mudstone ang
silty mudstone form the roof and floor of the panel. The Holly Lane seam

dips at 6° to the SW. |t s disturbed by some minor faults at the seam

The panel Is overlain by workings in the Bowling Alley, Ten Feet
and Ragman seams (Figures 9.4, 1p and ¢) at helghts of about 23 My, 69 m ang

179 m respectively above the Holly Lane seam. There are Other workings ip
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Fig. 9.4.1. The layouts of the mine workings in area B showing the active mine workings (dotted ornament) with
faults at the surface and at the seam level in (a) the Holly Lane seam. Also shown are the mine
workings in the Holly Lane seam superimposed on previous mine workings in (b) the Bowling Alley
seam (B.A.), and (c) the Ten:Feet (10 ft) and Ragman (R) seams. (For legend see Fig. 9.3.1).



the Yard and Moss seams at much higher levels., po workings are Present

beneath this panel.

9.4.1 Spatial distribution of tremor hypocentres

Nine events (9% of the total) occurred In this area, Figure 9,4 5
is a plan view showing the location of the tremor epicentres with respect
to the mine workings and structura) geology in the area, The vertical djs-
tribution of the tremor hypocentres i shown in Figyre 9.4.3. This figure
is drawn along profiles A and CQ of Figure 9.4,2, Figures 9,4 2 and 9.4,3

show that the tremors are located adjacent to the mine workings. The

displaced a few hundred metres to the west and southwest of the pane], The

than 350 m from the fault plane (see Figure 9.4.33). Even though the
accuracy of our location is about 500 m In plan ang depth, it is felt that
the location of the tremors near the Stoke fault g real, This area is in
a better situation with respect to the selsmic network geometry apgd should
give more accurate locations compared with the Other areas, Tremor focj

mostly 1lle between depths of 6gg below 0.D. and the surface. 0Only one

hundred metres in depth Is shown in Figure 9.4.4, The depths of the active
mine workings are also shown. No promfnent depth of seismic activity can
be seen. However, most of the énergy was released near the surface. The
relationship between the tremor size, ML, and the depth I's shown In Figure
9‘4.5', No simple relationship can be seen, However, the figure clearly

shows that most of the tremors occurred In the magnitude Ffanges between 1

and 1.5. Unfortunately, there are no boreholes In this area, hence the
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Map of earth tremor epicentres for tremors which occurred In area B.
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Tremors

are located along the Stoke fault and within a few hundred metres to the south-

west of the active panel (panel 208) in (a) the Holly Lane seam.
level of the Holly Lane seam are also shown.

Faults at the
Also shown are the Holly Lane

seam mine workings together with previous mine workings in different adjacent
seams in (b) the Bowling Alley seam and (c¢) the Ragman and Ten Feet seams.
(For legend see Fig. 9.3.1).
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9.4.2  Temporal distribution of tremors and seismic Energy release

and the day are shown in Figure 9.4.6, The figure shows ne obvious rejz-
tionship between mining and seismjc activity, however, very few earth

tremors are avallable to Prove or disprove this relationship.

9.4.3 First motion analysis of seismic data

Observation of the P-wave first motions shows that five tremors had

col lapse source origin, The five events having a shear Source mechanisnm
were concentrated near the Stoke fault, 4 composite fault-plane solution
using the data from all the five shear EVents was obtaineq (Figure 9.4.7).
The composite focal mechanism is well determined, The consistency of the
first motions on the focal plot Suggests that the fiye tremors share 5
similar mechanism. However, the plot shows that the events could fi¢ two
fault-plane solutions., Both solutions indicate 3 predominantly dip-sHp
motion associated with normal faulting., The nodal plane Striking N 329%
(plane 1) with a dip of 70° sy s considered to be the preferred choi ce
of the fault-plane since it agrees well with the g 30° w strike of the
stoke fault. The dip of the Stoke fault is estimated to pe between 54°-
70° SW (N.C.B. private communication). The nodal Plane striking § 180 E
(plane 2) with a dip of 80° to the SE js considered to be the auxiliary plane.,
Four events with an fmploslonal/collapse source mechanism were

located further away from the fault-plane (Flgures 9.4, and 9.4.3), and
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Fig. 9.4.7. A composite focal mechanism for tremors which
occurred in area B,



all of them lie on the down throw side of the Stoke fault (in the hanging-
wall). However, the rellability of the dilatational source mechanism is
uncertain since there was cross-interference between the output signals

from some seismometers. The events could also be of shear type mechanism
but they developed kataseismic P-wave first motion at all stations due to
the downward movement of the rocks In the hanging-wall of fhe fault as a
result of the redistribution of strata pressure due to mining and the gravi-
tational force, as described by Gane et al. (1952) in Section 3.3. Collapses

in old workings disturbed by the active mining operations could also have

generated these four tremors.

9.4k.4__ b-value

The frequency-magnitude relationship in this area follows the

formula:

IOQION = 1.9% - 1,09 ML 9.4.1

The constants in this formula were obtained from Figure 9.4.8. The figure

Ti '
shows a linear relationship between logN and ML fn the magnitude ranges

petween 1.0 and 1.5.

g9.4.5 Earth tremor generation mechanisms

The concentration of tremors adjacent to the Stoke fault suggests

that these tremors were-associated in some way with the fault. Figure 9.4.3
shows that panel 208 of the Holly Lane seam had been driven under three old
panels mined out previously in three different successive seams. There are
also other workings at higher levels. These panels were driven parallel

to the Stoke fault on Its up-throw side (foot-wall) and at distances of
less than 600 m from the fault plane. The interbedded rocks between these
panels (intradosal ground) are fractured and heavily de-stressed due to the

extraction of the coal from these panels. This situation may have led t
o
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the reduction In the normal stress component across the fault plane and
consequently the internal friction forces along the fault plane decreased.
As a result of this,shear movements may have been triggered along the fault
due to the readjustment of the stress along the fault plane. Since the
fault is exposed at the surface, water may inflltrate along the fault plane
as well, so Jubricating it and helping movement along the fault plane.

The occurrence of earth tremors when mine workings advance perpen-
dicular or parallel to an existing fault has been observed by many authors
(see Section 3.2.3 and 3.4.2). In the Kolar gold field, India, Isaacson
(1961) observed the occurrence of seismic events when a stope advanced per-
pendicular towards a normal fault. Shadbolt (1978) indicated that abnormal
movement (vertical and/or lateral) develops at the fault plane, and that
the extent of such movement depends to a great extent on the methods and
extent of the mining in relation to the fault plane, such as:

(1) A single working of small width/depth ratic approaching a
fault at right angles is less likely to cause stepping than a large width/
depth working parallel to it.

(it) The chance of a fault stepping are much greater when the
t has been affected by previous workings in shallow seams than they are

faul

for a single working in a virgin area.

(111) Workings on the upthrow side (under the fault plane) are
more likely to cause stepping than similar workings on the other side of
the fault.

(iv) As successive workings increase the effect on the fault plane,
so the chances of abnormal movement or stepping increase."

From the above it can be concluded that if another seam s mined
below oOr petween the previous mined-out panels in the other seams, more
uent and severe tremors will be expected to occur along the Stoke fault,

freq
part;cularly [f the new seam Is extensively mined. The tremors may also
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occur if more panels are mined adjacent to the o014 Panels in the different

successive seams mentioned above,

9.5 Area C

The seams dip to the south-southwest at an angle of 3pproximately ¢°, The

(i) The Winghay seam. The coal was extracted from this seam by 16

panels worked from Silverdale colliery in the period between 1969 and 1977,
over an area of about 4 kny? as shown in Figure 9.5.1a. They form a tri-
angular shape with its apex on the southeast, and with a large pillar in
its centre. These panels are bounded by much older workings to the NW., of
these 16 panels, 6 panels were mined during the monitoring period at depths
rangling between 290 m and 400 m below 0.p, (see Table 9,1), These panels
were separated from one another and from other oldg workings by coal pillars
of variable widths. The roof and floor of the panels consist mostly of mud-
stone. The seam Is disturbed by a number of small faylts a¢ the seam level,
part;cularly in the region of the pillar left between Panel 12A anpd the
other old panels., These faults, having maximum throws of ag much as 17 m,
dip mostly in NE and SW directions.

The actlive panels in the seam are overlain by severa] older workings,
The next adjacent working is in the Chalkey seam (Figure 9.5.1¢) at 3 height
of approximately 88 m aBove the Winghay seam. They are also underlain by
previous workings in several seams, The nearest workings are in the Moss
seam at a depth of about 320 m beloy the panel levels (Figure 9.5.1d).

(11) _The Hams seam. The coal in this geap Was extracted from ten

panels mined from Holditch colllery since 1968 In an area of about 4 km2 as
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Fig. 9.5.1.

The layout of the mine workings in area C showing the
active mine workings (dotted ornament), faults at the
surface and at the level of the active seam in (a)
the Winghay seam and (b) the Hams seam. Also shown
are the mine workings in the two active seams super-
imposed on previous mine workings in (c) the Chalkey
seam and (d) the Moss seam. (For legend see Fig.

9.3.1).
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shown In Figure 9.5.1b. The panels are bounded to the Nw by other old ang

shallow workings, mined in the last century. Four of these panels were

stone, or mudstone and siltstone,
The active workings are overlain by previous workings in the Moss
seam (Figure 9.5.1d) at & height of apout 90 m above the Hams seam level,

No working is present beneath the active panels,

9.5.1 Spatial distribution of tremor hypocentres
A total of 33 tremors representing 343 of the total number occurred

in this area. The tremors are plotted ip Figure 9.5.2 to show their rela-

AB and CD respectively. Most of the tremors cluster adjacent to the mine
workings and within a few tens of metres from the active panels, The
tremors do not concentrate over or under any speclfic Panel, but are mostly
located in the pillars left between the panels. Most of the tremors which
occurred In a particular year are located near the Panel or panels which
were being mined during that Year. The two largest tremors In this area
occurred in the Winghay pillar which was left between Panel 12A and the
other six old panels (panels 1-6). Only a few tremors are scattered outside
the mined area. Three tremors are located to the west outside the limit of
the map In figure 9.5.2. These locations coyld pe due to error, or they
could be located in areas adjacent to old mine workings, The mining opera-
tions In the Winghay and Hams seams may have disturbed the balance of ‘the
existing stress In these old mine workings causing rock movements, syuch as

roof falls which may have generated small tremors, Roof collapses may also

take place in old mines after g long pertod of time as 3 process of
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Hypocentre sections (A-B, C-D, Figure 9.5.2) of
tremors located in area C, showing the position

of tremor hypocentres with respect to the active
and old mine workings and to the Apedale and Mill-
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stabllization in the mine (Bel1, 1975), The tremors go not cluster in the
vicinity of the Millbank fault, Only a few tremors are located near the

Apedale fault. This suggests that the Millbank faylt s Tnactive and

of the active mine workings In the Winghay seam. The average depth of 28
tremors, the total number éxcept for those located at the maximum depth
1imit (2 km) and those outside the boundary of the map (Figure 9.5.2), is
about 397 m below 0.D. The depth of the active workings in the Winghay
seam ranges between 290 m and 4gg m below 0.D., while in the Hams seam ¢
ranges between 670 m and 780 p. This suggests that Most of the tremors
were generated due to the mine workings In the Winghay seam.

Figure 9.5.5 shows tremor sjze, ML, plotted against the depth from

No specific relationshlp between tremor depth and size was found, The

rangling between 0.5 and 2.9,

The distribution of the tremor foci with respect to the general
1ithology, in particular to the presence of sandstone beds, is shown Ip

Figure 9.5.6. No obvious relatlonshlp between the foci location and the

presence of sandstones could be observed,

9.5.2 _Temporal distribution of tremors and Seismic energy release

The maximum number of tremors (17) occurred jn 1976, with the mini-

mum number (6) In 1975, 1976 hag the longest recording time and also most
of the panels were mined during this year, The weekly and daily distriby-

tion of the selsmic events, and the corresponding seismic energy release
1]
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are shown in Figure 9.5.7. The figure gives Strong evidence for 3 casual

relationship between mining activity and the occurrence of earth tremors

9.5.3 First motion analysis of seismic data

Analysis of the P-wave first motions has found that 19 tremors had
a shear source mechanism, 12 tremors probably had an implosionaI/collapse
source mechanism, while two tremors were found to have an explosive source

mechanism. These two tremors are the only events found to have an explosijve

sional source mechanisms are uncertain since these two events were recorded
on four stations only located within an arc of about 106° from the tremor
epicentre. They have relatively large magnitude, ML’ values of 2 ang 1.2,
These two tremors could have been generated by some explosion in the mine.
It is unlikely that they were generated by the breaking of rocks in tension
due to bending, as discussed by Gane et al. (1952) in section 3.3. The
energy released when the rock break in tension js very small compared

with the energy released in compression, since the rock has a compression
th equal to about ten times its tensile strength (Osterwald and

streng

punrud, 1966; Kusznir et al., 1980b).

A composite fault-plane solution was obtalned using data from nine
tremors (Figure 9.5,84). The nodal planes are wel) determined. The
solution indicates movements by normal faulting. None of the nodal planes
match any of the known structures in the area. The nodal plane striking
N-S may represent the fault-plane since it Is running more or less parallel
to the strike of the small faults encountered at the Winghay seam level,
These faults strike at approximately N 30° y. Alternatlvely, it could be
that the solution obtained represents rock movements along an unknown under-
ground fault or faults. The other ten events having a shear source mech-
anism did not fit the composite solutjon. Two of these events fit more

than one fault-plane solution (Figures 9,5,8¢ and ), However, the fayult
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Upper hemisphere fault-plane solutions for tremors which

occurred In area C.

Each event shows a different fault=

plane solution, but in (A) a composite fault-plane

solution was obtained using the data from the nine

following tremo
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plane solution for all these events (Figure 9.5.8) repr

by normal faulting, except six tremors (Figures o . 8: esent rock movements

which show movements by reverse faulting. Th'ese s;x t' C, D, | and J)

occurred along pre-existing reverse faults, or may havem:cors e

roof behind the face (in the goaf), in the same mechanjsm ::rc::d "
SCussed for

AO -
A'ea Alte' natfve]yl error in Ut ’
ave PlOduced th‘s t
ype

of fault-plane solution.

fallure in compression of some pillars (I.e. pressure bursts)

Finally, it can be concluded that some of the tremo |
a shear source mechanism resulting from rock movements alon e € b
planes of weakness due to the re-adjustment of the stressesg :)re_ex“ting
planes as & result of the mining operations, These tremors aar:nf o
by the composite focal mechanism (Figure 3.5.8A). However, mo e
tremors occurred along fracture planes having different ort’entHStl "
may suggest that these tremors couyld have occurred as a resulta:f‘)::. fThis

€ failure

of pillars and adjoining rocks in shear
along different
planes due to

increasing pressure on these rocks,

9.5.4 _b-value
The frequency-magni tude relati
onship in this are
a follows th
fo,—mula: )

TogioN = 1.72 - 0.5 M,
9.5.1

This formula was obtalned graphically from the frequency-magni
(Figure 9.5.9). There Is a linear relationship tetween 1 gnitude plot
the frequency In the magnitude ranges between 0.5 gng 1.7: "’::: ':”de "
in the higher magnitude range do not fit this relationship Thi e
suggest that the rocks have an upper limit for ctrain energ‘y wmcshmay
can

be stored, or It could just be a statistica] error, 1yt js
’ $ Interestijp
g to
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by normal faulting, except six tremors (Figures 9.5.88, C, D, I and J)
which show movements by reverse faulting, Tﬁ»ese SIx tremors may have
occurred along pre-existing reverse faults. Or may haye occurred ip the
roof behind the face (in the goaf), in the same Mechanism ag discussed for
Area A. A]ternatlvely, error in observations could have produced this type

of fault-plane solution,

Area A. However, some of these tremors may also have Occurred due to the
fallure in compression of some pillars (i.e. Pressure bursts),

Finally, it can pe concluded that some of the tremors in Area C hag
a shear source mechanism resulting from rock movements along Pre-existing
planes of weakness due to the re-adjustment of the stresses along these‘
planes as a result of the mining Operations, These tremors are represented

by the composite focal mechanism (Figure 3.5.8A). However most of the
]

9.5.4  b-value

The frequency-magnitude relationship ip this area follows the

formula:
logloN = 1,72 -~ g.5 ML 9.5.1
This formula was obtalned grabhically from the frequency-magnitude plot
(Figure 9.5.9). There is a linear relattonshlp between the magnitude ang
the frequency in the magnitude Fanges between 0,5 and 1.75. The tremors
in the higher magnitude range do not fit¢ this relationship. This may

suggest that the rocks have an upper limit for Straln energy which
can

be stored, or It could just be a statistical error, 't is inter ti
esting to
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Fig. 9.5.9. A plot showing the frequency-magnitude dis-
tribution for tremors occurring in area C.



9.5.5 Earth tremor generation mechanisms

seam to generate tremors becayse of the greater Pressure, a5 discussed in

Sections 2.3, 3.2.1 and 3.4,3, However, the spatial distribution of the

seam were driven in a very relaxed zone, Moreover, there are no mine work-

seismic activity, especially large tremors. Some smay) tremors could have

tures of sagging beds in the roof, Sjx tremors Occurred on the downthroy

side of the Apedale fault. Fjye of these tremors had implosional/collapse
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throw side. Alternativel
€'Y, and most probably, error in 1o i
cation might ha
ve

placed the tremors on the downthrow side of the f
e fault,

of about 88 m above the Winghay sean Tevel. But as ye .

9.5.1 a"dk9°5-3 the mine workings in the Chalkey seam we::ri:e o Flaures

those carried out In the Moss seam. Different sizes and j o clem o

of pillars were left in the Chalkey seam. These pillars c;:egurar e
Ty the over-

burden load and th
erefore were highly Stressed. When the
Panel face in
the

added together
g causing the pillar and the rocks in front of
Nt of the pane] fa
ace

to fail either in shear or in compressi
on,
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9.5.1a, Is disturbed p
Y many smal} faults, Therefor h
€s the pillar
Probably

The active panels were driven along the seam sprip
aPPr°x'mater 7° to the sw, Mudstone ang silty mu:;toThe o e
the seam while fireclay forms the floor. A general e form the roof of
coal seam (Figure 9.6.1a) shows that a thip band of ::::fon through the
of about 12.5 cm is Interbedded Within the coa). N e having 4 thickness
seam is disturbed by minor faults. These faults haVethe Seam level, the

- Maximum throys of

less than one metr
e and dip mostly to the SW.  Howey
er, to the $O
Uthwest of

the active panels,
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Fig. 9.6.1. The layouts of the mine workings in area D showing {a) the mine workings in the
Ten Feet seam including the two active panels (dotted ornament) together with
faults at the surface and at the seam datum. Also shown is a general geological
section through the Ten Feet seam. Ten Feet seam workings are also shown together
with previous adjacent workings in (b) the Holly Lane and Hardmine seams and (c)
the Moss seam. (For legend see Fig. 9.6.3).



84 m respectively below the Ten Feet seam level, They are alsg overlain by
old workings in the Moss seam (Figure 9.6.1¢) at 3 height of approximately

165 m above the Ten Feet level,

9.6.1 Spatial distribution of tremor hypocentres

mors are displaced to the west and southwest of the panels, This
displacement of tremors could be real, or again it could be caused by
systematic location errors, especlally since the area is located wel} out-
side the 5.0.T, seismic network. Figure 9,6.3 shows that the tremor hypo~
centres are located well away from any of the major mapped faults in the
area. This suggests that these faults have no effect in generating these
tremors. The tremor foci lle predominately between depths of 700 m and

200 m below 0.D.
Figure 9.6.4 is a histogram showing the tota] number of tremors
and the corresponding selsmic energy release , oceurring in each 100 m
depth Interval. The maximum number of tremors occurred in the depth Inter-
val between 500 m and 600 m below 0.D., while the max i mum amount of energy
was released In the depth Interval between 400 m and 509 m below 0.D. The

relationship between the tremor slze, ML, and the depth i shown in
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Fig. 9.6.2. Map of earth tremor epicentres for tremors occurring in area D during the mining of

panels 56 and 57 of the Ten Feet seam. Tremors are located W-SW of the active
panels In (a) the Ten Feet seam. Major faults at the surface are also shown,
Feet seam workings are also shown together with previous adjacent workings in

(b) The Holly Lane (H.L.) and Hardmine (H.M.) seams, and (c) the Moss seam.
(For legend see Fig. 9.3.1).
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source origin.



Figure 9.6.5. No specific relationship can be obtained, but the plot shows
that most of the tremors have a local magnitude, ML’ ranging between 0.5
and 1.5. However, the figure shows that the two largest tremors are

Jlocated at relatively shallow depths.

The tremor foci are plotted in Figure 9.6.6 to show their relati&n-
ship with the presence of sandstone beds. Unfortunately, the borehole data
for the lithologlical succession above the Moss seam is not available, hence
definite conclusions about the relationship between the occurrence of earth

tremors and the presence of sandstone strata could not be reached.

Dates of occurrence of earth tremors (Appendix 2) indicate that

three tremors occurred in 1975 during the mining of panel 56 and before

panel 57 was opened. The other 19 tremors occurred more than five months
after panel 56 had finished production, and during the working life of

panel 57. This suggests that all or most of these 19 tremors occurred

as a result of the mine workings in panel 57.
Figure 9.6.7 Is a plot showing the position of earth tremors with
respect to the position of the working face of panel 57 at the time of

occurrence. Figure 9.6.7a is a plan view, while Figure 9.6.7b gives a

vertical section. The figure shows that nearly all the tremors are located

pehind the face, forming more or less a line running at about 40° SW of the
face and lying predominately at the face level. Some of the tremors are

Jocated more than 1800 m behind the face. However, the location resolution

is jinsufficient to confirm this. The figure also shows that the largest
¢ remor occurred a few metres behind the face at a height of less than 450 m
above the face level. This may explain why there were no reports of rock

pursts in the mine.
The position of the tremor eplcentres and the position of the work-
ing face of panel 57 as it advanced along the panel Is shown in Figure

9.6.8. The positions of the old mine workings In the other adjacent seams
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Figure 9.6.5.
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Plot of tremor depth against local magnitude,
My for tremors occurring In area D.
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(a) Plan view.
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Fig. 9.6.8.

Plot of the horizontal position of tremor eplcentres
proJected onto the line of face advance and measured
from the start of the panel, against distance advanced
by the face for tremors occurring during the mining of
panel 57 In area D. The diagonal dashed line corres-
ponds to the line on which tremors would plot if they
occurred on the face 57. The regions where the face 57
lies below previous Moss or above Holly Lane and Hard-
mine seam workings are also shown.



are also shown. The plot shows that the tremors Mmay have advanced with the
face. The seismic activity did not stare until the face had moved a dis-

tance of about 290 m. Before this distance only two tremors occurred,

an old panel (see Figure 9.6.1a), After this distance of face advance,
the selsmic activity suddenly Increased. This situation is clearly evident
when tremor size, ML, and the energy release are plotted against the
advancing face (Figure 9.6.9). The flgure shows that when the face hag

moved a distance of 290 m, 5 small tremor occurred. When the face advanced

depth of about 615 m belaw 0.0.), 4 fey, tremors occurred at 5 higher leve]

(approximately at an average depth of about 330 m below 0.0.). Only three

tremors occurred below the panel level,

Temporal distribution of tremors and selsmic gnergy release

9.6.2
The maximum number of tremors occurred during 1877. This coincides

with the extraction of panel 57 which started production ip September 1976,
The distribution of the seismic events and the corresponding tota}
amount of energy release throughout the week and throughout the day are

shown In Flgure 9.6.11. The figure demonstrates very close relationship
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tremors.

9.6.3 First motlon analysis of seismic dats

source origin, but the poor distribution of the sefsmic Stations In both
azimuth and epicentral distances with respect to t'hfs area, made the precise
determination of the mechanism of some tremors Impossible. ¢ is not syr-
prising to find that most of the tremors [n this area had g collapse source

mechanism since the roof condition of Panel 57 was very bad, Examination

A composite fault-plane solution using the data from three shear
tremors was obtalned (Figure 9.6.128). The Other shear events did not fi¢
this solution. The fault-plane solutions for these other four events are
shown In Figures 9.6.138, €, D and E. The different fault-plane solutiong
suggest that the tremors occurred on a number of dip-sllp planes striking
in different orientations, |t |g difficult to decide which of the nodail
planes represent the fault plane, byt f¢ Is assumed that the nodal planes
striking to the NW represent the fault planes since they agree with the
general trend of the surface faults and the numerous smal) faults encoun-
tered at the seam level. Two tremors (Figures 9.6.128 ang C) show reverse

fault-plane solutions. This coyld pe due to errors fp observation, or they

reverse faults,
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9.6.4 b-value

The frequency-magnitude relationship in this area fol} h
ows the

formula:
log,, N = 2,92 - 1
10 64w 9.6.1

This formula was obtained graphically from the frequency-magnitude lot |
Figure 9.6.13, There js a linear relationship between logN and M ? )
magnitude range between 1,1 and 1.6, The tremors having a magnit:den ”
greater than 1.6 do not fit this Iinear relatlonship. This Is most ro-
bably due to insufficient data, but it could be dye to 2@ sudden chanpe i
the state of the applied stress In the area (as discussed for Area Af n
The b-value In this area is the highest value éncountered in the

coalfield. This may suggest that the external applied stress jn this area

Is lower than the other areas (see Sections 7.4 and 9.5.4). 1t 1
.5.4), may also

value of stress but also on the volume of rocks that fail)., The 4 '
. eputy's
mining reports for panel 57 indicated that the roof condition wa
S very bad

and that a lot of coal and dirt fell from the Panel roof, This may indj
. Y indicate

energy which appeared as small tremors,

9.6.5 Earth tremor generation mechanisms

occurred as a result of mining panel 56 It is
. not Surprising to s
ee that

panel 57 generated a large number of tremors, fi
. gures 9.6.1 and 9.¢ 3
*%+«2a show
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Fig. 9.6.13. A plot showing the frequency-magnitude dis-
tribution for tremors occurring in area D.



that panel 57 advanced below a long coal pillar having a width of approxi-
mately 80 m left in the Moss seam at a height of aboyt 165 m above panel 57,
This pillar Is In a rectangular form boynded on three sides by mined out

areas (a peninsula abutment)., At the Same time the pane] face advanced over

at a depth of approximately 61 m beloy the panel. Thjs Pillar narrows in

its northern part. This js because to the east side of the pillar, the
Holly Lane seam was worked by the room and Pillar method forming an

irregular shaped mined Out area. The Holly Lane pillar is bounded on its
eastern side by deeper workings In the Hardmine seam at a depth of aboyt

84 m below the Ten Feet leve] (I.e. 22 m beloyw the Holly Lane level). These
two pillars over and under the Path that the face of panel 57 Passed, resulted
in the panel face advancing in a very stressed region due to the con-
centration of the overburden strata Pressure on these two pillars, This
situation Is illustrated diagrammatlcally in Figures 9.6.14 angd 9.6.15, As

the face advanced some distance along the Panel, say to point A in Figure

section of the vertical plane of the face and the sides of the pillars, as
a result of this, the rocks ahead of the face, particularly at the corners
of the plllars, stored a large amount of strain energy, while small amounts
of energy dissipated non-violently, At this Stage the coaj strength was
still higher than the pressure strength, hence the coal did not fail. as
the face advanced further, the stress d{stribution in the solid abutment
chai"!ged by virtue of mining and anisotropy of the rocks. At a point, say
B, where the three maximum pressures interact Constructively, condition

arose where the stress exceeded that which the rocks coulq withstand,
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Hard mine seams. The stress is concentrated on pillars while the broken ground
above and below the extracted region Is de-stressed.
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was shifted 39 m deeper Inside the solld rocks as a result of
the occurrence of event 1977 2-18 10-47, the largest tremor
which occurred during the mining of panel 57,



moved a further distance of 39 n without a single tremor occurring., As
the face advanced further (beyond 350 m) it approached the end of the
pillar left in the Moss seam, and at the same time approached the narrowing
part of the Holly Lane pillar. This situation may have led the coal in
these parts, particularly In the Moss pillar, to burst in compression (as
explained by Phillips, 1944-45 p Section 3.2.1), so causing the release
of small amounts of energy appearing as small tremors, If the face had
advanced further than 455 m (its Position at the end of August 1977) one
would have expected to see the tremor frequency and their magnitude reduced
significantly due to the complete destruction of the coal, particularly in
the Moss pillar.

Panel 56, on the other hand, was driven immediately under a pre-
viously mined out panel In the Moss seam at a height of approximately 165 p
above panel 56 level (see Figures 9.6.1¢ and 9.6.3b). Mo Pillar was left
in the Moss seam workings over panel 56, and no mine workings were present

pbeneath the panel, [.e. the panel was driven in 3 relatively de~stressed



region. Hence it is not surprising to see that the mine workings in this
panel generated only a few tremors, though one of these tremors was very
large and reached a magni tude, M » of approximately 2.3 (the largest tremor
in this area). These tremors most probably occurred some distance after
the panel face had emerged from beneath the southern boundary of the mined
out panel in the Moss seam, l.e. after the face had advanced a distance of
about 316 m (see Figures 9.6.1c and 9.6.3c). At this point the panel face
is about 200 m from another old mined out area in the same seam (Ten Feet
5e;,,m) to the south of the panel. Therefore, a very large abutment pressure
developed in front of panel 56 face. The front abutment pressure of the
panel (dynamic abutment) and the pre-existing abutment pressure (static
abutment) in the southern border of the Moss panel were superimposed, forming
together a very highly stressed zone. This change in the pressure state |
éould have occurred rapidly once the face had approached the southern end
of the Moss panel. This relatively sudden change in the pressure may have

led 'the rocks ahead of the panel face to fail suddenly causing a violent

release of a large amount of strain energy which appeared as a strong

tremor.
The above Interpretation in both panels 56 and 57 has assumed that

the earth tremors occurred in the solid rocks ahead of the panel and pillar

faces. But as already discussed in Section 9.6.1, most of the tremors wére

Jocated behind the face. This is assumed to be an error in location. How-

ever, some tremors may have occurred behind the face (in the goaf) as a

result of roof sagging and caving, in the same way as discussed for Area A.

9.7 Area E
This area lies around Chesterton. Four coal seams were mined in
chis area during the selsmic monitoring period from two collieries (see

Table 9.1). The seams were mined using the room and pillar technique (see

chapter 6). The area was also mined previously in many other seams. Most
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of the mining in this area was carried out at shallow depth. The topo-
graphy in this area ranges between about 180 m and 215 m above 0.D. The
area 1s disturbed by many surface faults as shown in Figures 8.3.1 and 9.7.1.
The seams dip at angles ranging between 150 to more than 40° SE at the
eastern flank of the Staffordshire anticline. The four active seams are:

(i) The Cannel Row seam: A small area of about 0.025 km2 was

mined in this seam from the New High Carr colliery at depths ranging between
60 m and 137 m above 0.D. as shown in Table 9.1. The active workings are
pounded to the south by workings from the first half of this century, as
shown in Figure 9.7.1a. The roofs in these old workings have caved in. The
working in this seam during the monitoring period consisted of the driving
of roadways only, leaving large pillars between them. These pillars were
not extracted for technical reasons. No supports (barrels) were left in
these workings since there was no extensive extraction. The workings stop-
ped in downdip due to the reaching of the water table. The thickness of
the seam is about 1 m. A general geological section through t'he coal seam
(Figure 9.7.1a) shows that cannel (light bituminous coal) and ironstone
form the roof while the floor is composed of fireclay. The active workings
are overlain by previous workings in many seams at different heights above
the cannel Row seam. No working is present under the active workings. The
ive workings are bounded on the NE side by a fault at the seam level

act

(i1) The Winghay seam: The coal from this seam was mined In 1975

and 1976 from two collieries in the area; the New High Carr colliery and
the Wedgwood colliery. The workings from the New High Carr colliery were

carried out at depths rangingbetween about 60 m and 100 m above 0.D., and

consisted of the driving of a few roadways only without pillar extraction

as shown in Figure 3. 7.1b. However, the workings in this seam from the

Wedgwood colliery which were carried out at depths ranging from 40 m below
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0.D. to 160 m above 0.D, consisted of driving roadways and piliar extraction
as shown in Figure 9.7.1p. The pillars were extracted from areas having

dimensions as large as 150 m x 90 m (0.01 kn?). 15 roof in the goaf was

which have been mined since the early 1960's. The seam Is disturbed by
numerous small faults at the seam level, mostly dipping either to the NE or
to the SW. The thiékness of the mined coal Is about 1.5m. A general
geological section in the seam (Figure 9.7.1b) shows that the roof g

composed of shale while the floor Is composed of fireclay. The section

5 cm are interbedded in the coal seam. The active workings are overlain
and underlain by previous workings in other seams at different distances

from the Winghay seam level.

(iif) The Rowhurst Seam: A very smalt area of less than 0.03 km"Z

was mined in this seam from the Wedgwood colliery during the moni toring
period at depths ranging between 8 m and 120 m above 0.p. The mining
started In September 1976 and consjsteq of the driving of roadways only
without pillar extraction as shown in Figure 9.7.1c¢. The thickness of the
worked seam Is about 2,1 m. A very hard shale (Ro;k binds) forms the roof
while the floor Is soft and composed of fireclay., A general section through
the seam (Figure 9.7.1c) shows that a band of dirt having a thickness of
about 43 cm Is interbedded within the seam. Minor faults dipping to the

NE and SW were found at the seam leve]. The active workings are overlain
and underlain by previous workings in other seams at different distances

from the Rowhurst seam level.

(iv) _The Hams seam: A smal] area of about 0,03 g2 was mined in

this seam during the monitoring period from the Wedgwoqd colliery at a

depth of about 100 m to 158 m above 0.p. 8s shown in Table 9.1 and
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Figuré 9,7.1c. The thickness of the worked coal is about 1.5 m. The roof
of the active workings consists mainly of mudstone and silty-mudstone,
while the floor consists mostly of mudstone and sandstone, or mudstone and
siltstone. The seam is disturbed by numerous small faults at the seam

level, dipping mostly to the east and south-east.

9.7.1 Spatial distribution of tremor hypocentres

—————

Thirteen tremors (13% of the total) occurred in thls area. These

tremors are plotted in Figure 9.7.2 to show their relationship with the

mine workings and structural geology. The tremors are located near the
active mine workings but they do not concentrate over or under any specific
active mining area. lInstead the tremors are scattered over a large area
and one tremor is located outside the boundary of the map In figure 9.7.2,

Most of the tremors can be seen to be located between the major faults in

the area, in particular between the High Carr and Stoke faults. This could

pe coincidental or due to poor location, or it could be the faults played

a role in generating these tremors. As we can see from Figure 4,2.1, the
area Is located outside the boundary of the seismic network and without a
well known seismic velocity structure in the area it is difficult to obtain
accurate location. Figure 9.7.3 gives the vertical distribution of tremor

hypocentres. The figure was drawn along the profiles AB and CD of Figure

The depths of the active mine workings are also marked In these

9.7.2.

sections. Figure 9.7.3a shows that most of the events are concentrated

a,:Uacent: to the Chatterley and Stoke faults. The tremor foci lie predomi-

nately between the depth of 700 m below 0.D. and the surface, only two

events were located at a deeper level.

The vertical distribution of the tremor foci, and the corresponding

amount of energy release, within each 100 m depth interval, are shown in

Figure 9.7.4. No prominent depth of selsmic activity can be seen, however,

most of the energy was released near the surface. Figure 9.7.5 is a plot
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showing the tremor size, M, against the depth from 0.D. No relationship
be tween depth and tremor size has been found.

The relationship between the tremor foci location and the presence
of sandstone beds in the coal measures could not be determined since there

are no boreholes in this area.

9.7.2 Temporal distribution of tremors and seismic energy release
e—————

The maximum number of tremors (8) occurred in 1977, four in 1976,
and only one tremor was recorded during the four months' monitoring period
{n 1975. Table 9.1 shows that in 1977 there was no mining activity in the
Wwinghay seam. This may suggest that the seismic activity which occurred
in 1977 was probably not associated with mining in the Winghay seam, or

more probably the effect of the mining in this seam on the occurrence of

earth tremors continued into 1977, one year after the mining in this seam

had s topped.
The weekly distribution of the seismic events (Figure 9.7.6a(i))

does not show a clear relationship between mining and seismic activity.

However, Figure 9.7.6a(ii), which gives the weekly distribution of the

seismic energy rélease shows that the maximum amounts of energy were
released on Sundays and Fridays. The occurrence of a peak on Sunday is
due to the occurrence of the largest event found In this study which occur-
red on Sunday (see Section 8.3.2). Without this event the peak would be
on a Friday. The daily distribution of the seismic events and the cor-
responding amounts of energy release are shown in Figure 9.7.6b. The
figure shows that the peak of the energy release occurred during the
second working shift, which may suggest that a relationship exists between
the mine workings and the occurrence of earth tremors.

First motion analysis of seismic data

9.7.3
/
Analysls of the P-wave first motions has shown that 11 tremors had
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showing the tremor size, M , against the depth from 0.D. No relationship
between depth and tremor size has been found.

The relationship between the tremor foci location and the presence
of sandstone beds in the coal measures could not be determined since there

are no boreholes in this area.

9.7.2 Temporal distribution of tremors and selsmic energy release

The maximum number of tremors (8) occurred in 1977, four in 1976,
and only one tremor was recorded during the four months' monitoring period
in 1975. Table 9.1 shows that In 1977 there was no mining activity in the
Winghay seam. Thls may suggest that the seismic activity which occurred
in 1977 was probably not assoctated with mining in the Winghay seam, or
more probably the effect of the mining in this seam on the occurrence of
earth tremors continued into 1977, one year after the mining in this seam
had stopped.

The weekly distribution of the seismic events (Fjgure 9.7.6a(1))
does not show a clear relationship between mining and seismic activity.
However, Figure 9.7.6a(ii), which gives the weekly distribution of the
sefsmic energy rélease shows that the maximum amounts of energy were
released on Sundays and Fridays. The occurrence of a peak on Sunday is
due to the occurrence of the largest event found in this study which occur-
red on Sunday (see Section 8.3.2). Without this event the peak would be
on a Friday. The daily distribution of the seismic events and the cor-
responding amounts of energy release are shown in Figure 9.7.6b. The
figure shows that the peak of the energy release occurred during the
second working shift, which may suggest that a relationship exists between

the mine workings and the occurrence of earth tremors,

9.7.3 First motion analysis of selsmic data

N

Analysls of the P-wave first motions has shown thét 11 tremors had
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< shear source mechanism while the other two could have had an implosional/
«<ollapse source mechanism. A composite fault-plane solution using the
<data from six shear events was obtained (Figure 9.7.7A). The composite
¥ocal mechanism is well determined, and the consistency of the first
wyotions on the focal plot substantiates that the tremors share a similar
wvyechanism. The solution indicates movements by normal faulting. The nodal
plane striking N 80° W with a dip of 50° to the SW is considered to be the
Fault-plane since it agrees reasonably well with the N 55° W strike of the
Chatterley and other parallel faults in the area (see Figure 9.7.1). The
jips of these faults were estimated to be between 50° and 70° sw (N.C.B.
torivate communication). Event 1976 9-11 07-28, however, did not fit the
<omposite solution, but Its fault-plane solution (Figure 9.7.7D) shows
that it has the same nodal plane chosen as the fault-plane in the composite
solution. Another composite fault-plane solution was obtained (Figure
%.7.78) using the data from three events located on the upthrow side of a
Fault striking N 42° W and dipping to the SW as shown-in Figure 9.7.2,

“Yhe solution represents movements by normal faulting. The nodal plane
striking N 34° W with a dip of 82° to the SW was consequently considered
o be the fault plane. One tremor (Figure 9.7.7C) shows a reverse fault-
lane solution. This could be due to error in observation, or it could

vepresent movements along a pre-existing underground reverse fault.

\§2;Z‘h b-value

The frequency-magnitude distribution of the tremors in this area

¥ollows the formula:

logq N = 1.66 - 0.7 M

“Yhe constants in this formula were determined from Figure 9.7.8. The
¥igure shows a linear relationship between logN and M in the magnitude

vanges between 1.0 and 1.5,
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Fig. 9.7.7.
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Upper hemisphere fault-plane solutions for tremors

which occurred in area E. Two composite fault-plane
solutions are shown.

(A) A composite fault-plane solution obtained from
events:

1976 6-4 10-29, 1976 10-31 15-47
1977 2-15 01-03, 1977 2-25 00-49
1977 3-8 04-06, 1977 4-28 19-27

(B) A composite fault-plane solution obtained from
__events:

1977 1-19 03-49, 1977 5-8 00-34
1977 6-1k 01-53

(For legend see Fig. 9.3.12).
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Fig. 9.7.8. A plot showing the frequency-magnitude dis-
tribution for tremors occurring in area E,



The value of b in this area Is the secong smallest b value in the
coalfield, after Area C. This may suggest that the area was under high
stress or the rocks more homogeneous, as discussed in Section 7.4. However,
the above b value is not well determined since only a-few events were

avallable.

9.7.5 Earth tremor generation mechanisms

In order to determine the earth tremor generatlon mechanisms it {s
useful to determine first which of the four seéams generated the tremors,
The mine workings in the Hams seam, Cannel Row seam and the Winghay seam,
which was mined from the New High Carr colliery, consisted of the driving
of roadways only leaving large pillars between them. These pillars were
not extracted. There were no reports of any pillar crushing, roof falls
or floor heaves in these workings, Therefore, the mine workings in these
three seams are unlikely to have caused earth tremor generation. The mine
workings in the Rowhurst seam started in September 1976 and also consisted
of the driving of roadways only without pillar extraction, but the mine
reports show that floor heavings, pillar crushing and roof breaking occurred
during the working of this seam. The mine reports also indicated that pillar
crushing and roof breaking occurred in the Winghay seam, which was mined
from the Wedgwood colliery. Therefore, the mine workings in the Winghay
and Rowhurst seams were probably responsible for generating earth tremors
in this area.

The mine workings in the Winghay seam, which were carrled out from
the Wedgwood colllery,‘conslsted of the driving of roadways and pillar
extraction. The roof and floor were strong and there was no floor heaving,
During the driving of the roadways there was no roof sagging or any pres-
sure problems. However, welght problems starteq when a large area had been
extracted. The roof In the extracted area was not allowed to cave in,

Instead It was supported by barrels filled with waste. The extraction
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of a large area resulted in the roof converging, throwing most of its
weight onto the supports and onto the remaining pillars. The increase in
pressure on supports and pillars occurred suddenly and sometimes overnight
causing the supports and the pillars to break along their edges. The
rocks continued to fall from the pillar sides until they were finally com-
pletely crushed. When the pillars and supports crushed, roof falls
occurred.

The mine workings in the Rowhurst seam consisted of the driving of
roadways only. The floor of this seam was very soft (fireclay) while the
roof was strong. There were reports of pillars punching through the soft
layer forming the floor causing floor heaves which sometimes tended to
close the roadways. Also, the thick dirt band present in this seam squeezed
out along the pillar sides causing the pillars to swell and to have the
shape of a barrel. As a result of this the coal peeled off from the pillar
sides and consequently the pillars became small and eventually crushed.

The crushing of the pillars may have led to roof breaking. The position
of the long axis of the pillars parallel to the seam strike, i.e. perpen-
dicular to the dip, caused more dirt to squeeze out of the pillar and con-
sequently the pillars crushed much faster than they would have been if the
long axis of the pillars was situated downdip., \

Pillar and roof in the above two working seams could have failed in
shear and consequently generated earth tremors having shear source mechan-
{sms, or more probably the crushing of pillars and supports and the break-
ing of roofs caused the redistribution of the strata pressure In the area
in such a way that sliding movements took place along the major faults.

The crop out of these faults at the surface may have allowed the penetration
of water through them, lubricating the surface of these faults resulting

in sliding movements along them.
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During the writing of this thesis, a few large tremors occurred and
were felt over a large area of Stoke-on-Trent. fnitial macroseismic and
microseismic observations have suggested that the epicentres of these
tremors were in the Talke area, less than 3 km north of the Chesterton
area (Dr. N, J. Kusnir, personal communication). The small size of the
area being mined in Chesterton and the severity of the felt tremors may
suggest that these felt tremors occurred as a result of sliding movements
along a fault or faults in this area. The location of most of the seismic
events, recorded during the monitoring period, in this area along faults
may confirm the above assumption. Alternative interpretation is that these

felt tremors could be of natural origin.

9.8 Area F

This area lies near Burslem. The coal was extracted in this area
from two seams mined from Norton colliery during the monitoring period
(see Table 9.1). The coal was extracted along panels driven along the
strike of the seams. The seams dip 19° SW.  The area was also extensively
mined previously in many different seams. The two active seams in
descending order are:

(i) The Bullhurst seam: Three panels (panels 11, 12 and 14) were

mined in this seam during the moﬁitoring period at depths ranging between
408 m and 533 m below 0.D. as shown in Table 9.1. Figure 9.8.1a shows that
these three panels were surrounded by extensive old workings. Pillars of
coal ranging in width from 10 m to about 210 m were left between -these
three panels, and between these panels and the old workings. Small faults
having throws of less than 2 m were encountered at the seam level during
the mining operatfons. A geological section through the seam (Figure
9.8.12) shows that a layer 23 cm thick of coaly~shale forms the Immediate
roof of the seam and Is overlain by a layer of cannel (1ight bituminous

coal) 53 cm thick and then mudstone. The floor Is composed of fireclay.
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The layout of the mine workings in area F showing the
active mine workings (dotted ornament), faults at the
seam level, and a general geological section through
the seam In (a) the Bullhurst seam and (b) the
Brights seam. (For legend see Fig. 9.3.1).



The active panels are overlain by workings in the Cockshead and Banbury
seams, at heights of about 60 m and 198 m respectively above the active
panels. They are also overlain by other workings in many other seams at
much higher levels. No working is present underneath the active panels.

(11) The Brights seam: One panel (panel 2) was mined in this seam

during the monitoring period at depths ranging between 408 m and 490 m
below 0.D., as shown in Table 9.1. This panel was driven in an area not
previously mined in this seam as shown In Figure 9.8.1b. The nearest old
workings from this panel are more than 700 m away. The seam Is disturbed
by a number of small faults at the seam level. A general section in the
seam, Figure 9.8.1b, shows that a layer of shale having a thickness of
about 0.51 m immediately overlies the seam followed by about a 15 cm
thickness of coal and then shale again. The seam is underlain by a layer
of fireclay. The panel is overlain by extensive old workings in the Bull-
hurst seam at a height of approximately 130 m above‘the panel level., The
panel is also overlain by many other workings at much higher levels. No
working underlies the panel.

Only two tremors were located in this area. Either the mine workings
in this area have not generated earth tremors, or most probably they genera-
ted small earth tremors, but they were not detected by the seismic network
due to the remote location of this area with respect to the $.0.T. seismic
network. Although events from this area may have been detected at stations
D and G, tremors recorded on three or less seismic stations have not been
considered in this study.

The possibility that mine workings in the Brights seam (panel 2)
generated earth tremors was unlikely since the panel was mined under
extensive old mine workings In the Bullhurst seam, i.e, it was driven in a
de-stressed area. Some small tremors could perhaps have occurred behind the

face due to roof caving. Mine workings in the Bullhurst seam, however, had a
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greater possibility of generating tremors. The mine workings in this seam
(panels 11, 12 and 14) were mined under old workings in the Cockshead and
Banbury seams which have coal pillars left in their workings. Interaction
between the abutment pressures of these pillars and the front and side
abutment pressures of the active panels could have occurred.. As a con-
sequence of this, the rocks In the pillars and ahead of the panel faces may
have broken or falled causing the release of some amounts of stored strain

energy which may have appeared as small tremors.

9.9 Area G

This area lies near Goldenhill to the north of Tunstall. Two seams
were mined In this area during the monitoring period from two different
collieries. Four panels (panels 9, 12, 13 and 17) were mined In the Hams
seam from the Victoria colliery at depths ranging between 457 m and 560 m
below 0.D., as shown in Table 9.1 and Figure 9.9.1a. The four active panels
were overlain by workings in the Moss seam at a height of about 91 m above
the panels, and underlain by workings in the Holly Lane and Hardmine seams
at depths of about 145 m and 182 m below the Hams seam respectively.

Two panels (panels 4 and 5) were driven in the Hardmine seam from
the ChatterleyWhitfield colliery at depths ranging between 652 m and 716 m
below 0.D. as shown in Table 9.1 and Figure 3.9.1b. The two active panels
are overlain by previous workings in the Holly Lane seam at a height of
about 32 m above the panel levels. No workings exist beneath these two
panels.

The panels In the above two seams were driven along the seam strikes.
The seams dip to the south and south-west at about 7°. The area was
extensively mined previously in many different seams.

No selsmic events were located In this area. This is elther because
the mine workings in this area have not generated selsmic activity, or more
probably because the area Is located far away from the selsmic network, so

that the selsmic events have not been recorded on four or more seismometers.

- 188 -



Fig. 9.9.1.

L2

HAMS

32l

HARDMINE

L]

L
tal

The layout of the mine workings in area G showing
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at the surface and at the active seam datum In (a)
the Hams seam and (b) the Hardmine seam. (For
legend see Fig. 9.3.1).



CHAPTER 10

~

CONCLUS I ONS

10.1 Summary

Mining induced seismicity in the North Staffordshire coalfield was
monitored for a two year period (between September 1975 and September 1977).
During this period more than 300 seismic events were recorded and 98 of
these were located. Only events recorded on four or five seismometers were
located. The accuracy of the tremor locations was estimated to be of about
500 m {n plan and depth. None of the recorded seismic events were felt on
the surface cor underground. The earth tremors were found to originate from
regions where mining activities were being carried out, and the tremors were
found to be located within a few hundred metres of the active mine workings.
Only a few tremors were scattered outside the mining areas. These mostly
occurred as a result of rock falls in old workings triggered by the active
mine workings or collapses in the old workings occurring as a consequence of
the process of stabilization within the mine. The tremor foci lie pre-
dominantly at depths of between 1,000 m below 0.D. and the éurface, f.e.
within the depth ranges of the active mine workings. |

The tremor hypocentres were found to concentrate in five active
mining areas:

(1) In three areas (areas A, C and D) the seismic events occurred
mainly due to interaction between the stress field.produced by active mining
and the stress fléld associated with old workings in adjacent seams. In
particular, ihis occurred when the active face passed under or over a pillar
left In an adjacent seam.

(11) In area B the seismic events mainly occurred as a result of
s1iding movements along the Stoke fault due to the effect of mining many

seams on the upthrow side of the fault,
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(111) In area E the tremors may have possibly occurred as a result
of fallures in shear of pillars and roofs of the mine workings, or more
probably they could have occurred as a result of sliding movements along
the Chatterleyand other parallel faults in the area due to the redistribution
of the strata pressure in the area as a result of mining operations. The
possibility that these tremors were of natural origin, however, is not
ruled out.

During the mining of a particular panel, the following points were
observed:

1. The tremors did not start until the face had advanced a distance
of about 270 m.

2. Most of the tremors were located behind the active face (in the
goaf). However, this is most probably due to errors in location,

3. Most of the large tremors occurred when the active face entered
a high pressure zone (abutment pressure) due to a pillar.left in an adjacent
seam over or under the active panel.

L4, when a panel was driven under or over an extensive previously
mined out area in an adjacent seam, i.e. driven in a de-stressed zone, no
tremors or only a few tremors occurred.

The temporal distribution of seismic events and the corresponding
sejsmic energy released showed a close relationship between the times of
mining activities and the incidence of earth tremors. The monthly dis-
tribution of tremors and energy release showed that seismic activity was
reduced drastically during and within a few weeks after the miners' holidays
in December and July of each year. The weekly distribution demonstrated
that the incidence of earth tremors was far higher during weekdays, when
coal was being extracted, than at weekends. The daily distribution showed
that the peak of the seismic energy released was during the two productive
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A study of earth tremor mechanisms based on the analysis of the P-
wave first motions showed that two groups of tremors were common in the coal-
field. The first group of tremors produced both kataseismic and anaseismic
first motions. This type of tremor occurred either as a result of sliding
movements of the rocks along pre-existing fault planes, or due to failure in
shear of the rocks in pillars and ahead of the active faces. The second
group of tremors produced only kataseismic first motion on all the seis~
mometers. This type of tremor either has an implosional source mechanism
and occurred as a result of rock failures in compression (pressure bursts),
or has a collapse source origin and occurred mainly behind the active face
or in the goaf of old workings, as a result of strata collapse and roof caving.

The magnitude, ML’ of seismic events ranged between 0.1 and 2.5,

/ J. This is within the

releasing selsmic energy of between 103 J and 10
range of tremor size experienced in other coalfields such as Sunnyside, Utah
(smith et al., 1974), Midlothian, Scotland (Mashkour, 1976) and the Czechos-
lovakian coalfield (Holub, 1966). However, the magnitudes in the northern
part of the North Staffordshire coalfield are small compared with those
tremors which have occurred in the Trent Vale-Hanford area in the southern
part of the North Staffordshire coalfield. The largest tremor in the Trent
Vale area had a local magnitude, M of about 2.8 (Kusznir et al., 1980a).
This may be because the interaction effect between the stress fields of the
active and old mine workings in the Trent Vale-Hanford area was more severe
than in the other areas In the northern part of the coalfield. As a whole,
the tremors in the North Staffordshire coalfield are small compared with
those tremors which have occurred in the South African and Canadian gold-
fields. The largest tremor In the Witwatersrand goldfield (South Africa)
released seismic energy of about 1011 Joules (Gane et al,, 1946), The

difference In size between earth tremors which occurred in the North

staffordshire coalfield and those which occurred in goldfields is most
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probably due to the greater depth of the goldfield mining and also due to
the greater hardness of the rocks.

The frequency-magnitude relationship of seismic events in the North
Staffordshire coalfield resembles that for natural earthquakes. In the
Trent Vale-Hanford area it has been shown that the b-value appeared to
decrease when the active face passed over or under a pillar left in previous
workings In an adjacent seam (t.e. increasing pressure), while the value of
b increased when the face passed under or over a previbusly mined out area
(de-stressed zone). It was also found that leaving a coal pillar barrier
between the active panel and the laterally adjacent previous panel in the
same seam increased the value of b, and increased the seismicity level by
31 times.

Finally, it was found that the Stoke-on-Trent seismic network was
suitable for studying seismic activity in the coalfield as a whole, but it
was too large for the precise study of seismic activity associated with mining
operations for a specific panel. In particular, the tremors located in area
E are felt to have very poor location since they are situated far away from

the centre of the network.

10.2 Suggestions for further study

For the accurate location of seismic events in the coalfield, the
seismic velocity structure in the coalfield needs to be determined in more
detall, preferably in each area. Furthermore, the geometry of the seismo-
meter network used to investigate a particular panel should ideally be
designed for that particular panel.

In order to establish the causes and mechanisms of the earth tremors
in the Chesterton area (area E), which has also experienced felt tremors
recently (1980), a small aperture seismic network needs to be installed in

the area.
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The P-wave first motions distribution produced from the collapses or
downward movements of the roof in the mine needs to be determined experi-
mentally and mathematically in order to distinguish between the collapse and.
implosional source mechanism. Also the P-wave first motions pattern
generated by shock bursts, described by Phillips (1944-45) in Section 3.2.1,
needs determining in order to understand the actual mechanism of this kind

of burst more clearly.
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APPENDICES
APPENDIX 1

The program listed in this appendix consists of a main program and
two subroutines which need to be run separately with the main program.

Main Program (HYPCTR)

This is a package of the MINUITL sibroutines developed by James
and Roos (1971) which use non-linear optimization procedures to minimize
an objective function which in our case is the variance between the observed
and calculated travel times from the hypocentre to the seismic station (see
Section 4.7.2). The following subroutines were written by Dr. G. K.
Westbrook.

Subroutine SHL

This subroutine is used to compute tremor hypocentre parameters
(easting, northing, depth and origin time) for a single seismic event.
The program uses the relative delays between P-arrival times at the dif-
ferent seismometers (S-P times can also be used if available) to calculate
tremor hypocentre and origin time, using a velocity structure model which
assumes a linear Increase of seismic velocity with depth (Fig. A-1).

The following quantities are given or assumed.

1. The arrival times of the P-waves at each seismic station.
S-P time can also be used if available.

2. The co-ordinates and delay time for each seismic station.

3. An initial estimate of the position of the hypocentre.

L4, The seismic velocity structure of the area.

The program calculates the travel times and compares them against
the observed times. The co-ordinates of the hypocentre are varied until
thé di fference between the observed and computed times are minimized. A

flow diagram for the subroutine is given in Figure A-2,
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Fig. A-2: Flow Diagram for Subroutine SHL

MINUITL
I

Read number of stations and
number of hypocentre parameters

For each seismic station read
seismometer co-ordinates,
observed and delay times

Write out the input data

Incorporate delay times

Incorporate S-P time by cal-
culating the origin time

Y

For each seismic station calculate
epicentral distance, azimuth,
initial angle, and theoretical
travel time

MINUITL
Re-estimate hypo-
centre parameters,
and test for con=

vergence

Calculate objective function value

A

Write hypcentre co-ordinates,
seismic velocity parameters and
origin time

For each seismic station calculate
residual time

For each seismic station write seis-
mometer co-ordinates, residual time,

focal sphere parameters (initial angle
and azimuth)

Plot objective function map

MINUITL

End



Subroutine JHL

This is a modified version of subroutine SHL. The program cal-
culates simultaneously the tremor hypocentre parameters and origin times
for a group of tremors In a given region. The program also optimizes the
seismic velocity structure parameters for the given area. As in subroutine
SHL, the program uses the relative delays in P-arrival times, as>we11 as
s-P arrival times (If available) at different seismometers to calculate
tremor hypocentres and origin times. It assumes the same velocity model
as for the SHL program. However, an alternative model can be applied,
assuming a linear increase of seismic velocity with depth which is under-
lain by a high-speed layer (refractor), as shown in Figures A-3 and A-ﬁ.
The same parameters are given or assumed as In subroutine SHL, with the
exception of the seismic velocity parameters which are not known in this
program. A flow diagram for the subroutine is given in Figure A-5.

All the programs were designed to run on the CDC 7600, using the

CDC FORTRAN EXTENDED COMPILER.
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C

-

SUBROUTINE SINGLE HYPOCENTRE LOCATION (SHL)
RhAhER kAR Ik R kAR AR ARSI Ik Ik kR hkhrkhd

A VECTOR INTO WHICH THE DERIVATIVE ARE TO BE PUT

1

G

F= THE FUNCTION VALUE CALCULATED IN FCN

P = A VECTOR CONTAINING THE EXTERNAL PARAMETER VALUES

IND =A MARKER INSTRUCTS FCN ON WHAT IT SHOULD DO AT THE PARTICULAR
CALL IN QUESTION . FOR EXAMPLE IF IND=3 IT MEANS TERMINATING

- ENTRY AND WRITE OUT ANY SPECIAL SUMMARIES , OUTPUT TABLES ...

«++.ETC. FOR THE MINIMUM POINT.

XC =EASTING

YC ;NORTHING’

T =OBSERVED ARRIVAL TIME

SD =DELAY TIME AT EACH SEISMIC STATION

CT =CALCULATED TRAVEL TIME

2C =STATION HEIGHT

AZ =AZIMUTH

PST =S-P ARRIVAL TIME

NPS =NUMBE%VOF STATIONS HAVING S~P TIME

IPS =STATION NUMBER WHICH CONTAINS S-P ARRIVAL

ANG =INITIAL ANGLE

NPAR =THE NUMBER OF VARIABLE PARAMETRES

~ NSTA =NUMBER OF STATIONS

NPA =NUMBER OF HYPOCENTRE PARAMETERS

o L R B L g g g A A '}



Cx
Q%

PROGRAM HYPCTR(INFILE,OUTPUT,PUNCH,TAPE7,TAPE 1=INFILE, TAPE2=0UTPUT

1,TAPE3=PUNCH)

CALL MINUITL/
STOP
END

Cr**%+***SUBROUTINE SINGLE HYPOCENTRE LOCATION (SHL)

C*

C*
C*
C*

Q*

C*

O+

C*

Cw

C*

SUBROUTINE FCN(NPAR,G,F,P,IND)
DIMENSION P(15),XC(20),YC(20),T(20),SD{(20},CT(20),2C(20),IB(5),IE(

"15),PP(5},AXV(10),FV(10),PST(20),IPS(20) ,ANG(20) ,AZ(20)

10
11
12

14

15
16
17
91

777

GO TO(10,20,30,40,50),IND
READ NUMBER OF STATIONS AND NUMBER OF HYPOCENTRE PARAMETRES
ISD =1 MEANS IGNORE DELAY TIME ‘
ISPS=1 MEANS INCORPORATE S-P TIME
READ(1,11) NSTA,NPA,ISD,ISPS -
FORMAT(4I5) . h
READ SEISMOMETRE COORDINATES , OBSERVED ARRIVAL AND DELAY TIMES
READ(1,12) (xCc{1),¥YC(I),2C(I),T(I),SD(I),I=1,NSTA)
FORMAT (5F10.0)
WRITE(2,14) (Xc(1),YC(I),2C(I),T(I),SD(I),I=1,NSTA)
FORMAT(1HO, *DATA INPUT'/* X Y zZ T
1 sb'/(5F10.3))
INCORPORATE DELAY TIME
IF(ISD.EQ.1) GO TO 16
DO 15 I=1,NSTA
T{I)=T(I)=-SD(I)
IF(ISD.EQ.1) WRITE(2,17)
FORMAT(1HO, 'STATION DELAYS IGNORED'/'"#®*%kdkhkkkhhhdhkhhhkhhil)
INCORPORATE S-P TIME BY CALCULATING ORIGIN TIME
READ(1,91) NPS, (IPS(I),PST(I),I=1,NPS)
FORMAT(IS5,(I2,F8.0))
WRITE(2,777) NPS,(IPS(I),PST(I),I=1,NPS) ,
FORMAT( 1HO, 'SP TIME INPUT'/' NO. OF ST. ST. NO. SP TIME'/(2I1
10,F10.3)) '
oTs=0.

' DO 95 I=1,NPS

95

20

40

IK=IPS(I}

OTS=0TS+T (IK)=-PST(I)/1.03101
CONTINUE

OTS=0TS/NPS

IF(ISPS.EQ.1) GO TO 90
CONTINUE

TM=0.
Xs=P({1)
¥YS=P(2)
ZS=P(3)
VD=p(4)
GV=pP(5)
DO 44 I=1,NSTA
VO=VD+ZS*GV
EPICENTRAL DISTANCE
D=SQRT((XC(I)=XS)**2+(YC(I)-YS)**2)
AZIMUTH
AZ(I)=ATAN2((XC(I)=XS),{YC(I)=¥S))*57.295779
PH=ATAN(D/(2*VO/GV+ZC(I)=-2ZS))
TH=ATAN((2C(I)-2S)/D)
AO=1,5707963~-TH-PH



ox

C»

C*

Q%

)

Q%

Q%

INITIAL ANGLE
ANG(I)=A0*57.295779
AI=1.5707963-TH+PH
THEORETICAL TRAVEL TIME
CT(I)=ALOG(TAN(AI/2)/TAN(AC/2))/GV
TM=TM+T(I)-CT(I)
44 CONTINUE . )
ORIGIN TIME CALCULATED FROM P = ARRIVAL TIMES
TM=TM/NSTA
IF(ISPS.EQ.1) TM=0OTPS
SE=0.
FUNCTION VALUE
DO 46 I=1,NSTA
46 SE=SE+(T(I)=-TM=CT(I))**2
F=SE*1000/(NSTA=-1)
RETURN ‘

30 WRITE(2,32) P(1),P(2),P(3),P(4),P(5),T™
32 FORMAT(1H1, '"HYPOCENTRE LOCATION'/' X =',F10.3,3X,'Y =',F10.3,3X,'2
"1 =',F10.3/"' VELOCITY AT DATUM =',F10.3/' VELOCITY GRADIENT =',F10.
13/' ORIGIN TIME =',F10.3)
WRITE(2,33)
33 FORMAT({1HO,'STATION X Y RESIDUAL  INIT. ANG. AZIM
1UTH  CAL.ARRIVAL'/) :
RESIDUAL VALUE
. DO 34 I=1,NSTA
RES=T(I)-TM-CT(I)
WRITE(2,35) I,XC(1),¥C(I),RES,ANG(I),2Z(I),CT(I)
35 FORMAT(1H ,2X,13,2%X,6F10.3)
34 CONTINUE
WRITE(2,37)
37 FORMAT(1HO, 'RESIDUAL = OBSERVED - CALCULATED'//)

PLOT OBJECTIVE FUNCTION MAP
. GO TO 40

50 DO 51 1I=1,NPA
IE(I)=P(1)*10+45
IB(I)=IE(I)~-9

51 CONTINUE
NPB=NPA~1
DO 59 I=1,NPB
IP=I+1
MB=1B(I)
ME=IE(I)
DO 59 J=IP,NPA
1LB=1IB(J)
LE=IE(J)
IET=LE+1
PP({1)=P(1)
PP(2)=P(2)
PP(3)=P(3)
PP{4)=P(4)
PP(5)=pP(5)
WRITE(2,551) I,J

S51 FORMAT(1H1, 'OBJECTIVE FUNCTION MAP. VARIABLES',IS,' (X)',I5,' (Y
") .
IK=Q
DO 52 K=MB,ME
IK=IK+1

52 AXV(IK)=K*0.,1



WRITE(2,552) (AXV(IL),IL=1,IK)

552 FORMAT(1HO, 10X, 10F5.1)
Do 57 =1,10
LL=IET-L
PP(J)=LL*0.1
MM=0
DO 56 M=MB,ME
MM=MM+1
PP(I)=M*0.1
TM=0
IF(PP(5).LT.0.000000001.AND.PP(5).GT.~0.000000001) GO TO 57
DO 94 N=1,NSTA
VO=PP (4)+PP(3)*PP(5)
D=SQRT( (XC(N)=PP (1)) **2+(YC(N)-PP(2))**2)
U=2*VQ/PP(5)+2C(N)=-PP(3)
IF(U.LT.0.0000001.AND.U.GT.-0.0000001) GO TO 54
PH=ATAN(D/U)
GO TO 55

54 PH=1.5707963

55 TH=ATAN((ZC(N)~PP(3))/D)
AO=1,5707963~-TH~PH
AI=1.5707963-TH+PH
CT(N)=ALOG(TAN(AI/2)/TAN{AO/2))/PP(5)
TM=TM+T (N )-CT(N)

94 CONTINUE
TM=TM/NSTA
IF{(ISPS.EQ.1) TM=OTPS
SE=0, :
DO 96 N=1,NSTA

96 SE=SE+{T(N)=TM~CT(N))**2
FV(MM)=SE*1000/(NSTA~-1)

56 CONTINUE
WRITE(2,553) PP(J),(FV(IM),IM=1,MM)

553 FORMAT(//,F8.1,2X,10F5.1)

57 CONTINUE

59 CONTINUE
RETURN
END



MINUITL

Read number ¢f events and
number of hypccentre parameters

For each event read the date of
event and the number of seismic
stations which recorded the event

|

For each seismic station read seis~
mometer co-ordinates, observed and
delay times

Write out the input data

Incorporate delay times

|

Incorporate S-P time by calculating
the origin time

|

Select velocity structure model
|

MINUITL
Re-estimate hypo=
centre and seismic
velocity parameters
and test for con-

vergence

|

For each event at each seismic
station calculate epicentral dis-
tance, focal sphere parameters
(azimuth and initial angie) and
theoretical travel time

Calculate objective function value

I

VWrite seismic velocity structure
parameters for the region

For each event write hypocentre
co-ordinates and origin time

For each event at each seismic
station calculate residual time

For each event at each seismic
station write seismometer co-
ordinates, residual time,
initial angie and azimuth

Plot objective function map

MINUITL




. c

c

SUBRROUTINE JOINT HYPOCENTRE LOCATION (JHL)
D L 2 2 R R TR T T T L R L R R S gty

G= A VECTOR INTO WHICH THE DERIVATIVE ARE TO BE PUT

F= THE FUNCTION VALUE CALCULATED IN FCN

Pk=kA VECTOR CONTAINING THE EXTERNAL PARAMETER VALUES

IND =A MARKER INSTRUCTS FCN ON WHAT IT SHOULﬁ DO AT THE PARTICULAR
CALL IN QUESTION . FOR EXAMPLE IF IND=3 IT MEANS TERMINATING
ENTRY AND WRITE OUT ANY SPECIAL SUMMARIES , OUTPUT TABLES....
«seeETC. FOR THE MINIMUM POINT

XC =EASTING

YC =NORTHING

T =OBSERVED ARRIVAL TIME

SD =DELAY TIME AT EACH SEISMIC STATION

cT =\CALCUI'..A'I‘ED TRAVEL TIME

2C =STATION HEIGHT

AZ =AZIMUTH

PST =S-~P ARRIVAL TIME

NPS =NUMBER OF STATIONS HAVING S-~-P TIME

_ IPS =STATION NUMBER WHICH CONTAINS S-P ARRIVAL

ANG =INITIAL ANGLE

NPAR =THE NUMBER OF VARIABLE PARAMETRES
NSTA =NUMBER OF STATIONS

NPA =NUMBER OF HYPOCENTRE PARAMETERS
NDG =NUMBER OF SEISMIC EVENTS

SBTTL =DATE OF SEISMIC EVENT

WT =WEIGHT

Q*************************************************************************



PROGRAM HYPCTR(INFILE,OUTPUT,PUNCH,TAPE7,TAPE1=INFILE, TAPE2=0UTPUT
1,TAPE3=PUNCH)
CALL MINUITL

STOP
END

C*

QO

Cr%*kxx***SUBROUTINE JOINT HYPOCENTRE LOCATION (JHL)

C*

SUBROUTINE FCN(NPAR,G,F,P,IND)

DIMENSION P(32),XCc(10,32),¥c(10,32),T(10,32),8D(10,32),CT(10,32),2
1¢(10,32),18(7),1E(7),PP(7) ,AXV(32)},FV(32)} ,ANG(10,32),NSTA(32),TM(3
22),ss(32),A2(10,32),SBTTL(32),wWT(10,32) ,IPS(10),PST(10),0TPS(32),1
3sPs(32) ‘

GO ToO(10,20,30,40,50),IND

- C* READ NUMBER OF EVENTS AND NUMBER OF HYPOCENTRE PARAMETRES
C* IR =MEANS USE REFRACTION MODEL
C* ISD=MEANS IGNORE DELAY TIME

10 READ(1,11) NDG,NPA,IR,ISD
11 FORMAT(41I5)

NT=0

DO 16 X=1,NDG
C* READ DATE OF EVENT AND NUMBER OF SEISMIC STATIONS
C» ISPS =1 MEANS INCORPORATE S-P TIME

READ(1,13) SBTTL(X),NSTA(K),ISPS(K)
13 FORMAT(A10,2I5)

NT=NT+NSTA(K)
NSTK=NSTA(K)
Cw READ SEISMOMETER COORDINATES , OBSERVED ARRIVAL AND DELAY TIMES AND WEIGHT
| READ(1,12) (xC(I,K),%¥C(I,K),2C(1,K),T(I,K),SD(I,K),WT(I,K), I=1,NST
1X)

12 FORMAT(6F10.0)
WRITE(2,14) SBTTL(K),(XC(I,K),YCc(I,K),zc(I,K),T(I,K),SD(I,K),Wr(I,
1K), I=1,NSTK)

14 FORMAT(1HO, 'DATA INPUT ', A10/" X ¥ 7
17T SD WT'/(6F10.3))
IF(ISD.EQ.1) GO TO 18
Cx INCORPORATE DELAY TIME

DO 15 I=1,NSTK
15 T(I,K)=T(I,K)~SD(I,K) ; ,
18 IF(ISPS(K).EQ.0) GO TO 16
C* INCORPORATE S~P TIME BY CALCULATING ORIGIN TIME
READ(1,91) NPS, (IPS(I),PST(I),I=1,NPS)
91 FORMAT(I5,(I2,F8.0))
WRITE(2,777) NPS,(IPS(I),PST(I),I=1,NPS)
777 FORMAT(1HO,'SP TIME INPUT'/' NO. OF ST. ST. NO. SP TIME'/(2I1
10,F10.3)) ;
0TS=0.
DO 95 I=1,NPS
 IK=IPS(I)
OTS=OTS+T (IK,K)~PST(I)/1.03101
95 CONTINUE
OTPS (K )=0TS/NPS
16 CONTINUE -
IF(ISD.EQ.1) WRITE(2,17)
17 FORMAT(1HO, 'STATION DELAYS IGNORD'/'#****kwskkskuhhnihnshhn?)
NTD=NT=1
NVP=NDG*3+2
20 CONTINUE
40 SE=0.



C*

C»

C»
C*

41

43
44

45

45

* %%

400

vD=P(1)
GV=P(2)
IF(IR.EQ.0) GO TO 41
VR=P(3)

DR=P(4)

DO 45 K=1,NDG
TM(K)=0.
SS(K)=0.

XS=P (K*3+2)
YS=P(K*3+3)
ZS=P (K*3+4)
NSTK=NSTA(K)

DO 44 I=1,NSTK
VO=VD+ZS*GV
XD=XC(I,K)-XS
¥YD=YC(I,K)-YS

EPICENTRAL DISTANCE
D=SORT (XD**2+YD**2)

AZIMUTH
AZ(I,K)=ATAN2(XD,YD)*57.29578
PH=ATAN(D/(2*V0O/GV+2C(I,K)~2ZS))
TH=ATAN((ZC(I,K)-25)/D)
A0=1.5707963-TH~PH
ZM=VO*(1/SIN(AO)-1)/GV+2S

INITIAL ANGLE
ANG(I,K)=A0*57.29578
AI=1.5707963-TH+PH

THEORETICAL TRAVEL TIME
CT(I,K)=ALOG(TAN(AI/2)/TAN(AO/2))/GV
IF(IR.EQ.1) GO TO 400
TM(K)=TM(X)+T(I,K}-CT(I,K)
CONTINUE
TM(K)=TM (K ) /NSTK
IF(ISPS(K).EQ.1) TM(K)=0TPS(X)
DO 46 1=1,NSTK
SS(R)=SS(K)+{T(I,K)=-TM(K)=CT(I,K))**2*EXP(WT(I,K))
SE=SE+SS(K)

CONTINUE

FUNCTION VALUE
F=SE*1000./NTD
RETURN : ]

SEISMIC VELOCITY STRUCTURAL MODEL OF LINEAR INCREASE OF

SEISMIC VELOCITY WITH DEPTH WHICH IS UNDERLAIN BY A REFRACTOR
VL=DR*GV+VD : ' ,
IF(VL.GE.VR) GO TO 43
SR=VL/VR
SO=VO/VR
VI=VD+ZC(I,K)*GV
SI=VI/VR
GVV=aBS(GV)
IF(ZS.LE.DR) GO TO 402
CO=SQRT(1.=S0**2)
CI=SQRT(1.=SI**2)
CR=SQRT(1.=-SR**2)
XO=VO*( {CO~CR)/S0)/GVV
XI=VI*((CI-CR)/SI}/GVV
XCD=XO+XI
IF({XCD.GE.D) GO TO 43
AO=ATAN(SO/CO)



AI=ATAN(SI/CI)
AR=ATAN (SR/CR)
TO=ALOG(TAN(AR*0.5) /TAN(A0*0.5))/GVV
TI=ALOG(TAN(AR*0.5)/TAN(AI*0.5))/GVV
TR=(D=~XCD)}/VR
TT=TO+TI+TR
411 IF(ZM.LT.DR) GO TO 401
IF(CT(I,K).LT.TT) GO TO 43
401 CT(I,K)=TT
GO TO 43
402 CI=SQRT(1.=-SI**2)
CR=SQRT{1.~SR**2)
XI=VI*({(CI~-CR)/SI)/GVV
IF(XI.GE.D) GO TO 43
AI=ATAN(SI/CI)
AR=ATAN{SR/CR)
TI=ALOG({TAN(AR*0.5)/TAN(AI*0.5))/GVV
TT=SQRT( (DR-ZS ) **2+(D-X1)**2) /VR+TI
GO TO 411

30 WRITE(2,301) P(1),P(2),P(3),P(4)

301 FORMAT(1H1,'LOCATION OF HYPOCENTRES'//' VELOCITY AT DATUM =',F8.3/
1' VELOCITY GRADIENT =',F8.3/' VELOCITY OF REFRACTOR =',F8.3/' DEDPT
2H OF \REFRACTOR =' ¥8.3/)

DO 34 K=1,NDG
WRITE(2,31) K,SBTTL(X)
31 FORMAT(1HO/,' DATA GROUP',I3,5X,A10)
WRITE(2,32) P(K*3+2),P(K*3+3),P(K*3+4),TM(K)
32 FORMAT(1HO0, 'HYPOCENTRE LOCATION'/' X =',F10.3,3X,'Y =',F10.3,3X,'2
1 =',F10.3//' ORIGIN TIME =',F8.3)
IF(ISPS(K).EQ.1) WRITE(2,1250) .
1250 FORMAT(1HO/', ** SPp TIME USED **')
WRITE(2,33)
33 FORMAT(1HO, 'STATION X Y RESIDUAL INIT. ANG AZIMUT
1H'/)
NSTK=NSTA(K)
C* RESIDUAL TIME
' DO 34 I=1,NSTK
RES=T(I,K)~TM(K)=CT(I,K)
WRITE(2,35) I,XC(I,K),¥C(I,K),RES,ANG(I,K),AZ(I,K)
35 FORMAT(1H ,2X,I3,2X,2r10.3,F8.3,2F10.3)

34 CONTINUE .
WRITE(2,37)
37 FORMAT(1HO,' RESIDUAL = OBSERVED - CALCULATED'//)
GO TO 40
C* , .
c* PLOT OBJECTIVE FUNCTION MAP

50 po 501 1=4,7
PP(I)=P(I-3)
IE(I)=PP(I)*10+5
IB(I)=IE(I)-°

501 CONTINUE
DO 60 K=1,NDG
DO 51 1=1,3
IE(I)=P(3*(K=1)+4+I)*10+5
IB(I)=IE(I)-9

51 CONTINUE
NPB=NPA-1
DO 59 I=1,NPB
IP=I+1
MB=IB(I)



557

551

ME=IE(I)

DO 59 J=IP,NPA
LB=IB(J)
LE=IE(J)
IET=LE+1
PP(1)=P(K*3+2)
PP(2)=P(K*3+3)
PP(3)=P(K*3+4)
DO 557 II=4,7
PP(II)=P(II-3)
WRITE(2,551) I,J3

FORMAT(1H1, 'OBJECTIVE FUNCTION MAP.  VARIABLES',I5,' (X)',IS,'

nYy

52

552

58

IKR=0
DO 52 LK=MB,ME

IK=IK+1

AXV(IK)=LK*0.1

WRITE(2,552) (AXV(IL),IL=1,IK)
FORMAT(1HO, 10X, 10F5.1)

poO 57 L=1,10

LL=IET-L

PP(J)=LL*0.1

MM=0

DO 56 M=MB,ME

MM=MM+1

PP(I)=M*0.1
IF(PP(5).LT.0.000000001.AND.PP(5).GT.=0. 000000001) GO TO 57
SE=0.

DO 58 KX=1,NDG

IF(KK.EQ.K) GO TO 58
SE=SE+SS(KK)

CONTINUE

KK=K

TM(KK)=0.

© NSTKK=NSTA(KK)

54
55

555

500

DO 94 N=1,NSTKX
VO=PP (4 )+PP(3)*PP(5)
D=SQRT ((XC(N,KK)}=PP(1) ) **24+(YC(N,KK)=PP(2))**2)
U=2*vO/PP(5)+ZC(N,KK)~PP(3) :
IF{U.LT.0.0000001.AND.U.GT.~0.0000001) GO TO 54
PH=ATAN(D/U)
GO TO 55
PH=1.5707963
TH=ATAN{ (ZC(N,KK)-PP(3))/D)
AOC=1,5707963-TH~PH
ZM=VO*(1/SIN(AO)~ 1)/pp(5)+pp(3)
AI=1.5707963-TH+PYH
CT(N,KK)=ALOG(TAN(AI/2)/TAN(AO/2))/PP(5)
IF{IR.EQ.1) GO TO 500
TM (KK )}=TM(KK)+T(N,KK)=-CT(N,KK)
GO TO 94
VL=PP(7)*PP(5)+PP(4)
IF(VL.GE.PP(6)) GO TO 555
SR=VL/PP(6)
S0=VQ/PP(6)
VI=pPP(4)}+ZC(N,KK)*PP(5)
SI=VI/PP(6)
GVV=ABS(PP(5))
IF(PP(3).LE.PP(7)) GO TO 420
CO=SQRT(1.=S0**2)

(Y



CI=SQRT(1.-SI**2)
CR=SQORT(1.~SR**2)
XO=VO*{ (CO-CR}/SO)/GVV
XI=VI*({(CI-CR)/SI)/GVV
XCD=XO+XI
IF(XCD.GE.D) GO TO 555
AO=ATAN(SO/CO)
AI=ATAN(SI/CI)
AR=ATAN (SR/CR)
TO=ALOG(TAN(AR*0.5)/TAN(AO*0.5)) /GVV
TI=ALOG(TAN{(AR*0.5)/TAN(AI*0.5))/GVV
! TR=(D-XCD) /PP (6)
TT=TO+TI+TR
508 IF(2ZM.LT.PP(7)) GO TO 509
IF(CT(N,KKX).LT.TT) GO TO 555
509 CT(N,KK)=TT
GO TO 555 -
420 CI=SQRT(1.=-SI**2)
CR=SQRT(1.=SR**2)
XI=VI*((CI-CR)/SI)/GVV
IF(XI.GE.D) GO TO 555
AI=ATAN(SI/CI)
AR=ATAN (SR/CR) ,
TI=ALOG(TAN(AR*0.5)/TAN(AI*0,5))/GVV
TT=SQRT( (DR-2S ) **2+(D~XI )**2) /PP (6 )+TI
GO TO 508
94 CONTINUE
TM(KK)=TM(KK) /NSTKK
IF(ISPS(K).EQ.1) TM(KK)=OTPS (KK)
DO 96 N=1,NSTKK :
96 SE=SE+(T(N,KK)=-TM(KK)}~CT(N,KK))**2*EXP (WT(N,KK))
FV{MM)=SE*1000/NTD ‘
56 CONTINUE
WRITE(2,553) PP(J),(FV(IM),IM=1,MM)
553 FORMAT(//,F8.1,2X,10F5.1)
57 CONTINUE
59 CONTINUE
60 CONTINUE
RETURN
END




APPENDIX 2

Dates of tremor‘occurrence, hypocentre co-ordinates,
local magnitude and seismic energy released

Depth Local Energy
Date Easting Northing from No. of Magnitude Released
Y M D H Mn km km 0.D. Stations (M) (Joules
(km) L x 105)
75 9 3 19 35 82,658 46.849 0.436 bx 2.1 71.4
75 9 10 11 54 82,410 48,368 0.290 L 1.2 1.6
75 9 12 11 58 82,205 48.344 0.431 4 1.8 1.3
75 9 ‘16 11 56 82.450 48,064 0.231 4 2.0 Ly, 7
75 10, 9 03 45 85.813 50.811 -0.100 Lx 0.8 0.2
75 10116 18 38 82.686 46,745 0.582 L 2.1 51.6
75 10 24 17 03 85,016 50.149 2.000 L% 0.8 0.3
75 10 31 12 4o 83.327 46.489 -0.047 Ly 1.9 23.8
75 11 10 06 55 82.503 55.147 -0.100 Lx 1.2 1.2
75 11 21 12 13 85.909 50.512 0.497 L 2.3 121.0
75 11 21 15 34 86.453 49,163 0.025 b 0.8 0.3
75 12 10 05 36 87.734 48,299 0.077 5% 0.7 0.2
75 12 12 01 21 87.663 48,228 0.517 L 1.1 0.9
75 12 18 07 56 87.671 48,309 0.229 5% 1.0 0.5
76 2 10 18 55 83.405 46.353 -0.078 L 0.6 0.09
76 3 10 13 33 83.125 45,259  -0.100 L 0.3 0.03
76 3 15 06 42 85.196 47.909 -0.100 4 1.7 13.4
76 3 16 00 31 85.522 48,154 0.538 L 1.0 0.5
76 3 17 21 28 84.039 L6.304 0.814 4 0.5 0.07
76 3 19 19 21 85.584 47.070 0.613 4 1.0 0.5
76 3 22 15 10 85.385 u4B.752 1.209 I 1.4 3.0
76 3 25 05 16 88.897 50.215 -0.100 L 1.1 0.9
76 3 25 23 43 82.314 47,585 2.000 L 1.0 0.7
76 3 26 03 27 78.403 50.388 2.000 Lx 1.3 1.8
76 3 31 02 48 81,950 47.589 2.000 L 1.1 1.1 -
76 4 13 17 37 75.835 52.233 -0.100 Lx 1.8 19.4
76 4 22 13 16 82.610 46.028 0.263 Lx 1.1 0.8
76 5 4 23 34 84,019 L46.366 - 1,001 4 0.8 0.3
76 5 5 15 13 82,255 45,977 0.451 L 1.9 - 22.8
76 5 6 16 06 83.395 L46.922 0.488 Lx 1.2 1.2
76 5 6 16 23 82.792 45.726 0.339 Lx 1.7 9.3
76 6 4L 10 29 84,585 50.678 1.636 5k 2,2 87.1
76 6 9 18 57 82.468 47.127 0.198 b 0.9 0.3
76 6 11 04 28 87.878 49.275 0.511 Lx 0.3 0.03
76 6 12 19 00 82.971 46.723 -0.070 4 1.5 6.0
76 6 15 21 08 87.600 48.723 0.121 5% 2.4 225.4
76 6 24 12 57 87.890 48.670 0.694 5% 1.1 0.9
76 7 15 00 00 88.718 49,644 -0.100 Lx 1.2 1.2
76 7 16 12 44 85.528 50.907 1.012 x 1.1 1.0
76 7 19 20 00 82.268 46,964 0.321 5% 2.0 37.5
76 9 11 07 28 83.183 50.207 -0.094 5 1.7 9.5
76 9 01 45 87.454 48,038 0.395 5 1.0 0.6



Depth Local Energy
Date Easting Northing from No. of Magnitude Released
Y M D H Mn km km 0.D. Stations M) (Joules
(km) L x 105)
76 10 1 20 02 87.514 48,624 0.024 5% 1.8 17.3
76 10 5 03 38 86.099 50.766 0.427 5 1.4 3.6
76 10 17 05 13 87.397 48.110  0.502 5 0.8 0.3
76 10 18 07 17 87.680 48,655 0.231 5 1.6 9.1
76 10 22 05 24 87.494  L48,L62 0.709 4 0.9 0.5
76 10 26 09 23 87.638 48.295 0.413 L 0.8 0.3
76 10 26 14 13 87,455 L4B,266 0.764 b 0.9 0.3
76 10 31 15 47 83,017 53.210 ~-0,031 Lx 2.5 368.3
76 11 25 22 53 83,616 45,851 1.493 4 0.4 0.04
76 11 26 22 47 85,932 47.930 0.165 5% 1.2 1.3
76 11 26 23 00 85.905 48,014 0.465 bx 0.9 0.4
76 11 27 02 27 87.348 48.100 0.596 5 0.9 0.4
76 11 27 07 59 86.051 48,158 0.537 L% 1.5 k.9
76 1t 27 12 10 86.035 47.963 0.262 L 1.0 0.5
76 12 2 00 10 82.621 k7,127  -0.079 L 0.7 0.2
76 12 2 05 08 87.490 48.383 0.375 5% 1.7 11.5
76 12 4 03 09 87.359 49.190 1.450 4% 0.3 0.03
76 12 5 22 36 83.051 51.481 " 0.287 4 1.5 4,0
76 12 9 17 10 87.591 48,475 0.576 5 0.7 0.2
77 1 19 03 49 83.981 49,106 0.658 Lx 1.2 1.4
77 1 21 19 20 85.677 50.644 0.919 L 1.3 2.2
77 2 13 03 43 82,862 46,426 0.789 bk 0.5 0.06
77 2 15 01 03 83.300 51.102 0.384 5k 1.7 10.0
77 2 18 10 47 86.08% 52,079 0.208 4 2.1 55.3
77. 2 25 00 49 83,551 50.904 0.470 bx 1.0 0.6
77 2 25 00 51 83.316 50.594 0.908 4 0.9 0.5
77 3 8 04 06 84,612 51,696 0.116 Lx 0.9 0.5
77 3 10 12 39 82,903 47.723 0.355 Lx 0.8 0.3
77 3 29 03 28 86.142 50.987 0.306 5 0.7 0.2
77 4 7 02 30 85.999 50.957 0.591 5 1.2 1.3
77 4 20 23 21 82,288 47.246 0.296 L 1.4 2.9
77 4 26 17 59 85.916 50,410 0.605 4 1.2 1.3
77 4 28 19 27 83.634 52.717 0.287 Lx 1.3 2.2
77 5 8 00 34 83.557 49.378 0.614 Lx 0.5 0.08
77 5 11 09 35 85,943 50,639 0.594 5 1.3 2.4
77 5 11 13 38 85,737 149.965 0.911 5 0.9 0.5
77 5 28 o4 03 85.98% 51,116 0.660 b 1.3 2.3
77 5 30 20 13 85.946 51,370 0.577 L 0.8 0.3
77 5 31 21 03 82,736 46.353 0.328 bx 1.3 1.9
77 6 10 19 16 85,947 51,342 0.402 5* 0.7 6.2
77 6 14 01 53 84,405 48,591 -0.100 L* 0.4 0.05
77 6 15 03 39 83.390 46.778 -0.09% 4 0.5 0.06
77 6 15 16 35 82,931 47.124  0.575 4 0.5 0.06
77 6 16 15 50 86,138 51,719 0.381 5 0.9 0.4
77 6 17 15 01 86.130 51,190 0.543 4 1.0 0.6
77 6 19 16 27 80.826 48.610 0.217 Lx 0.1 0.01
77 6 25 23 24 87.346 47.702 0.910 5 0.5 0.06
77 7 10 1h 07 87.571 48,467 0.596 5 0.6 0.1
77 7 13 16 23 82.917 46.336 - 0.078 Lx 0.8 0.2
77 7 19 18 11 85,846 52,219 0.330 b* 1.0 0.5
77 7 20 09 57 86.007 51,348 0.572 5 1.1 1.1



Depth Local . Energy

Date Easting Northing from No. of Magnitude Released
Y M D H Mn km © km 0.D. Stations (M) (Joules
(km) L x 10°)
77 7 27 17 4h 82,496 L46.517 0.607 Lx 0.6 0.1
77 7 30 07 28 85,845 50.800 0.588 4 1.1 0.8
77 8 6 19 55 85,999 51.509 0.363 5 1.1 0.9
77 8 10 20 22 85,962 51,248 0.630 5 1.4 3.0
77 8 18 00 29 83.367 L6.765 -0.100 4 0.1 0.01
Y Year
. M Month
; D Day '
H Hour
M Minute
- Indicates depth above 0.D.
*

Indicates tremor with a shear source mechanism
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