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Geological structure characteristics in a coal mine is described and underground mining activity is summarized
at first. Then, the characteristics and laws of microseismicity induced by underground mining and geological
structure activation are analyzed. The relationship between underground mining and structure activation is
derived. Finally, the laws of failure induced by microseismicty in the coal mine are summarized. The result can
be used in studying of microseismic phenomena in other mines with similar geological setting.

1 The Characteristics of Geological Structure in Mining Area

The Beipiao coalfield is located in the complex position between the Tianshan -Yinshan zonal structural belt
and the new cathaysian system subsidence belt. Subsidiary fractures lie in compound joint positions of
Heichengzi of new Cathaysian, the north part of Kezuo depression and NW-trending Pingzhuang and Fuxin
depression. It is a coal-forming basin with wave depressions.

1.1 Regional Fault Structure

There are four faults from north to south in the mining area. The Longtan fault is located in the north border of
the mining area. The Tayingzi fault is a buried structure. The Jianshanzi fault, more widely disputed in history
as the Feilaifeng fault by Mr.Weng initially, is at the present thought to be a pressure wrench fracture. The
Nantianmen fault located in the southeast border of the coalfield forming boundary of Hecheng and Kezuo
depression plays an important role in the improvement of the coalfield. The common characteristics of four
faults are as follows:

Firstly, it is arranged parallel to the direction of the trend. Secondly, the horizontal distance of faults is
about 6.5-7.5km and the equidistant distribution is obvious. Finally, the mechanics are characteristic of a

compresso-Shear fracture fault.

Except the four main fractures mentioned above, there are many small faults consistent to conjugate joints

in region whose direction is either NE or NW.

1.2 Fold Structure

The fold structure in the mining area lies between the Longtan fault and the Nantianmen fault. There are many
folds parallel to the main faults; for example, the Yudaigou Syncline, Wendengyingzi anticline, Beichengzi
Syncline, and the Beipiao Monoclinic.
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As far as it is known, the Beipiao coalfield is a monoclinal structure, tendency N 40°-60°E, dip NW

£25°-75°. It is possible for coal measures to be lifted because of the cut by the Jianzishan fault deep down.

After the formation of coal measures, the evidences show that tertiary laterite and quaternary loess are cut

by faults on Nantianmen fracture line affected by crustal movement and new structure.

2 Present Situation and Disaster Analysis of Underground Mining in Mining Area

It was built in 1922 in Beipiao mining area. Before liberation it had six pairs of inclined shafts and a pair of
shafts .After liberation, production was expanded gradually and extended to the deep step by step with
mined-out the shallow coal seam. Now there are three collieries, i.e. Sanbao mine with a pair of inclined shaft,
Guanshan mine with a pair of shafts and Taiji mine with both a pair of shafts and a pair of inclined shafts. The
general production capacity designed of three mines is 1920kt/a, but the final capacity is determined 2070kt/a.
At present, the mining depth is 722m in Taiji mine and the mining depth is 750m in Guanshan mine.

Taiji Shaft located on the west of coalfield is succeeding mining in the deep based on mining in the shallow
with three pairs of inclined shafts. It was constructed in 1966 and produced formally in 1974. The first
production level is -550m .Now it is transiting to -700m of the second level with +172.3m for wellhead
elevation. The development mode adopts central transportation tunnel in shaft level and district development in

rock tunnel.

The mining methods contain short-wall hydraulic mining, longwall mining and storage mining and so on.

Roof management is accomplished with roof subsidence naturally.

There are many sorts of natural disaster in Beipiao mining area. The disasters related to mining dynamic
reveal conclude coal and gas outburst, impact pressure and rock burst. The occurrence of microseism is frequent
in Taiji mining area and microseism is discovered in the west of Guanxishan recently. The maximum gas
pressure is up to 81.5kg/cm. It has taken place 1024 times for coal and gas outburst from 1951, and the general
amount is 42.4kt. The maximum of them is 1.635kt. Impact pressure happened three times and the maximum
intensity is 1.2t. With mining extended to the deep, rock burst phenomenon increased. It is up to 34times
include 3 times for shaft driving, 3 times for the level of -400m, 9 times for the level of -550m and19 times for
the level of -700m.

3 The Characteristics and Laws of Microseism in Mining Area

The characteristics and laws of microseism is studied by monitoring of microseism on the basis of epicenter and
comprehensive analysis of seismic data include microseism basic parameters. For analysis of the cause and
mechanism leaded to microseism in miming area, seismic station is set up. Microseism is monitored by
seismograph[1-3].

3.1 The Characteristics of Microseism in Mining Area

It has some characteristics such as shallow focus and high intensity. The focus depth is about 1~7km through
analysis of monitor data for microseism. It was felt in a wide area when Ms>1.0. The buildings both ground and
underground are destroyed slightly when 1.5<Ms<2.0. Damage is significant when Ms>2. For example, partial
section of underground roadway took place caving and track distorted. Even production is interrupted after
microseism took place on April 28, 1977 which intensity is up to 7 degree in the meizoseismal area.
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3.2 The Characteristics of Microseism Phase in Mining Area

According to the microseism graph record of Beipiao monitoring station, p-wave period is about 0.2s and
s-wave period is about 0.4s. It is likely blasting on the whole, but period surface wave develop well as well as
random and amplitude is slow compared with blasting.

Compared with seismic phase recorded by Chaoyang seismic station which distance and magnitude are
approximate,, not only P-wave, S-wave and the whole duration of microseism in mining area are shorter than

those of natural earthquake but also the period is longer and Short period surface wave develop more better.

3.3 The Characteristics of Seismic Distribution

Microseism epicenter is distributed in Taiji shaft and nearby area according to azimuth location method. Macro
examination of damage shows that about 78% of microseism with Ms>2 happened on the faults between F8 to
F13 in the middle of mine field.

3.4 The Annual Periodic Law of Microseism Activity in Mining Area

Periodicity of the distribution of microseism activity is obvious. Based on analysis of the sequence diagram
(ms>1.0) from 1971, there are two active stages and three relative quiet stages for microseism activity. The facts
show that the third active stage began in1987.

3.5 The Characteristics of Monthly Period and Daily Probability for Microseism in Mining Area

Based on statistics analysis of microseism frequency, the probability of microseism occurrence on three months
including March, April and August is high every year. According to statistical data for daily microseism
frequency with Ms>1.0, the probability of microseism occurrence is high at nine to seventeen every day.

3.6 The Law of Regional Stress Field

According to the results of rock stress determination and analysis of earthquake mechanism, stress field in the
mining area is nearly horizontal principal compressive stress in a nearly E-W direction consistent with regional
principal stress in Liaoxi area. Regional stress effect is major factor of microseism occurrence.

3.7 The Relation between Microseism and Small Faults in Mining Area

Under the control of regional stress field , microseism is closely related to fault structure in mine field due to
specific geological zones for Taiji shaft. After microseism happened with Ms>2.0, both sides of fault were
occurred relative slide. There have happened 13 times for microseism with Ms>2.0 on the faults, i.e. F8, F10,
F11, F12 and F13.

3.8 The Law of Movement and Deformation

Observation points are set up in the conglomerate roadway of coal measures basement. They move to goaf after
exploitation. Two parts of fault has relative displacement after microseism occurrence. The range of surface
subsidence enlarged and the subsidence velocity increased affected by microseism.

3.9 Correlation between Microseism in Mining Area and Local Earthquake

A strong linear correlation was observed between strain energy which released by microseism with Ms>1.0
every year and the logarithms of local earthquake annual frequency. The regression equation is:
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JE = -69.997 + 61.77 log N (1)

According to calculation, correlation coefficients are 0.9247 and 0.8162. The former epicenter distance is within
100km, and the latter is within 150km.All these illustrate that local earthquake affected strongly microseism.

3.10 The Precursor Information of Microseism in Mining Area

It is possible to obtain precursor information before microseism occurrence. The phenomena of microseism
frequent or small earthquake swarm can be observed before microseism occurrence with Ms>1.0. Two parts of
fault has relative displacement before microseism occurrence with Ms>2.0, displacement post-microseism is
opposite compared with before microseism.

3.11 Source Parameter Calculation and Prediction of Microseism in Mining Area

Spectral analysis shows that it is low stress drop event with the scale of source for hectometer magnitude, fault
average offset of 0.1—0.3cm, Stress drop to several pa. Medium factor-q is about 300 which are lower than
surrounding area. All these show that medium integrity is worse and occurrence of bigger microseism is
impossible.

3.12 Imaginary Wave Velocity

Time-space parameter of earthquake can be determined by using of propagation velocity and travel time table of
seismic wave.

Average crustal thickness is adopted In J-B travel-time. Parameter error is big for small range. So it is
necessary to obtain imaginary wave velocity for improving precision. Imaginary wave velocity in Liaoxi area is
obtained based on solving linear equation for more than four S—P data and group solving for several greater
earthquakes in 1982 and 1983.

4 Investigation and Analysis of Microseism Damage in Mining Area

There are many sorts of natural disaster, but it was not noticed for starting time of microseism occurrence.
People often felled slight shake since 1971, and from that time it increased year by year without obvious
damage. Building on the ground and engineering facilities underground were destroyed ,even production is
interrupted after microseism took place on April28, 1977 which magnitude is up to 3.8 degree. After that,
people pay more attention to microseism

From 1971 to 1986, there happened 1507 times for microseism with 18 times for Ms>2.0. Based on the data
of microseism for 14 times and investigation of damage situation, analysis results of microseismdamage for four

representational mining areas are shown in the Table 1[4].

Table 1 Analysis of microseism damage

No. | Occurrence | Magnitude Macro-location the situation of the damage On the ground and | the exploitation
time (Ms) the underground situation in the
vicinity
1 April 28, 3.8 The range of felt earth | 1. About 2km for meizoseismal area -400 ~ -550
1977 -quake was about 70km. 2. Cracks occurred for brick-concrete structure | Miming No.4 coal
06:46 AM The range of meizoseis- | buildings, chimney twist off. seam.
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mal area was about 2km 3. Cracks in chimney and wall, wall collapsed | Mining area was
The epicenter was loca | more than 400 houses in Taiwan Street .449 | located on the
-ted on No.10 fault. Overhaul, 12 people injured in Taiji street hanging wall of
4. In Taiji village, 715 houses damaged, 58 | No.10 fault i.e.
houses for serious cracks in the wall west side
5. Rock falling, both sides of fault relative
displacement, track distorting, etc.
2 April 7, 2.2 The range of felt earth | 1. Shaft station damaged badly in the level of | -400 ~-550
1981 -quake included the surface | -550, and falling rocks injured 5 workers. Mining No.4 coal
09:30 AM and underground. 2. Falling rocks was for about 200m3, and the | seam
The epicenter was loca | largest block was up to 2m in diameter in the | Mining area was
-ted on No. 13-2 fault. level -535 roadway. located on the
3. Both sides of fault had an obvious displ | hanging wall of
-acement. fault No. 12.
4. Winch room felt strongly and all of electrical | No.13-2 fault was
power equipment powered cut. in the middle of
mining area.
3 December 2.5 Felt of earthquake was | 1. Transformer substation on the ground powe | Roadway was
13, 1981 strongly including  of | -red cut. long 110m with
3:24 PM ground and underground | 2. Pressure increased in a large area such as rock | tunneling near to
The epicenter was loca | roadway, shaft station and the location near to | No.12 fault.
-ted on No.12 fault. the fault, etc.
4 April 27, 2.0 Felt of earthquake was | 1.Rock falling nearby fault No.8 Coal seam No. 8
1983 strongly including of | 2. Rock falling, floor heave and track distortion | and No. 9
7:26 PM ground and underground. affected transportation for 6 hours in the level
The epicenter was loca | -550 near to the fault No.8. Mining area was
-ted on No.12 fault. 3. The surface subsidence was up to 13m. | located on the
Buildings on the surface were damaged badly | fault No.S8.
after the earthquake.

Through investigation and analysis of microseism damage in mining area, the characteristics of damage are

shown as followed.

On the one hand, the characteristics of buildings damage on the surface are analysed. High and large
building for reinforced concrete structure, for example two shaft tower and one chimney which are up to 53m,
did not affect by microseism with the magnitudes of 3.8 and intensity of 7.But brick-concrete structure
buildings such as hostel, office building, chimney of industrial boiler house and so on are destroyed seriously.
Subsequently, these building are destroyed in different degree when Ms>2.5. Damage is obvious for masonry

structure bungalow and adobe house when Ms>2.0.

On the other hand, the characteristics of damage underground are analysed.The phenomena such as relative
displacement for both sides of fault, rock falling, floor heave of roadway and so on can be observed in the
conglomerate roadway of coal measures basement. For example, observation points in the hanging wall of fault

moved to goaf after microseism took place on April 28, 1977 which magnitude is up to 3.8 degree.

5 Dependence between Microseism, Mining Underground and Tectonic Activation

Both significant failure zone and macroscopic epicentral area lay in East Block No.l to West Block No.1 for 14
times microseism. The position of macroscopic epicenter has a close relation with exploitation area. With the
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enlargement of mining area and effect of repeat mining, the phenomena appeared repeatedly for fault activities
or continuous activities.Fault activities are related to the position of exploitation area, Most of which are
boundary faults activities.

O epicenter
the mining scope

Figure 1 Dependence between microseism, mining underground and tectonic activation

6 Conclusions

Through the observation and study of many years, the characteristics and laws of microseism are understood.
Microseism in mining areas is restricted by the regional stress field and is related to slope activities. Under the
leading role of the regional stress field, mining activities destroy the equilibrium state of the partial stress field.
Thus the fault becomes activated and coal and rock seams produce slight fracture. The energy of active faults is
released as microseism. It brings about a certain threat to the safety in production.

Microseism has little relation to the surface deformation, but affects normal laws of movement and
deformation on the surface. In addition, the relationship between microseism and deformation underground is

significant.
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Severe fracturing is occurring at some distance above the hangingwalls of some excavations. These conditions
could affect the long-term sustainability of the South African platinum industry if current horizontal to vertical
stress ratios persist to deeper levels. The fracturing is different to that experienced in the South African gold
mines, probably owing to the higher horizontal stresses in the shallow-dipping Bushveld strata and the ductile
nature of the darker platinum rocks. The severity of the problem appears to be related to the proportion of
plagioclase, i.e. lighter coloured rocks. As the immediate hangingwall of the Merensky Reef is usually
pyroxenite, which grades upwards into anorthosite, fracturing sometimes occurs in the upper strata whilst the
immediate hangingwall remains unfractured. This work was designed to determine if the observed
discontinuities were fractures that resulted from mining and, if so what the mechanism of formation was. Our
investigations included instrumentation that could monitor the seismicity associated with the fracturing and that
could detect the position and persistency of the planes that were formed. Evidence of prominent, persistent
shallow-dipping parting planes at heights of between 1.4 m to 2.4 m above the excavation was provided by a
ground penetrating radar survey, borehole core and borehole camera surveys. This set of discontinuities
extended over at least an area of 20 m x 20 m. The seismicity measured during excavation suggested that these
discontinuities were fractures that developed as a result of mining. The micro-seismic network suggested that
the fracturing above the excavation occurred near or at the face and little influence of other mining or external
seismicity was detected. Stress measurements conducted at a separate site showed high horizontal stress in some
anorthositic rocks - so called ‘stress channelling’.

1 Introduction

The Bushveld Complex is a large layered igneous intrusion which spans about 350 km from east to west. This
remarkable geological phenomenon is situated north of the city of Pretoria in the northern part of South Africa
(Figure 1), and hosts not only the majority of the world’s known platinum group metal resources but also
contains nickel and gold. There are also vast quantities of chromium and vanadium in seams parallel to the
platinum ore bodies, some hundreds of metres in the footwall and hangingwall respectively. The platinum group
metals are concentrated in two dipping planar ore bodies known as the Merensky Reef, a mineralised
pegmatoidal pyroxenite 0.7 m to 1.4 m thick, and, underlying this, the UG2 Reef, comprising one or more
chromitite seams of similar thickness. The strata generally dip toward the centre of the complex at 8° to 20°.
The k ratio varies from about 0.8 to over 2.5 and locally can cause severe strata control problems. The depth of
mining ranges from outcrop to 2300 m. In-stope chain pillars oriented either on strike for breast mining (Figure
2) or on dip for up or down dip mining are generally used to prevent backbreaks (stope collapses involving
large volumes of rock). At deeper levels these pillars are required to fail in a stable manner soon after being cut
(crush pillars). The residual strength of the pillars provides the required support resistance to prevent
backbreaks and keep the stope hangingwall stable.
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Severe fracturing occurs at some distance above the hangingwalls of some Merensky excavations,
producing parting planes and causing unstable hangingwall conditions. The fracturing is different to that
experienced in the gold mines, probably owing to the higher horizontal stresses in the anorthosites and the
ductile nature of the darker platinum rocks. The severity of the problem appears to be related to the proportion
of plagioclase, i.e. lighter coloured ‘anorthositic’ rocks. Thus fracturing sometimes occurs in the upper
anorthositic strata whilst the immediate pyroxenite hangingwall remains unfractured. In this study, borehole
camera observations, borehole core inspections, joint surveys, fracture mapping and Ground Penetrating Radar
(GPR) were used to classify a stope hangingwall and determine the extent of the fracturing at an
instrumentation site. Geophones were installed to determine whether the small events often heard in the stopes
were caused by the fracturing.
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Figure 1 The extent of the Bushveld platinum exposure.
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Figure 2 Plan view of a typical stope on one of the planar platinum ore bodies [1].

2  Site Description

An instrumentation site was established at Impala Platinum, at a depth of 1100 m below surface. Very little
mining had taken place around the panel (Figure 3). A 5m long vertical borehole was drilled into the
hangingwall from the Advanced Strike Gully (ASG) and a geophone installed. A borehole camera survey was
conducted in this borehole and the core was geologically logged and inspected to determine fracture densities
above the stope. A joint survey was conducted along Traverse A, the results are plotted in Figure 3. Since the
joint survey was conducted before the final face position (between Om and 45m in the figure), the
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discontinuities in the region of Traverse C are not shown except for the shallow-dipping dome joints (Set D)
observed in the ASG at the bottom of the panel.
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Figure 3 Stope sheet showing the instrumentation site. Traverses A, B and C show the hangingwall Ground Penetrating Radar scan lines.

The Reef dips at 9° towards the East. A major NW-SE dyke trend and a minor N-S to NNE-SSW structural
trend in the form of small dykes and faults occurs in the area. The average panel stoping width was 1.4 m with a
face length of 27 m and maximum strike span of 70 m. Four joint sets (Set A - D) were identified and the traces
of these discontinuities on the hangingwall are shown in Figure 3.

Figure 4 depicts a stratigraphic column of the lithologies immediately above the Merensky Reef stope. The
immediate footwall and hangingwall of the Reef is mottled anorthosite and pyroxenite respectively. There was a
typical gradational change between rock types above the instrumented stope with the nearest sharp contact
between rock types occurring at about 12 m above the stope.
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Figure 4 Stratigraphic column for the immediate stope hangingwall, based on the core from the borehole camera hole.

Stresses were not measured at the site. However, in another project on the same mine, measurements
conducted in nearby footwall anorthosites showed a horizontal to vertical stress ratio (k-ratio) of 1.3, or a
reasonably low horizontal stress of about 40 MPa. As no measurements were conducted in the anorthosites
above the hangingwall, the stress condition in these anorthosites is unknown. However, measurements above
the hangingwall at another Bushveld mine (Figure 5) showed that very high horizontal stresses are sometimes
uniquely resident in the anorthosites, but not in the other lithologies - so called ‘stress channelling’. The open
horizontal plane at about 10 m above this stope may be a fracture that developed during mining. The
mechanism for the development of this fracture could be a form of extension fracturing [3] that occurred when
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the vertical confinement was relieved during mining.

Horizontal stress (MPa)

Figure 5 Horizontal stress measured above the centre of a Merensky stope compared to elastic models with k-ratios of 0.5 and 2.0. The
black dashed lines show the approximate boundaries of the rock types and the red dashed lines show open discontinuities of fractures. The
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discontinuity at 10 m above the stope may be a fracture plane that developed during mining.
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3 Borehole Camera Survey and Borehole Core Inspection

The borehole was located 9.7 m from the face and 1.7 m ahead of the siding (Figure 3) at the time of the
investigation. The borehole camera survey revealed only one open discontinuity between heights of 1.2 m and
1.4 m. The borehole core (Figure 6) also indicated solid rock conditions above the stope with one possible
fracture plane at 1.6 m above the collar. The slightly higher position of this plane in the core is attributed to
errors due to drilling cracks in the core and the uneven collar used as a reference in the camera survey.

Possible fracture

3m

— g S, T
————————r % | PR

Figure 6 Borehole core and a possible fracture position at 1.6 m above the stope.

5 Ground Penetrating Radar Survey

Three traverses were undertaken in the dip and strike directions (Figure 3). The strike traverse line (Traverse A)
extended along the mid-panel area between 5m and 30 m of the stopped face position. Dip traverses were
surveyed in a down-dip direction at distances of 18 m (Traverse B) and 3 m (Traverse C) from the face position.
Figure 7 shows the interpreted radargram results.

-y
N s

Traverse C

Figure 7 Interpreted GPR radargrams. The main near horizontal anomaly is shown by a yellow line. Steep lines (pink) are interpreted as
near vertical joints (e.g. Set A or Set B). The anomaly indicated by blue lines could be associated with minor dyke structures occurring in
this area.
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Traverse ‘A’ shows a distinct horizontal anomaly occurring at about 2.2 m above the hangingwall (Figure
7). The feature, indicated by yellow lines, appears irregular and undulating with possible splays (which could be
processing artefacts). The feature is also detected in Traverse B where it is shown to dip at a shallow angle to
the hangingwall and also appears to flatten in the up-dip area. The distance between the hangingwall and the
structure is 1.4 m and 2.4 m in the down-dip and up-dip sides of the panel respectively. Clear dislocations of the
feature in Traverse B could represent minor fault displacements or en-echelon shear planes, indicative of high
horizontal stresses. Traverses A and B both show evidence of a prominent shallow-dipping parting plane
striking parallel to reef that is persistent for at least 20 m in both dip and strike directions. The anomaly could
represent a low-angle joint (set C) or dome joint (set D). However, these joint sets are closely spaced and if the
anomaly does represent these features, other similarly orientated features should be shown in the radargrams.
The appearance of this feature may be explained in three ways [6]:

The feature is a low-angle joint that contains abundant infill or is slightly open (air gap) compared to
similarly orientated joints;

A well developed fracture plane or fracture zone; and
A lithological contact reflecting the different rock properties of neighbouring rock types.

The absence (or limited presence) of the detected feature in the Traverse C radargram suggests either that
the face area is highly disturbed, possibly by fracturing, or that fracturing has not occurred in this area [6]. The
latter is unlikely as both the underground observations (Set D joints in Figure 3) and the seismic system suggest
the former. A similar radargram pattern is observed in the first 10 m of Traverse A. As the survey started about
5 m from the face, the results suggest that the disturbed face area actually extends about 15 m from the face.

The relative change in height of the horizontal anomaly determined in Traverse B, from 1.4 m to 2.4 m over
a 20 m distance, may mean that the feature consists of many smaller features. The data shows that the feature
dips at about 10° to the hangingwall and flattens out at around 2.4 m above the stope.

6 Seismic Monitoring

6.1 Instrumentation and Monitoring Configuration

The Ground Motion Monitor (GMM) used in this study (Figure 8) consisted of eight uniaxial geophones. The
GMM s a battery-powered stand-alone device capable of storing 512 waveforms, recorded on each of eight
channels. For this work, the system was modified to increase the sampling rate and expand the frequency band
towards the higher frequencies. This increased the quality of registration of the high-frequency microseismic
events associated with hangingwall fracturing. Seven geophones were installed in or on the hangingwall and
one geophone on the footwall (Figure 9). To improve the vertical resolution of the recording configuration, one
of the hangingwall geophones was installed in a vertical borehole at a height of 4.3 m above the stope.
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Figure 8 Ground Motion Monitor used in this study.
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Figure 9 Stope sheet showing the geophone layout at the instrumentation site (Figure 3). The squares represent the locations of the

geophones. The grey shows the unmined and pillar areas.

The site was monitored for about two months, which included periods of active mining and no mining in
the panel. During the monitoring period a total number of 1618 seismic events were recorded by the system.
This included near-field and far-field seismic events, blasts and noise triggers. The mine seismic network was
not used in the assessment as at the time of the investigation, only a single geophone, located far from the site,
was available.

6.2 Data Analysis

The first step in the seismic analysis was to determine the location of the seismic events. This involved
digitising the mine plan, surveying the positions of geophones and organising the database in an appropriate
format. The seismic processing software [7] was used to locate the seismic events and analyse their temporal
and spatial distribution.

Knowledge of the wave propagation velocity between the event and the geophone is critical in the event
location process. However, the variations in seismic velocities are not well known and could be a source of
significant location error. Locations of the seismic events were first evaluated using P- and S- velocities of
V,=6600 m/s and V,=3900 m/s. These values are commonly used by mine seismic networks in the region, but
represent the velocities of propagation in the solid rock in which the mine-network geophones are normally
installed. In this project, the geophones and the seismic sources of interest were located in the immediate
hangingwall where the rock mass was significantly more fractured and the location identification was therefore
relatively poor. Better velocity approximations were determined by carrying out a number of calibration blasts
at the site. The P-wave velocity was measured and the S-wave velocity was calculated from the ratio V=
V,/1.732, and adjusted to compensate for the higher horizontal stresses (the k-ratio was assumed to be 1.47).
The velocities used in the evaluations were 5600 m/s and 3400 m/s for the P-wave and S-wave, respectively.
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6.3 Seismic Results

Figure 10 shows the seismic events located in this panel. The results were grouped for the period of active
mining (10a) and no mining (10b) in the panel.

(a)

gt

Mg ide

(b)

Magnitude

Mugritud:

Figure 10 Location of the seismic events - plan view: a) seismic events during the period of active mining in the panel; b) seismic events
during the period of non-mining in the panel.

It is clear from Figure 10 that most of the seismic events occurred during the active mining of the panel.
Only a few seismic events were induced from mining elsewhere or from other sources of seismicity. The
majority of the seismic events located in the face area and are associated with fracturing during blasting.
However, a few strong seismic events located around a dyke positioned on the north side of the panel.

A section view of the seismic events, shown in Figure 11, indicates that the seismic events located mainly
in the hangingwall. The majority of these events located within 2 m to 2.5 m of the stope hangingwall, however
some events located up to 5 m above the stope. The average height of the recorded events appears to have
increased towards the up-dip side of the panel.
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Figure 11 Location of seismic events — section view.

A good correlation was found between the depth and size of the seismic events and the lithology of the
hangingwall. The first 2.2 m of the hangingwall is made up of pyroxenites and melanorites which correlate with
a high number of small seismic events occurring in a low stress environment. Stronger and probably less
fractured spotted anorthosites are located above 2.2 m, coinciding with the stronger seismic events located
higher in the hangingwall. However, there are two vertical geological structures running through the cluster of
the stronger seismic events which could be related to some of these events.

The Peak Particle Velocity (PPV) is a widely used parameter in the mining industry to characterise dynamic
loading of excavations. A number of studies carried out in gold mines have shown strong variations of the PPVs
in relation to:

The distance from the source [8];
The hangingwall and footwall behaviour [9]; and
The site effect measured on the surface of excavations [10, 11].

The distributions of PPVs recorded at this site during the period of active mining and period of non-mining
were compared in order to distinguish the level of loading during each period (Figure 12). The figure indicates
clearly that the PPVs were four to six times higher during the period of active mining than when no mining
occurred in the panel. From this it can be concluded that very few of the recorded events resulted from external
stimuli such as other seismic activity or mining outside of the panel.
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Figure 12 Peak particle velocities recorded during the monitoring period: a) PPVs recorded during active mining in the panel; b) PPVs
recorded while there was no mining in the panel.
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The site effect is defined as a difference between PPVs measured in the solid rock and the skin of the
excavation, To evaluate this effect the PPVs measured in the solid rock were compared to the PPVs measured
on the skin of the hangingwall (Figure 13). Again the figure clearly shows that the site effect during the period
of active mining is much higher than the site effect generated by outside seismic activities (during the period of
no mining in the panel).
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Figure 13 Peak particle velocities recorded in the solid rock above the hangingwall and in the skin of the hangingwall: a) during active
mining; b) during non-mining at this panel.

Figure 14 shows the PPVs recorded in the hangingwall and footwall. During the period of active mining,
the PPVs recorded in the hangingwall were generally much higher than those in the footwall. However, during
the period of no mining in the panel, the PPVs were similar in the hangingwall and footwall. These results
indicate that, during the active mining period, dynamic loading was concentrated in the hangingwall. When
mining in the panel ceased, the rate at which damage occurred in the hangingwall appears to have reduced
accordingly.
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Figure 14 Peak particle velocities recorded in the hangingwall and the footwall: a) during active mining; b) during non-mining at this panel.
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7 Conditions under which the Fracture Problem Occurs

14 panels associated with the hangingwall fracture problem were investigated to determine under what
conditions the fracturing is likely to occur. Interestingly, the panels were all relatively deep, mostly below
1100 m, and were often associated with lead-lag and remnant mining problems. This suggests that the fracture
problems are associated with abnormally high stress conditions. Stopes adjacent to a large pothole had to be
abandoned. Stress measurements conducted in a pothole [12] showed that high horizontal stresses can be
associated with some pothole structures.

Most of the observed fracturing occurred in anorthositic rocks and these lighter rocks, with a higher
percentage plagioclase, appear to be more susceptible to fracturing than are the darker rocks. In some cases
fracturing was observed at the approximate position of a change in rock type, as was apparently the case at the
instrumentation site.

The investigated panels mostly had relatively small minor spans, indicating that this form of fracturing
occurs even in limited spans and that stability is probably more dependent on good mining practice and stope
orientation than on span.

8 Discussion of Instrumentation Results and Observations

All of these results suggest that at the instrumentation site a parting plane developed between 1.6 m and 2.4 m
above the hangingwall. The borehole core shows that these heights coincide with the lithological changes from
pyroxenite to melanorite, and melanorite to spotted anorthosite, respectively.

The seismic events were generally located in the hangingwall of the panel. Most of the events, especially in
the low and intermediate range, were located close to the excavation surface in the pyroxenite and melanorite
belts ranging in thickness between 1.6 m and 2.4 m. The stronger seismic events were located higher in the
spotted anorthosites. Most of the seismic events were located around the face and were generated during or
shortly after the blasting. A good correlation was found between the site lithology, the rock properties, GPR
surveys and the physics behind the seismic events. The mechanism of the fracturing is suspected to be a form of
extension fracturing [3] due to the reduction of the vertical confining stress during mining. This fracturing may
also have been assisted by the stress conditions around the face and abutments.

GPR Traverse B, performed in the dip direction (Figure 15), indicates that the observed parting increased in
height above the stope towards the top of the stope. This plane could correspond to a change in lithology
thickness, or the plane of weakness could have migrated up from 1.6 m (top of pyroxenite) at the gully to 2.4 m
(approximately the top of the melanorite) towards the up-dip end of the panel. This would explain the location
of small seismic events at greater height in this portion of the panel.

Ll ]
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Height above stope (m)
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Figure 15 Radargram results of the GPR scan line in the reef dip direction.
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The peak particle velocities measured during active mining of the panel were found to be four to six times
higher than the PPVs measured during the period of no mining in the panel. The site effect was also found to be
much higher during the active mining period. In addition, during the active mining period most of the dynamic
loading was concentrated in the hangingwall. However, during the period when no mining was taking place in
the panel, the hangingwall and the footwall were equally loaded by outside seismic activities. The differences in
seismicity between the periods of mining and no mining show that damage to the hangingwall was due to
seismicity induced by mining in the panel. Remote blasting and seismic events had little effect on hangingwall
damage.

The panels identified with the fracture problem all suggested high stress conditions. As the fracturing
phenomenon has only been observed at deeper levels and associated with features associated with high
horizontal stress, the mechanism appears to be stress related. This implies that deeper level mining will evoke
more fracturing if the k ratios remain the same.

10 Conclusions

The research showed that the source of at least some of the small events (often heard in the stopes) is the
fracturing of the hangingwall. Rock tests conducted by the CSIR suggest that the lighter coloured anorthositic
rocks are more brittle than the pyroxenites. Observations suggest that horizontal fracturing develops
preferentially in the more brittle material. The seismic network also showed that the larger seismic events
occurred in the anorthosites. Historical studies conducted on stopes where fracturing was observed, suggest that
the horizontal stress levels were relatively high and the fracturing is suspected to be the result of a form of
extension fracturing [3] that occurs when the vertical confinement is reduced due to mining. This condition may
be exacerbated by the stress condition at the face and abutments.

The results of the investigation suggest that the fracture problem could worsen with depth if the current k
ratios persist to deeper levels. These conditions could affect the long-term sustainability of the platinum
industry.
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Kanowna Belle Gold Mine is a seismically active mine with stoping below 1000m. Control of seismicity is
critical to the future of the mine, both in terms of safety and economics. To achieve this a number of control
systems have been put in place so as to manage seismicity on a mine wide scale down to day to development
headings. This seismic management has been achieved through hazard quantification. Seismic hazard involves
the study of the mines seismicity in conjunction with geological, Geotechnical settings and the layout and
stoping method. The results of this work is the stoping sequence, planning implications, support system and
other tertiary control systems.

1 Introduction

1.1 Overview of Kanowna Belle Mine — Location, Geological Setting and Mining Method

The Kanowna Belle Gold Mine is located 18 km NE of Kalgoorlie and 2 km west of the historic gold mining
centre of Kanowna, Western Australia.

The Kanowna Belle deposit is hosted by sedimentary volcaniclastic and conglomeratic rocks, which are
separated into hangingwall and footwall sequences by a major, steeply SSE dipping zone of structural
disruption. The orebody strikes East West, varies from 5 — 50 m in width with an average dip of 65°. The
strike length is 500 m with a down- plunge extent greater than 1400 m.

The main structural feature of the deposit is the Fitzroy fault, varying width and dip — a undulating feature
dipping on average 65° and is gouge filled in some areas, but mainly a zone of highly broken rock. The fault
forms the footwall in A,B and C block and the hanging wall of the ore zone in D and E block and this is
encompassed by a footwall and hanging wall shear zone, which can be up to 30 m wide. Three felsic units
occur in the footwall, which terminate at the Fitzroy fault. A number of splay structures off the fault exists.
These are sub-parallel to the fault and occur either side of the fault. They are substantial in length and down dip
strike. Figure 1 shows a plan view of the generalised geology for Kanowna Belle. [1]

The mine has been split into five mining blocks, A block — mined out, B — partly mined, C — currently
mining almost complete, D — currently mining, E — developing. The mining method is long-hole open stoping,
with 30 m sublevels. Sequencing is centre out bottom up with paste fill.

The rockmass has an intact rock strength measured between 90 to 140 MPa. Up to 4 joint sets are present
throughout the mine with local areas (stopes) having 2 to 3 joint sets. In general the rock mass can be described
to be fair to very good, with the exception of the Fitzroy fault being very poor, [2].
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Figure 1 Generalised geology of Kanowna Belle

The major principal stress at 1000 m is 75 MPa and is horizontal (124/06). In general walls are more
affected by stress than the backs. This due to the high horizontal stress acting on the walls, whereas the backs,
with an arched profile, are in compression and have been stable in observed seismic events.

2 Seismicity at Kanowna Belle

Seismicity at Kanowna Belle is mainly associated with structures. The position of major structures and
lithological contacts are known and seismicity clusters located consistently along these structures. Seismicity
associated with structures is considered to be greater that -0.5 local, (ISS) magnitude. Number of events
typically recorded in a month is around 1000, of these 20 — 50 can be greater than -0.5 magnitude.

Figure 2 A 2.0 local magnitude seismic event during development of an ore drive
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The failure mechanism is typically fault-slip. The ratio of S-wave Energy to P-wave Energy of the seismic
event indicates shear mechanism of the structures present. Floor heave is a common characteristic of large
events at Kanowna Belle, along with bulking of the sidewalls and is possibly linked to re-adjustment of
structural blocks at critical equilibrium along lines of weakness where the development/stope openings provides
freedom of movement. Where support fails there is often evidence of ejection from the sidewalls. In most
incidences there is little to no damage to backs of the drive, this is shown in figure 2. An explanation for this is
that due to the high horizontal stress and orientation of structures being almost parallel results in low strength to
resist shearing.

The Fitzroy fault the dominant structure of the mine, which is gouge filled, has been modelled to have high
shear strength, probably due to asperities, but slips relatively easily which does not necessarily result in
significant seismicity. The Fitzroy fault is approximately 30° from the principle stress direction. It is
considered that the movement of the Fitzroy fault then initiates other structures to move, and as these are near
parallel to the stress field the result is more significant with seismicity sometimes resulting in damage.

2.1 History of Damaging Events

Monitoring stated in May 2000, first significant damaging event occurred on the 1% April 2002, a 0.1 local
magnitude event, in development 9440 HW drive The majority of seismicity has occurred in D block, below a
depth of 740 m, where the Fitzroy fault now locates on the hanging wall of the ore zone and general ground
condition have become worse due to a larger number of cross cutting structures.

Seismicity in E block, below 1000 m, has been mainly confined to the western end of the footwall drive and
truck loop. There is a larger concentration of active cross cutting structures intersecting the footwall and truck
loop. Stoping activities in E block has only recently begun and has had a low seismic reaction so far. E block
below 1000 m has only just begun stoping and few events have occurred, the most active location being the
9330 level and truck loop, this level is influenced by the crown level below D block and has been subjected to
change in stress distribution, stope firings and backfill water opening joints. Additionally the 9330 has a large
amount of cross cutting structures. The most active area of the mine, D block from the 9590 to 9500 levels has
been influenced buy a number major seismically active structures intersecting the Fitzroy fault in an area
approximately 60 m by 90 m down dip.

During development approximately 21 significant events have occurred, greater than local magnitude 1. Of
these 15 caused damage and of these 9 were during development. During stoping 23 significant events have
occurred with 9 causing damage in accesses. All the events had the potential to injure personnel, only 1 minor
injury occurred and only 1 machine damage. This injury was to a long hole driller who was stepping off his rig
when an event caused floor heave to occur. Events that caused failure within stopes have not been included.

2.2 The Seismic System

The system is an ISS system and consists of: 45 sensors, these are connected to 16 boxes, an assortment of MS,
QS and GS boxes. Sensors are spaced at approximately 150 m to create a reasonable sensitive array.

Accelerometers, (triaxial and Uniaxial), are the most common sensor so as to be able to detect a large
magnitude range, especially less than 1, the triaxial geophones allow a balance in locating larger events and
when events are situated close to accelerometers. Due to this mix the array density is reasonable dense. The
majority of sensors are located on the footwall side of the orebody, but where access, such as exploration drill
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drives, sensor are placed on the hanging wall side. A seismic controller located underground, this collects the
data and sends it to surface. This system, allows data to be collected even if communications are down between
underground and surface, data is sent at a later date or can be down loaded. This system also allows for two
backs ups, one underground the other on surface.

Processing is done on site by the Geotechnical department every morning with JIMTS. Additional analysis
is then done using JDi — analysis software provided by ISS and MSRAP, software provided by the Australian
Centre for Geomechanics to interpret ate the data. MSRAP has been recently acquired by the company and is
mainly used for reporting and is being developed for hazard assessment. JDi is the main interpretation package
used on site.

3 Seismic Management Systems

This section details the systems used at Kanowna Belle to manage seismicity. The management of seismicity
relies on a combination of control systems and analytical techniques. No one system can be used to control
seismicity.

3.1 Mine Design

Mine design is the first means to control seismicity, but to do this the hazard has to be identified. Mine design
incorporates data collection, seismic hazard identification, development layout and stope sequence and design.

3.1.1 Seismic Hazard Identification
Seismic hazard identification consists of ranking the seismic risk against a set of criteria, these include:

e Structural interpretation: data is from diamond drill geological interpretation, underground mapping
and seismic activity/clustering. The mine has recently purchased Adamtech, a 3D photogrammetry
system. This is allowing structural data collection when incycle shotcreting is being used, where
standard mapping practices are not possible.

e Rockmass quality: data if collected from diamond drilling and entered in to a rockmass database to
create a rockmass model with RQD, Fracture frequency and other properties to be analysed in three
dimensions.

e Active seismic clusters: in combination with known structures, structures can be extended where no
interpretation exists, new structures can be interoperated. The spatial and temporal distribution is
studied to determine a structures behaviour over time and its reaction to development and stope blasts,
figure 3 shows an example of seismicity occurring on structures.

e Stress analysis: stress and stress-change analysis, (dS1; dS2; dS3 - instability), sequence modelling in
Map3D and Abacus.

e Historic seismic displacement contours: displacement contouring is used to determine the extent of risk
based on historic behaviour. Seismic displacement contours is based on the distribution and magnitude
of past events.

e Occurrence of large seismic events: these are important to study as they generally indicate the
behaviour of a structure that is likely to be high risk,

e Extraction and development geometry: actual verses planned mine extraction layout.
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Figure 3 Plan view of a level showing structure and seismic activity aligning

3.1.2 Risk Ranking

The seismic hazard identification leads on to risk ranking of development and stopes. The ranking is based on
the following definitions of risk:

Low seismic hazard: rockmass response to mining and stress change results in a high probability that events
exists of less than -0.5 local magnitude within the time of the planned development and or stope extraction.
Historically majority of events less than -0.5 local magnitude and can not associate events with structures. No
damage or deterioration is expected in this area.

Moderate seismic hazard: rockmass response to mining and stress change results in a 40-60 % probability
that events exists of greater than -0.5 local magnitude within the time of the planned development and or stope
extraction. There is a low response in the area, no mapped structures, but possible structure exists. Low level
of damage and or deterioration is expected.

Medium seismic hazard: rockmass response to mining and stress change results in a 60-80 % probability
that events exists of greater than 0.5 local magnitude within the time of the planned development and or stope
extraction. Structures exist, but have a low level of seismicity associated with them, no significant events
greater than 1+ local magnitude have occurred. Some medium level of damage and or deterioration may occur.

High seismic hazard: rockmass response to mining and stress change results in a 80 %+ probability that
events exists of greater than 1.5 local magnitude within the time of the planned development and or stope
extraction. Active structures are known to exists with a history of events greater than magnitude 1 exists.
Extensive rehabilitation has occurred and or is likely to be required from damage and deterioration.
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Extreme seismic risk: Extensive damage and events greater than magnitude 2 have occurred in the past and
extensive rockmass deterioration exists.  Structures are highly active and have a large response to
development/stoping. It is highly likely mining and further stope extraction will not be feasible in the future.

3.1.3 Development Layout
Base on the seismic hazard identification a number of rules and learning’s have been developed, these include:

e Stand-off ore drives from the Fitzroy by at least 5 m — this reduces the risk of a seismic event during
development and reduces potential damage to draw points and stope accesses.

o Developing from the west to the east has a higher risk of seismicity than from east to west. This is due
to the structure and stress orientation being similar.

e Minimise development in poor quality rock and seismic prone areas.

e Where possible development to intersect structures perpendicularly.

e Footwall drive to be placed 20 m minimum from planned stope footwall.
e  Apply dynamic support to active/high risk structures

¢ Avoid structural intersections in openings

¢ Minimise intersection size, i.e. avoid where possible four-way intersections.

3.1.4 Stope Designs

Each stope has a specific stope design. This design is geotechnical assessed and recommendations made
relating to seismic risk rating a dilution risk rating. Expected exclusion zone are given and backfill
requirements given. A number of design rules for stopes have been developed, these include:

e Inter-level spacing 30 m

e D block maximum strike width 20 m, for E block 15 m

e D block A panel (up against Fitzroy fault), maximum HW dip exposure 40 m
e D block B/C panels maximum stope height 60 m

e E block HW dip exposure maximum distance is 75 m — with the 15 m strike length, double and
possible triple lifts will be allowable due to the reduced dilution risk.

e Wall design no undercut of hanging wall, east or west walls by stoping or sub-parallel development

3.1.5 Sequencing

The mining sequence is geotechnically controlled. A number of rules have been developed and once set can not
be changed unless a geotechnical study shows otherwise, the base design rules include:

e D and E block bottom up extraction centre out.
e  Where possible develop east-west.

e Design continuous retreat extraction and avoid pillars where possible. Where it is necessary to place
pillars a study will be made on the minimum pillar strike width.

e Avoid double stope abutments along strike.

e Avoid double dip hanging wall exposures in D block due to 20 m strike lengths.
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e Maximum of 1 A-panel stope lead/lag along strike.
e Maximum 2 filled vertical stope abutments along dip.
e 100 % sequential pastefill.

e Minimise delay to paste filling of stope, stopes must be paste filled.

3.2 Support Systems

The second line of defence in controlling seismicity is the use of support systems. This needs to be viewed as
control on a local scale and may require maintenance over the life of a particular area. Kanowna Belle has
developed a number of support systems for varying ground conditions and seismic risk. In-cycle fibrecrete is
used in all E block development and as required in other areas above E block. Friction bolts in combination
with mesh and fibrecrete are the most common systems used for support of low to medium seismic risk. For
high seismic risk areas dynamic support systems have been developed. The Garford bolt in conjunction with
high strength fibrecrete and mesh is used in high seismic risk areas and has been extensively described in papers
[3] [4]. Mesh placed over the fibrecrete is an important part of the system. During a significant seismic event
the fibrecrete between bolts maybe ejected in small, mesh controls this ejection.

The concept of how support is managed at Kanowna Belle is by an analysis of specific areas where support
is not placed on a blanket approach. Support systems can be “switched on switched-off” as required depending
on the environment and seismic monitoring. Development is coded into seismic risk and relevant Ground
Support Instructions (GSI) is issued.

3.3 Exclusion Zones
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Figure 4. Time of day distribution of seismicity for Kanowna Belle

Exclusion zones is the third means of controlling dilution and protecting personnel. They are set based upon the
seismic risk and history of the area. Exclusion times vary from 1 hour to 24 hours, with the most common time
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being 3 hours. Figure 4 shows a time of day distribution for seismicity at Kanowna Belle. The graph shows
that the majority of events occur after blasting, 6 am and 6 pm, but there is a consistent amount of events
occurring throughout the day with the chance of large events occurring out side blasting times. Large events
have occurred days to weeks after a major stress change in that area.

3.4 Reporting

All underground personnel report ground movement occurrences, (includes noise, cracks opening up, falls of
ground, support damage, water inflow), on a Ground Observation form. This form allows Geotechnical
engineers to investigate any ground movement or ground noise. A valuable tool that backs up seismic reports
and damage. Also if the seismic system is down or sensor not working additional information can be given first
hand by personnel in the area.

7 Conclusions

In conclusion Kanowna Belle has developed a multi-tired system to manage seismicity. Based on the
identification and quantification of seismicity, the systems developed aim to design out high risk areas first,
then use support methods to target specific high risk areas. Final control systems offer the least effective
system, as seismicity can not be predicted and has been shown may occur outside exclusion zone, but exclusion
zones and support are systems that the workforce can identify with and gain an understanding and respect for
seismicity. Kanowna Belle future is to stope below 1000 m, the systems developed and lessons learnt will be
critical to the success in mining in an increasing high risk environment.
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ROCK MASS STRENGTH AND SIESMICITY DURING CAVING PROPAGATION AT THE
EL TENIENTE MINE, CHILE
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Rock masses of primary copper ore at the El Teniente mine have been described as very competent and massive during
caving operations. Underground mining operations have been accompanied with intense induced seismicity, and severe
seismic failures have been experienced in pass years during caving propagation. Major factors causing seismicity have been
analysed through back analysis studies undertaken at the Esmeralda mine sector during caving initiation and propagation.
These studies included, rock structure characterization, data analysis of the recorded seimicity and the production records,
and numerical modelling to assess the state of the stress in three different mine sectors. Mining parameters such as the
extraction rate that influence caving propagation, were found to be similar between the studied sectors, however, the
recorded seismicity of completely caved rock masses of similar volumes were found to be very different from each other.
The numerical model results indicated that the stress path in a rock type from one particular sector during caving
propagation moved in a direction where severe seismicity should be expected, however the recorded seismicity was benign
compared to the observed seismicity in other studied sectors. This rock mass response is only possible for a rock mass with
low strength, which can be described through the application of a novel definition of weak discontinuities. The results agree
with the concept that the low rock mass strength correlates with the abundance of weak discontinuities, and therefore these
rock mass features that to be considered in any kind of seismic risk analysis at the mine site.

1 Introduction

Mining activities, such as block caving, disturb the near stress field within the rock mass surrounding the
excavations (cave). This may result in stress levels exceeding the rock mass strength. If this is the case, rock
failure may occur and the potential energy accumulated in the rock mass may be released (unloaded) gradually
or suddenly. The rock failure may occur through the intact rock material (fracturing) or through a pre-existing
discontinuity (slip). A mining induced seismic event corresponds to the radiated energy during a sudden rock
mass failure. In general, the characteristic of the induced seismic event will depend of the strength of the rock
mass, the state of stress, the size of the source of the seismic radiation, and on the rate at which the rock mass is
deformed during rock mass failure [1].

The El Teniente mine is the largest underground mine in the world located in central Chile. The mine has
been operating since 1906 and is currently mining of around 140,000 tonnes per day (tpd) using block caving
methods. Rock masses of primary copper ore at the El Teniente mine have been described as very competent
and massive during caving operation. This is because caving performance has been typifies by larger than
expected fragmentation, and the rock mass has exhibited brittle, often violent failure under a high stress
conditions [2,3,4]. Severe seismic failures have compromised the safety of underground operators and caused
delay in mine development and production. It is currently believed that induced seismicity during caving
operation ‘has more relation to the rock mass characteristics (competence) rather than other factors’ [5]. In
fact, a massive hydraulic fracturing experiment has been undertaken within particular El Teniente mine sectors
to facilitate caving propagation. This is expected to result in a more controlled dissipation of energy (seismicity)
as the rock mass strength properties will have been modified [5].
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Rock mass strength has been historically assessed through the application of rock mass classification
schemes. For a jointed rock, its strength can be correlated to the degree of rock mass fracturing. The
“competent” and “massive” rock mass of the primary copper ore at the El Teniente mine is a rock with almost
no joints (open discontinuities according to the International Society of Rock Mechanics [6]). However, there is
a high frequency network of small scale veins (cemented-healed joints) coupled with widely spaced faults.
Recently studies have found an empirical criterion to define weak discontinuities from such rock masses [7].
These weak discontinuities represent the weak path where the competent rock mass can fail during the
fragmentation process. It is believed that the rock mass strength of the primary copper ore can be correlated
with the abundance of these weak discontinuities, and therefore, these are important factors in the seismic
response during caving propagation.

A back analysis study was undertaken at the Esmeralda mine sector within the El Teniente mine to
investigate the importance of these weak discontinuities relating to the rock mass strength and the induced
seismicity. The main studies included; new rock structure characterization and structural data analysis, data
analysis of the recorded seismicity and the production records, and numerical modelling to assess the state of
the stress prior and during caving propagation. This paper presents the result of this study and discusses its
implication on seismic risk assessment to the new mine level project which will be located around 320m deeper
than the existing Esmeralda undercut level within the ore body.

2 The El Teniente Overview

The El Teniente mine is a Codelco-Chile underground copper mine. It is located in the Andes Mountains in the
central zone of Chile, about 70 km South-Southeast from the capital city, Santiago (Figure 1). Since 1906 more
than 1100 million tons of ore have been mined using block caving methods. Panel and pre-undercut caving
methods, variations of the conventional block caving, were introduced in 1982 and 1994 respectively to exploit
primary copper ore. Taking advantage of gravity, block caving recovers the disassembled ore in regular ‘block’
areas. At the same time panel caving develops a continuous front cave, which sometimes can be 600m long [5].
Pre-undercut caving mainly differs from panel caving, called conventional according to [8], because the
undercut level (ucl) is developed ahead of all development below the undercut levels (Figure 2).

West View looking from South

Subsidence
boundary

Caved and (Fw Sector)
fractured

zone Ten-4 mine level, 2352z
o —
: e e Esmeralda undercut level, 2210z
Reno mine sector 2120z

Mine level (z) = Sea level —21.36 m

Figure 1 Location of the El Teniente mine and isometric view showing the highly variable topography of the andes mountains.

El Teniente is the largest known copper-molybdenum deposit in the world; main rock types include Mafic
(gabbros, diabases and other called Cmef) and Felsic (dacite and tonalite-diorite porphyries) intrusives, and
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hydrothermal breccias of the Miocene era [9]. Two main structure types are observed within the primary copper
ore; a system of large-scale faults and a stockwork having a high frequency of small-scale vein features [7].
Veins are mainly cemented with quartz, sulphides and anhydrite. The stockwork veins containing the original

mineralogy are healed. Different vein types have been identified, and these define alterations zones according to
their local abundance.
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Figure 2 Pre-undercut caving method variant applied at the Esmeralda mine sector (modified from [4]).

These geological features agree with its observed “competent” and “massive” behaviour. However, caving
has been achieved in such rock masses with a small hydraulic radius of around 25m at both the Esmeralda mine
sector [8] and Reno mine sector (former Ten Sub-6) during its experimental operation [4]. These two caving
experiences seem to be contrary to the description of a competent and massive rock mass considering that rock
masses of secondary ore, which are heavily fractured, have achieved caving with a hydraulic radius of 22m.
Intact rock properties based on hundreds of laboratory test and rating of main rock mass classification system
used in current mine planning for main rock types are presented in Table 1.

Table 1. Intact rock properties and rock mass quality rating per main rock types at the El Teniente mine

Intact rock properties Rock mass rating
Rock type - 3
Density (tonnes/m”) | E (GPa) v UCS (MPa) IRMR o' GSI
Braden breccias 2.61 21 0.19 70 — — —
Dacite 2.63 30 0.18 90 59-66 22-32 75-95
Diorite 2.71 45 0.21 140 64 19 75-90
Cmet 2.77 56 0.20 115 53-59 19-22 70-85

Notes: E; Young’s modulus, v; Poisson’s ratio, /RMR [10], Q' (without Jw/SRF quotient) adapted from [11], and the
geological strength index (GSI) [12].

2.1 The Esmeralda Mine Sector

The Esmeralda mine sector introduced the pre-undercutting caving method at the El Teniente mine. This mine
sector included a production plan of 350Mtons of ore with 1% of Cu and a life span of over 35 years. The
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undercutting was initiated in October 1996, and caving initiation started one year later triggered by ore drawing
at the production level. The breakthrough to upper mine level was estimated to occur between April and May
1999, when the hydraulic radius reached a value of 25m. The effective mined area, defined by active draw
points or Active Footprint, at this time was 16,800m? [13]. This mine sector is located in the central part of the
El Teniente ore body, at the Eastern side of the Braden Pipe. Caving initiation was located only 100 meters
below the old Teniente 4 South mine level to reduce the seismic risk level (see Figure 1).

Main geological features within the area of interest are; two main rock types, Cmet and diorite porphyry
(just diorite here); two hydrothermal alteration zones, late (LH) and principal (PH); one mayor fault system
named Fault B [14]. The hydrothermal alteration zones coincide with the principal orientation reference at the
mine such as the hangingwall (Hw) and the footwall (Fw) sectors (Figure 3). Evidence of seismicity at the
Esmeralda mine sector started after the undercutting initiation [3]. Until 2005 more than 150,000 events have
been processed by the mine wide microseismic system monitoring in that mine sector. Seismicity due to
blasting has not been included in this number.
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Figure 3 Main geological features and structural domain definition (within dashed lines) at the Esmeralda mine sector (adapted from [14]).

3 Back Analysis Studies

3.1 Rock Structure Characterization

The characterisation of rock structure was undertaken mainly considering two mapping scales; data collected
from drive mapping to account for large scale structures, and large diameter oriented core logging to account for
small scale structures. Drive mapping and oriented core logging used a truncation bias length > 4.0 and 0.1
meters long respectively. Different structural domains (Figure 3) of this mine sector were characterised using
the same methodology, which is described in detail in [7]. Only three large diameter oriented cores were
available for data collection within this mine sector (denoted by black stars in Figure 3), and only horizontal
sampling directions were used during drive mapping, then orientation bias in the structural analysis is expected.

To evaluate the impact of orientation bias, additional structural data were reviewed. These included old data
collected using scanlines placed in three semi-orthogonal sampling directions in mine drives of the mine sector,
and new fault data collected using three 100m long, small diameter oriented core, drilled in three orthogonal
sampling directions [15].
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Similar to what has been found in other mine sectors, veins comprise at least three semi-orthogonal set
orientations each having high frequency [7], whereas up to two sets of widely spaced sub-vertical faults having
spacing in excess of Sm have been found (Figure 4, 5 and Table 2). Figure 4 shows the principal orientations of
veins that were collected using scanlines placed in Cmet rock type from the Fw sector. Sub-vertical fault
orientations observed in Figure 4 are in agreement with the strike-slip faults’ characteristics described at the
mine scale [16] and with the fact that no sub-horizontal faults were observed in the small diameter sub-vertical
oriented cores located below the Fw sector in the area of study [15].
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Figure 4 Sterographic projection of faults and mineralized veins recognized at the Esmeralda mine sector

The structural analysis of veins presented in Table 2 and Figure 5 considered the novel definition of weak
discontinuities [7], i.e., only weak veins were included to the spacing determinations. Figure 5 shows the result
of a stochastic simulation of the rock structure base on data collected using large diameter oriented core. In this
case, only thicker weak veins (thickness >2mm) were included in the simulation [17,18]. The software program
used, assumed a Fisher distribution for orientation, negative exponential distribution for spacing and infinite
trace length for discontinuity size.

Table 2. Normal set spacing of weak veins and faults observed in mine drives (drive mapping) per structural domain [17,18].

. - e 1 Mean of the normal set spacing (m)
k.
Discontinuity type Dip/Dipdir Cmet Hw2 Cmet Hwl Diorite Cmet Fw2 Cmet Fwl

90/316 74% 52 58 32 53

. 80/232 8.6% 93 95 53

Weak Veins 75/029 5.8 7.6 6.0 8.1
49/191 9.9+ 9.0 6.8%

89/143 721 557 6.71 8.0

Faults 86/035 8.7 8.8 52¢ 8.8

Notes: **; approximate orientation. The spacing values were obtained from less than 40(t), 20(*), and 10 (}) spacing data, respectively.

Figure 5 shows the in situ block size distributions defined by weak veins, which also indicates the
abundance of weak veins (“‘fracturing”) per unit type. There is more abundance of weak discontinuities in rock
from Cmet Fw than other rock types and sector. Therefore, data suggest that rock masses of primary copper ore
at the El Teniente mine consist of an assemblage of blocks mainly bounded by veins of different strength and
widely spaced sub-vertical fault contacts. This rock mass concept agrees with which has been observed in caved
rock blocks from production level draw points [7], i.e., rock mass disassembly during caving and fragmentation
progress occurred through all these weak discontinuities (faults and weak veins).
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Figure 5 In situ rock block distributions per unit type based on large diameter oriented core data.

Weak veins can be correlated with the late alteration stages during ore formation, which are more related to
the diorite intrusions. Therefore, and based on geological model interpretation, it is expected to find more
abundance of weaker veins within Cmet rock type surrounding diorite intrusions and less abundance of weaker
veins far away from them, and close to the breccia Braden (Hw sector).

3.2 Mine Production and Control of the Induced Seismicity

Various rules, based on mining activities, have been established to control induced seismicity at the El Teniente
mine [2,3,4,19]. Mining parameters such as the undercutting advance rate (increment of the hydraulic radius)
and the extraction rates (draw) modify the size and geometry of the cave, which control induced stresses that
cause induced seismicity. Therefore, management the induced seismicity can be based on controlling the rate of
these mining parameters, as used at the Esmeralda mine sector [4,8].

One of the main concepts gained through Esmeralda’s experience is the “30% of the column height
extraction” (applied only to primary copper ore). It has been observed, particularly in this mine sector during
caving propagation (1998-9), that for 1 meter high of ore extraction at the production level draw points, the
broken rock mass in the caveback grew up to 3 meter high, therefore the caveback may breakthrough (reach the
top of extracted rock column) after the ore extraction reach 30% of the column height. It is expected that most
of the induced seismicity occurs before the ore extraction reaches this 30% of the primary ore column height,
therefore, extraction rate is only constrained to this column height [4,8].

Three similar rock volumes within Esmeralda mine sector were studied through the present back analysis.
These represent three rock/unit types; Cmet Hw(1), Diorite, and Cmet Fw(1-2) as shown Figure 6 (grey colour
areas). Figure 6 also shows the area delimited by the 30% of the column high extraction by year (extraction
front), including when breakthrough occurred. Most of the areas of Cmet Hw and Diorite unit types were
extracted before Dec-1999, and Cmet Fw before Dec-2001. The same figure includes the undercutting area
affecting these studied sectors. Again, most of the areas of the column base of Cmet Hw and Diorite unit types
were completely cut before Dec-1998, and Cmet Fw before Dec-1999. The extraction rates in these three
studied volumes in terms of cumulative tonnes extracted per month is shown in Figure 7. As it could be
expected, due to the draw strategies, the three sectors were practically exploited at the same extraction rate.

3.3 Mine Seismicity

The characteristics of the seismic monitoring system used to record the seismicity at the El Teniente mine and
particularly to the Esmeralda mine sector has been described in RaMiS5 [3]. It is necessary to mention that
some seismic error location (= 40m?) may be expected, as the velocity model used at the mine site does not
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considered the void produced by caving. In other words, the velocity model assumes straight ray path whereas
seismic wave travel around the cave. Moment tensor estimates using the inversion procedure with the JIMTS-
ISS software package at the mine site are less affected by error location according to the assessment undertaken

by ISS Limited [20].
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The whole seismicity recorded within the three studied rock volumes between 1996 and 2003 is presented
in Figure 8. Each volume encompasses its own area shown in Figure 6, and its column height goes from
2210m(z) to 2250m(z). Three important increments of seismic intensity are shown this figure; the first one was
during caving initiation, the second one correlated when the caveback reached (breakthrough) the broken rock
located in the Ten-4 upper level (see also Figure 1), and the last one was during 2001. During breakthrough,
undercutting had taken place in most of the area including the three studied sectors. The remaining induced
seismicity occurred after breakthrough, which maybe interpreted to correlate to both the advancing cave and
extraction front. The last increase of seismic activity which occurred during 2001 and beginning of 2002 is
discussed later. Nevertheless, it is considered that this seismicity is related to the continue movement of
extraction front outside of studied sectors (see Figure 6).
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Figure 8 Proportion of the cumulative seismicity recorded in Esmeralda mine sector per each location.

Since the rock mass encompassed in each of the studied volume was completely caved (failed), it could be
expected, that the whole seismicity recorded was the result of two main factors; the rock mass strength (rock
structure features) and the stated of stress (stress path) during caving propagation [1]. It has been shown that the
extraction rate was similar in each sector (Figure 7), i.e., the average mining activities were undertaken in a
similar fashion.

The seismicity recorded within each sector of Cmet rock type, and the Gutenberg -Richter curve for each
studied rock volume are illustrated in Figure 9. The Gutenberg —Richter curves show that the system sensitivity
(Mw,;,) is the same in each of the studied sector within Esmeralda mine sector. This plot also shows that Cmet
rock masses of the Fw sector have recorded considerably fewer seismic events and lower local magnitude than
other unit types. It seems to be that Cmet rock masses of the Fw sector tend to fail more in an aseismic way.

The apparent volume of the recorded seismicity throughout caving propagation within each rock volume is
shown in Figure 10. A first jump in the cumulative apparent volume correlates with the breakthrough (early
1999), which is also very different between units types. This agrees with the large number of events observed in
diorite and Cmet Hw units types. A possible interpretation is that the major stiffness of these two rock types
(inferred from Figure 5) led to store more potential energy, which is released through more large seismic events.
The second clear jump in this figure occurred during early 2001 in rock masses of Cmet Fw sector, and during
middle 2001 in diorite and Cmet Hw units types. Although, this is not longer interpreted here, this agrees with
Figure 8. However, it is very clear from Figure 10, that considerably less apparent volume was observed in the
Cmet Fw unit when the complete rock mass was caved.

A special data collection for the present back analysis was designed to obtain moment tensor estimates
using the inversion procedure with the JMTS-ISS software package at the mine site. Seismic events contained

846



within a selected rock volume of 50m length x 80m width x 60m high located at north of Esmeralda cave and
completely encompassed by diorite rock type were studied. Only seismic events occurring between February
and April 1999 were analysed. This mine section can be represented as a seismogenic zone [21] located very
close to the caveback during caving propagation prior breakthrough [detailed in 17]. In terms of calculation,
estimates included re-picking of S and P wave arrivals, rejecting waveform data with either unclear arrival
phases or large gaps, and selecting data where wave forms from at least 8 sensors were available were used to
obtain stable focal plane solutions in each case [22].
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Figure 9 Isometric view of Esmeralda mine sector showing the recorded seismicity within Cmet rock type (above). Gutenberg-Richter curve
for each studied unit type (below).
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Only 67 seismic events having lower location residual (R<20) were studied. Based on the direction of the
motion given by the slip vector in fault plane, around half of these seismic events can be considered to have
inverse-strike slip mechanism (upper side of the fault moves in upward direction). The other half can be
considered to have normal -strike slip mechanism. If the calculation and assumptions involved in these results
can be considered correct, the damage orientation that occurred for small mine section during a short time (3
months) do not follow a unique and clear trend.

In addition, the 134 pairs of focal plane solutions obtained were compared against fault orientation data
from the same area (Figure 11). Assuming that sampling bias against sub-horizontal discontinuities is not
significant (as discussed earlier), this information can be used to assess whether every pair of plane solutions is
likely to be a fault or another discontinuity such as weak veins. The stereographic projection shows that mostly
steeply-dipping faults collected in mine drives are present in this structural domain (Figure 11a). If most of the
seismic events occurred due to slip on pre-existing discontinuities as found by [7], therefore, for orientations
where no faults have been identified, slipping is likely to correspond to weak veins as shown Figure 11b. In this
figure, squares represent the cases where either one or both plane solutions are assigned as being a fault, with
the black asterisks represent the case when the second plane solution is assessed as being a vein (with less
probability to fail due its harder infill). Finally, black dots represent the case where neither of both plane
solutions can be assigned as being a fault, i.e., these solutions can be assigned as being weak veins. This
interpretation is plausible since veins observed within the rock mass have been found comprising at least 3
semi-orthogonal directions. The results of this analysis infers that rock masses of primary copper ore offer
multiple options to accommodate strain caused by stress redistribution. However, it seems that the more
abundant the options (i.e., more fault and weak veins), the less likely potential energy will be stored in the rock
mass, and therefore be available to be released as seismic events.
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Figure 11 Fault orientations and focal plane solutions observed within Diorite structural domain

3.4 Numerical Modeling

One of the purposes to model the Esmeralda caving process from initiation to breakthrough was to assess the
state of stress in the rock mass surrounding excavations. The modelling package used for this work was Abaqus
Explicit. The entire mine history was simulate in more than 80 mine steps, from prior 1917 to recently past in
2002. 13 mine steps were used between 1998 and 1999. Mohr-Coulomb yield criteria were used to best match
the yield criteria developed in previous analyses at the mine. The constitutive model in both cases is a strain
softening, dilatants material model [17,18

848



Only three rock types were included in the model; breccia Braden, Diorite and Cmet, in the model Cmet is
assumed as being similar mine wide. The model did not include any mine drives of any mine level, only cave
geometries were included. The model calibration was only based on a methodology that correlates the
dissipated plastic energy (Joule/m’) and an observed seismic event probability [described in 23]. In terms of the
state of stress in the rock mass, the results of this particular model agrees with the state of the stress currently
used by mining planning at the mine site [24].

Several points in the model, as shown in Figure 12 were used to assess the state of the stress in the rock
mass during caving propagation. These points represent different location and heights within the three volumes
studied. The back analysis results are presented in Figure 13.

West (Hw) Diorite rock B, | East (Fw)
View looking from East R i iy s
| A, e
A - i)
i s k2
D X 21 G ?3% 7
Caved and Fractured Zone Cmet Fw2 met fw
- o 23
3 5
L & @3}, ﬂé‘o 29

Reno mine
sector

Esmeralda
mine sector

Figure 12 Isometric view of the geometric model for simulation (left) and point locations within the model for stress path analysis per
structural domain (right).

The initial state of stress at each structural domain within the three volume studied is shown as circles in
Figure 13. It shows that higher initial stress level predominates at the Fw sector, which agrees with the major
overburden observed in this place (see Figure 1). The stress level before the rock mass reaches the peak strength
move (black arrow in this figure) toward the confinement reduction in the Hw sector (diorite and Cmet Hw?2),
whereas at the Fw sector (Cmet Fwl-2) it moves not only toward the confinement reduction, but also toward
high confining pressure levels. Increasing 0, at constant high 0; level may result in high stress release, i.e., a

large seismic event may occurs.
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Figure 13 Stress paths (lines and arrows) at different structural domains as the result of cave geometries during caving propagation at the
Esmeralda mine sector. Small circles indicate initial state of stresses.
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4 Discussion

The present work attempts to demonstrate the relationship between rock mass strength and seismicity at the El
Teniente mine, which is undertaken through the back analysis studies of the Esmeralda caving experience
occurred between 1997 and 2002.

The back analysis studies relating to the rock mass characterization indicates that the rock structure in the
Esmeralda mine differ between sectors and rock types. There is one major fault system (fault B), which is only
present in the Cmet Hwl unit type. Considering to the large scale observations in Cmet rock type, there is more
appreciable differences between nearby structural domains (Hwl- Hw2 or Fwl- Fw2) than between major Hw
or Fw sectors. For example, there is more faulting (and large scale weak veins as well) in Cmet Fwl than in
Cmet Fw2, but it looks the same between Cmet Hwl and Cmet Fwl (Table 2). Considering the small scale
observation, the differences are substantially clearer between rock/unit types when the infill strength of
discontinuities is taken into account (Figure 5). It is important to note that existing rock mass classification
systems fail to discriminate differences between sectors/units as shown Table 1.

It has been shown that the three sectors studied were mined out at a very similar rate, consequently, this
factor can be disregarded as an important contribution to explain the differences on the recorded seismicity
between them. However, it is also necessary to mention that the relationships between drawing and cave
propagation (caveback grows up 3m for 1m of draw) has been well validated only in rock masses of Cmet Hw1
structural domain [25], and major fault B could have been played a relevant role in that process. This rule is
considered relevant to cave propagation in upward direction, however no rules have been established with
regard to advancing front direction (see Figure 2). In addition, although drawing is necessary for caving
propagation (i.e., allowing space for the broken rock), it is not guaranteed that caving will propagate after
drawing (e.g. air-gaps), other factors regarding to the rock structure and state of stress need to be considered in
this phenomenon. It is very clear that more research is needed to understand this important mine parameter used
widely in mining planning.

The recorded seismicity was completely different between the studied unit types, particularity between
Cmet rock masses from Hw and Fw sector. These observed differences (seismic intensity and magnitude) have
been also observed through several years in this mine sector (2002-2007), but under different cave geometries
[26], which confirm that the features of the rock structure are a relevant factor in the seismicity at the El
Teniente mine.

The cave geometry is one of the key factors that control induced stress. The relationships between drawing
and cave propagation have been used to build the cave geometry in the model. Assuming that a rock mass with
more abundant weak discontinuities has less strength, the cave should have propagated faster in Cmet rock
masses of Fw sector. If this is the case, the cave geometry could have been different to what was used in model
for the Fw sector. Although, this has not been properly evaluated (run a different cave geometry in the model),
this seems to be less relevant in the model result because the general geometry and shape of the cave will
change only slightly.

The model results shown in Figure 13 indicate that the stress path in Cmet rock masses of Fw sector goes in
a direction where a severe seismicity should be expected in comparison to the rock masses of the Hw sectors.
Since all mine sectors ware stimulated by draw in a similar way, only the rock mass strength appears to be the
most important factor that explain such differences in the recorded seismic intensity (as also stated [5]).
Considering the features of rock structure at different scales, this back analysis strongly suggests that not only
large scale faults, but also the small scale weaker veins accommodate strain when the rock mass is loaded, and
therefore all these structures play a major role is the seismicity at the El Teniente mine. It can also be inferred
that when there is a less abundance of small scale weak veins (usually in the Hw sector of Esmeralda and Reno
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mine sector), the rock mass not only tends to store more potential energy (allowing major seismic event to
occurs), but also constrains caving propagation.

In this respect, the third increase in seismic activity shown in Figure 8, together with the second one
(apparent volume) in Figure 10, maybe correlated with the advancing extraction front under a constrained
caving propagation. In other words, more column height extraction would be needed for a rock mass with less
abundance of weak discontinuities to the caveback to reach the top of the extracted ore column.

Therefore, this back analysis strongly suggests that any seismic risk analysis undertaken at the mine site
should incorporate a proper geotechnical characterization that accounts for the occurrence of the large scale
faults and of the small scale network of weak veins.

5 Conclusions

Major factors causing seismicity have been analysed through the back analysis studies of the Esmeralda caving
experience between 1997 and 2002. These studies included; rock structure characterization, data analysis of the
recorded seismicity and the production records, and numerical modelling to assess the state of the stress during
caving propagation.

The structural data collected a different mapping scales suggest that rock masses of primary copper ore at
the El Teniente mine consist of an assemblage of blocks mainly bounded by veins of different strength and
widely spaced sub-vertical fault contacts. Geotechnical units can be clearly distinguished by the application of a
novel definition of weak discontinuities, which are not included in traditional rock mass classification systems.
Data also suggest that under certain stress conditions, the rock mass fails along both the large scale faults and
the small scale weak veins.

Mining parameters such as the extraction rate, which help caving propagation, were found to be similar
between three studied sectors. However, the recorded seismicity was found very different between the same
three studied sectors.

The stress paths followed by the rock masses within the three sectors studied during caving propagation
were obtained through the numerical model. The model results indicated that the stress path in rock masses of
Fw sector generally proceeded in a direction where severe seismicity should be expected, however the recorded
seismicity was benign compared to the other studied sectors. This rock mass response is only possible for a rock
mass with low strength. These results agree with the concept that the rock mass strength correlates with the
abundance of weak discontinuities; therefore these particular rock structure features are an important factor to
understand and to predict the seismic response during caving propagation at the El Teniente mine.
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Deep mines face increasing ground control issues when the mining gets deeper with time. Ground support systems
have to provide a satisfactory containment to the fractured rock in deep mines. The concept of ductile, or energy-
absorbing, ground support has been adopted by many practitioners of ground support. The paper focuses on
discussions of the philosophy of dynamic ground support for burst-prone rock masses. It includes components of a
dynamic support system and ways how to dissipate the burst energy. Existing energy rock bolts are also given a brief
introduction in the paper.

1 Introduction

Many deep mines in the world face more and more serious rock burst problem with increasing in depth. For
instance, a rock burst event with a magnitude of 3.8 hit seven levels of the Kidd Creek mine, Canada [1].
Inspections done in the mine after the event showed that the rebar-bolted areas suffered serious damages, while
the areas supported with energy bolts (cone bolts) survived very well the event. This example clearly indicates
that conventional stiff ground support elements are not suitable for deep mines. Many mine engineers have
adopted the philosophy that ground support for burst-prone rock conditions should be energy absorbing.
Conventionally, one pays a lot attention to the strength of support elements. One prefers to use high strength
support elements in convention ground support design. In burst-prone conditions, the issue is no longer how
much a support element can carry rather than how much energy it can absorb. Support design for burst-prone
rock conditions should be based on energy absorption. The main objective of this paper is to discuss the
philosophy of ground support in burst-prone rock masses. In addition, existing energy-absorbing rock bolts will
be also given a short introduction.

2 Strength Support and Energy-Absorbing Support

A typical element for strength support is the so call rebar bolt. Fully grouted rebar bolts may be the most
commonly used support element in both civil and mining engineering. It is widely adopted because of its high
load-bearing capacity. The shortcoming of rebar is its high stiffness, that is, it accommodates a small
deformation prior to failure. Rebar is a satisfactory support element when it is used to support a dead weight, for
instance a loosen rock block. In high stress rock masses, however, rock bolts have to be more ductile than rebar
in order to avoid premature failure of the bolt. Split set and Swellex are two types of ductile rock bolts that have
been used to deal with squeezing rock problems for a long time. They are good in ductility, but their load-
bearing capacities are smaller than rebar. In securing burst-prone rocks, the desired support elements should not
only be able to accommodate large rock deformations (i.e. ductile), but also to carry a high load. Such a type of
element is called energy-absorbing support element. Taking rock bolt as an example, the load-bearing capacity
of the ideal energy-absorbing rock bolt should be as high as rebar and at the same time it should be able to
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accommodate large deformations prior to failure. In other words, it should be able absorbs a large amount of
energy. Referring to Figure 1, three types of support elements are defined from energy-absorbing point of view:
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Figure 1 Stiff bolt (rebar), ductile bolt (Split set) and energy-absorbing bolt.

- Astiff support element has a high load-bearing capacity, but it deforms little prior to failure. Rebar is
an example of stiff rock bolt.

- Aductile support element is able to accommodate a large rock deformation, but its load-bearing
capacity is limited. Split set belongs to this category.

- Anenergy-absorbing support element has a high load-bearing capacity, and at the same time it is able
to accommodate a large rock deformation.

3 Philosophy of Dynamic Ground Support

Fault-slip rock bursts may release a huge amount of strain energy that would cause damages to underground
infrastructures. When a burst event occurs, the strain waves propagate outward radially from the epicentre of the
event, Figure 2. The waves hit the free surfaces of underground openings and are reflected back. This incidence-
reflection process would bring about tensile fractures in the near filed of the opening if the magnitude of the
burst event is large enough. Without competent rock support, the fractured rock would be thrown into the
opening. This type of wall/roof collapse has been observed in many deep mines. Figure 3 shows an example of
such collapse in a deep hard rock mine.

When subjected to dynamic loading, the philosophy of ground support is not anymore to balance the
dynamic force rather than to help the rock to dissipate the dynamic energy. The dynamic force is not a constant
but a function of the stiffness of the support system. If the support system is stiff, the dynamic force applied to
the system would be very large. In this case, a stiff support system would be easily destroyed under the dynamic
loading. A soft or ductile support system would yield at a certain dynamic force and deform together with the
rock mass to dissipate the dynamic energy. The purpose of the ground support is not to provide a support load
rather than to absorb a certain amount of energy in burst-loading conditions. Thus, ductility is necessary for a
dynamic support system.
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A dynamic ground support system is composed of surface support elements and holding elements that are
installed within the rock mass, Figure 2. The task of the surface support elements is to provide a good

Strain
waves Rock -7

Cables ! elements

Figure 3 Roof collapse following a powerful seismic event in a deep mine.

containment to the surface so that the surface rock does not disintegrate when it becomes damaged by the rock
burst. Therefore, a full coverage of the surface is necessary to achieve a satisfactory surface containment. The
surface support should be ductile enough to accommodate large rock dilations. Wire mesh and fibre or mesh
reinforced shotcrete are two kinds of surface support elements that have been used in many burst-prone mines.
Ductile thin liners with a full surface coverage may be an even better solution for surface support in the future.
The holding support elements have two roles in the support system. The first role of a holding element is to
limit the rock dilation through a certain amount of elongation of the holding element self. The second role is to
hang up the surface support elements so that the load on the surface elements is transferred into the rock mass
through the holding element. Rock bolts in a length of 2 — 3 m are the most commonly used holding elements in
mines today. Long cable bolts (4 - 6 m long) are added as a second layer holding elements in some mines where
large rock bursts are expected that may cause extensive damages to mine openings.

All the support elements, particularly the holding elements (i.e. bolts and cables), in a dynamic support
system must be energy absorbent. The energy absorption capacity of any dynamic support system is limited no
matter what types of support elements are used in the system. When designing a dynamic support system, one
must bear in mind that it is not the support system that absorbs all the burst energy. The support system is

855



aiming to contain the deforming surface and limit the rock dilation. A well contained and dilation-limited
volume of rock would absorb a large amount of energy through rock fragmentation. More fragmented the rock
is, more energy is dissipated. Flgure 4 shows two examples how the burst energy was dissipated through rock

R (R
> T

(a) Contained damage in the roof [2] (b) Finely shattered rock contained by mesh [3]

Figure 4 Two examples illustrating dissipation of the burst energy through rock fragmentation behind surface-
containing meshes.

4 Energy-Absorbing Rock Bolts

Energy-absorbing rock bolts are the most import elements in a dynamic support system. A few of such rock
bolts will be briefly introduced in this section.

2.1 The Cone Bolt

The cone bolt was invented in South African in the 1990s [4]. It may be the first energy rock bolt designed to
combat rockburst problems. The original cone bolt was designed for cement grout. A cone bolt consists of a
smooth steel bar with a flattened conical flaring forged on to one end, see Figure 5a. The smooth bar is coated
with a thin layer of wax so that it will be easily de-bonded from the grout under pull loading. The cone bolt was
modified later for resin grout in Canada [3]. The modified cone bolt (MCB) is similar to the cement cone bolt.
The difference is that MCB is added a blade at its far end for resin mixing, see Figure 5b.

(a) Cement cone bolt (b) Resin cone holt

Figure 5 The cone bolt
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Cone bolts are fully grouted in boreholes with either cement grout or resin. The bolt is designed so that the
deformation of the dilating rock is transferred to the bolt via the face plate, thus pulling the conical end through
the grout; thereby doing work and absorbing energy from the rock. The working mechanism of the bolt
demands that the strength of the grout must be precisely as designed in order to get the designed performance.
The reality is that it is not ease to control the strength of the grout so that the designed performance of the bolt is
not guaranteed. The cone bolt is two-point anchored so that there is a risk that the bolt loses its reinforcement
function in case that the face plate loses contact with the rock. It has been found in the filed that the quality of
resin hardening can not guaranteed for MCB because the end blade of MCB can not properly mix the resin
sometimes [5].

2.2 Durabar

Durabar is an element evolved from the cone bolt. The Grout  Debonded Durabar
anchor of Durabar is a crinkled section of the smooth bar
plus a smooth tail at the far end, see Figure 6. When the face
plate is loaded, the anchor slips along a waved profile under
pull loading. The maximum displacement is equal to the
length of the tail that is about 0.6 m. Similarly to the cone b,
bolt, Durabar is also a two-point anchored tendon. No debonding Wave

2.3 Hybrid Bolt Figure 6 Durabar.

The hybrid bolt is composed of two bolt elements: a rebar
resin-grouted in a Split set, see Figure 7. Installation of the hybrid bolt is conducted in three steps:

Step 1: Push in a Split set into the borehole and set epoxy cartridges (fast and low settings) in the tune of
the Split set.

Step 2: Spin a rebar in the Split set.
Step 3: Tight up the nut to apply a pre-load to the rebar.

Pullout tests show that the ultimate pull load of the hybrid bolt is up to 160 kN and its displacement
capacity is similar to Split set.

S . Fastresin Ty
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e i P
st hag X % {,{
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3H 1,
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Figure 7 The hybrid bolt. (a) the process of installation, (b) a hybrid bolt in situ. [6]
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2.4 Garfold Solid Bolt

Garford dynamic bolt consists of a steel solid bar,
an anchor and a coarse threaded steel sleeve at
the end, see Figure 8. The bolt is designed for

Mixer Anchor Debonded

-4

use of resin grout. The threaded sleeve is a mixer . 150
of resin substances. This bolt is characterised by
its engineered anchor which allows the bolt to
stretch for a large amount when the rock dilates.
The anchor is a thick wall steel cylinder which is
pressed to the solid steel bar at the position of '
350 mm from the far end of the bar. The i ==
diameter of the solid bar is reduced from its ) i

o . . . Tail bar Anchor ‘
original size to a smaller one in the position of
the anchor. When the rock dilates between the
anchor and the face plate, the solid bar is pulled

(a) Prior to elongation

through the hole of the anchor so that an i E—
extruding process occurs. The extruding force D:%:I § -
remains at an approximately constant level when E -

the bar is stretched. The bolt can accommodate
an elongation of 390 mm prior to failure, see

Figure9. Figure 9 Loading process of the Garford bolt.

(b) During elongation

2.5 Roofex

Roofex is a new ductile rock bolt developed by Atlas Copco. It consists of an anchoring unit and a smooth bar,
see Figure 10. The anchor is firmly fixed using resin or cement grout in the borehole. The smooth bar slips
through the anchor, generating a constant frictional resistance of about 90 kN. This yield load is designed
slightly lower than the yield load of the bar material.

C T/

Stop =] 1 Face MNut
Element _ - Plate
and Sliding
Mliﬂng Element
Element

Figure 10 Roofex rock bolt [7].
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2.6 D-bolt

The D bolt is made of a smooth steel bar that has a number of integrated anchors evenly or unevenly spaced
along the length of the bar, Figure 11. In the current design, the anchors are stronger than the shank of the bolt.
The purpose for this design is to mobilise both the strength and the elongation capacity of the shank when the
bolt is subjected to loading. The shank, rather than the anchors, is designed to yield, ultimately failing under
extreme loading conditions. The anchors can have different shapes. The anchor shown in Figure 11 is called
the paddle-anchor. In the case of using polyester resin grout, D bolts use the anchor paddles to mix resin.

Figure 11 A sketch of the D-bolt.

After grouted in a borehole, D-bolt is firmly anchored to the rock at the anchor positions. Rock dilation will
load the bolt shank at the anchors and the de-bonded smooth shank sections between the anchors are stretched
and freely elongate under loading. The shank yields when the load is large enough. After that, the load in the
bolt will slightly increase with further elongations until failure of the shank at its ultimate strain limit of 15% -
20% for the steel material. The elongation capacity of a section between two adjacent anchors is proportionally
related to the length of the section. For instance, a 0.65 m long section can elongate more than 0.1 m prior to
failure, see Figure 12. The total elongation of a D-bolt is the sum of the elongations in all the sections. Since
most of the elongation of the shank occurs at a load level close to the ultimate strength of the shank, the D bolt
can absorb a great amount of energy.

h .
X Failure of bolt stem Cement grouted 20 mm D-

bolt section (65 cm long)

200
g Cement grouted 20 mm rebar
150 )
] Resin grouted 20 mm rebar
o

38 mm Swellex dowe]

17.3 mm Expansion shell

to 150 mm

SS 39 Split Set

0 20 40 60 80 100 120
Deformation (mm)

Figure 12 pullout test result of a 65 cm long section of D-bolt. The results of the other types of bolts are redrawn
from Dahle and Larsen [8] for Swellex and from Stillborg [9] for expansion shell, split set and rebars.
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5 Concluding Remarks

A certain amount of burst energy has to be absorbed by the support system when a rock burst event occurs. The
task of the support system is to provide a satisfactory containment to the rock in the near field of the opening so
that the burst energy is dissipated by the rock itself through a process of fracture and fragmentation. A dynamic
support system may be composed of three layers: a surface support layer, a short bolt layer and a long cable
layer. The surface support layer provides a surface containment to avoid rock disintegration at the surface. The
short bolt layer limits rock dilation. Rock fracture, fragmentation and friction occur in the dilation-limited
volume so that a large amount of the burst energy is dissipated in this process. The cable layer limits the
movement of the bolt-reinforced rock party and absorbs an extra amount of deformation energy

Practices in many deep mines, for instance in Canada, have proven that energy-absorbing rock bolts
perform very well when they are subjected to rock bursts. Most of the existing energy bolts are two-point
anchored in boreholes. It is quite often observed the face plates of the two-point anchored energy bolts are
heavily loaded and even lose their anchoring functions. Loss of one of the anchoring points will lead to a
complete loss of the reinforcement for this type of bolt. Resin mixing is another problem for two-point anchor
bolts when resin is used as grout. The D bolt is a multi-anchor energy bolt. It may provide a more reliable
anchoring mechanism. Another characteristic of the D bolt is the cross section of its anchors is similar to the
bolt shank so that that it is easy to push it into the borehole.
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CONTROLLING SEISMIC HAZARD IN UCHUCCHACUA MINE
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Geotechnical Company of Mines Buenaventura S.A.A -Uchucchacua Mine
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Uchucchacua's deposit is located in the western slope of the Andes and department of Lima - Peru belongs to
Oyon's province. From 1953 year up to have taken place 19Millons onz. of mineral of silver with systems of
exploitation cut and fill ascendant and sub level stopping, nowadays one comes exploiting 3200 TMS with 16 onz
of Ag/ TM of head. The seismicity comes to be the result * High concentrations of stress, product of a natural state
of stress of great magnitude, those that can associate to a great rock covering, to tectonic stress or residual stress
that act or they are present in the rock and that, as product of the mining exploitation, they can be increased in
significant form and to concentrate on specific places of the mine. Presence of rocks generally of high resistance
and high modules of elasticity that to the subjected being to efforts of great magnitude, they are not deformed but
rather they accumulate energy, the one that once overcome the values of maximum resistance of the rock, it is
liberated in violent form and for the existence witnesses mainly of persistent failures sub vertical that allow the
displacement of the rock.

1 Introduction

Uchucchacua mines in the last two years it shows us that most of the seismicity is been of a mined induced,
high stress and vertical sub systems of flaws that generate slips. The events generally take place among 10 at
hundred of meters far from the one mined as the result of the biggest disposition of flaws, seismically active,
slip areas and also after the explosions of great volume.

In some case they are events of small to medium and in few cases of great magnitude and these they are
happened after some minutes, hours, days of or weeks after having carried out the production explosions.

2 Regional and Local Geology of the Deposit

Uchucchacua's deposit is related to a geological principal Structure of them covers head plants. The opposing
rocks are of intermediate acidity. The principal geoestructuras are of the system NE-SW and they tense sound
of the System EW - NW-SE Uchucchacua is a deposit hydrothermal Epigenetic of the type of landfill of
fractures, which also were channels of traffic and emplacement put somatically of solutions ore that finally
formed bodies of ore. The economic commercial mineralization belongs basically to Ag, since by-product
extracts Zn and Pb to itself. The structures are located in calcareous rocks of the top cretaceous in the formation
Jumasha and associated with they find bodies of irregular and discontinuous emplacement.

2.1 Folding

The presence of the tectonic Andean one in our deposit metallic has created systems of principal folding where
the mined one is exposed to susceptible zones to the occurrence of the rockburst[4] see (Figure2)
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Figure 2. Folding deposit Uchucchacua mine

2.2 Characteristics Petromineral6gicas

Composed principally by two litologic one is the limestone fragile one and of high resistance another ore of
Proustita, Argentite, Pirargirita, Native Silver, Esfalerita, and Marmatita of under metallic content Pyrite,
Alabandita, Rodocrosita, Calcite, Pirrotita in different combinations forming a rocky hard structure and of high
compressive resistance.

3 Mined of the Deposit Uchucchacua

The mining activity in Uchucchacua comes treating mineral from the year 1975 with more than 3 decades of
progressive production of 350 TM/day and nowadays 2008 with 3000 TM/day, it is the fourth mine in the world
silver producer with 11 million oz. during afi02008, this mine uses two shaft and two main ramps of accesses to
the bodies of mineral production for the extraction service, transport of materials and of personal. Along the
years the methods of exploitation have been in the use since they are shrink, court and predominant of fill in the
irregular bodies of dimensions different with the rooms and pillars and level of the subordinate one that stop in
the regular bodies of big dimensions. Nowadays in Uchucchacua mine we have near 30 bodies of exploitation in
the different levels and sectors of mined Carmen, Socorro and Huantajalla, being the sector Carmen the
exploited more and with major rocky coverage in the current level 3990 (depth 1000m), loudly fault and rock
of high resistance.

The principal areas of production in Uchucchacua mine are:

- Carmen, bodies Rosario, Rita, Alison, Ruby, Rosary, with production of 30,000TM-

- Socorro, bodies in faults Socorro floor, Magaly, Gina, Leslie, with a production of 40,000TM for month.
- Huantajalla, bodies in faults Edith, Iris, Karina, 4A, 3A, with a production of 20,000 TM for month.

Nowadays the decrease of reserves of ore in the top nivels taking this one to us to a strategic planning of
increasing reserves in the levels of deepening it is 3990 say under the levels in Carmen and Socorro mines
continuing the systems of ramps and shaft where the mined one will be exploited by the system of cut and fill
ascendant in small bodies from 4 to 8 meters of width by 30 to 40meters of length, by equipments of manual
perforation (jackleg and stopper) by perforation in stopping and scoop of 2.2 yd3 of capacity, and in bodies of
big dimensions from 10 to 20 m of width by 40 to 80 meters of length by equipment jumbo electro hydraulic in

stopping.
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4 Characterization of the Rocky and Tensile Clump of Stress

The principal domains litolégicos are the limestone of formation jumasha and the mineralization in different
compositions where there were realized laboratory tests of equipment controlled Cervo MTC-815[1] to
determine the rock indexes if they are 6 not capable to burst. In addition we find other domains of minor
importance since they are the intruder daciticos and andesitic and sulphurs with major presence of zinc.

Table 1. Average rock properties domains

DIAMETER 48mm DIAMETER 48mm
Uniaxial . o )
. . Type Level compressive Elasticity . B EIasﬂ; index of (The roc.k is
Witnees N° Mine Depth Litologia msnm o modulus E |Poisson™s V| potential _Energy SLISCepIIble. to
9 Strer;qgga cr Gpa PES ki/m3 the explosion ?
(26-1 Carmen 380 Limestone 4120 279.58 100.66 0.28 388.28 very susceptible
(271 Carmen G40 Limestone 43560 245.99 95.88 0.38 3815 very susceptible
(281 Huantajalla G40 Limestone 4360 136.59 77.98 0.49 119.64 considerably
(29-1 Huantajalla G40 Limestone 4360 186.8 83.08 0.23 212.27 very susceptible
(30-2 Huantajalla G40 Limestone 4360 240.8 77.4 0.18 374.60 very susceptible
(30-3 Huantajalla 640 Limestone 4380 28063 73.08 0.14 428 80 very susceptible
(32-1) Camen 830 Ore 4120 163.5 548 0.4 24493 very susceptible
(34-1) Socorro 760 Ore 4240 162.5 58.8 0.2 19210 considerably
(351 Socorro 750 Ore 4240 847 [ 0.z 5612 susceptible
(36-1) Socorro 70 Ore 4240 129.5 G9.4 0.2 120.91 considerably
(37-1) Socorro 760 Ore 4240 827 526 0.2 65.00 susceptible
(38-1) Socorro 760 Ore 4240 102.7 G2.5 0.4 84.36 susceptible
(38-1) Socorro 760 Ore 4240 1259 50.4 0.2 157.05 considerably

Elastic index of potential energy PES
PES= 500 Rc2/ E [KJ/m3]

Density of limestone  2.70kg/m3
Density of ore 3.2 kg/m3

Realizing a structural analysis after systematic cuts and mapped there are had identified the major regional
and principal failures apart from a set of structures tense them important of mineralization, which they go of
NE-SW and of NW-SE-EW con the influence of the anticline of cachipampa and fracturamientos in 3 stages of
fractures. The maximum stress principal is of NE 35° to 45°SW.

Apart of the indirect method the tensile one of stress would be of:
e Principal major stress is sub horizontally for (folding anticlines’ and synclinals, failure)
approximately major of 48Mpa.
e Principal intermediate stress approximately equal to 48 Mpa.
e  Principal minor stress approximately minor of 48 Mpa.[2]

5 History of Seismicity

From the year 1991 evidences of events were had as rearrangement of the hill 6 blows of mountain from the
year 2003 the first incident was experienced by rockburst by bodily injuries to a depth of 2400pies (800m) in a
front of advance in 12 | pierce sale a rockburst with 1.5 Mw (moment magnitude) of approximate intensity; the
year 2004 other events of 1.5 Mw to depth 2700 feet (900m) without bodily injuries; the year 2005 another
event of great magnitude approximately 2.0 Mw. With bodily injuries to depth of 2100pies (700m) two persons
in perforation in embossment with stopper there was the rockburst of the box roof not registered for not
possessing in this moment seismic system but for the evidences of the damages(Figure 3,4); in addition the year
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2006 realizes the first seismic study in a network of 4 seismographs in surface covering 16 square kilometers of
area of monitoring where the seismic registered events were for effect of mined induced and activation of some
important faults.

Then to beginnings of the 2007 the seismic system was installed with the technology of ESG of Canada, at
the present time one has registered but of 3000 events

Figure 3 Depth 700 meters Figure 4. Depth 800 meters

6 Management of High Stress and Seismicity in Uchucchacua Mine

6.1 Seismic Monitoring

To beginnings of 2007 the system installed 24 geophones uniaxials of 15 Hz (G-15) omnidireccionals. The
seismic events of magnitude -1 have a typical frequency closely of 400 hertz’s, where as the events of the
magnitude -2 near 800 hertz’s. The reliable identification of the frequency needs a limit of the frequency of the
equal recording at least two times to the frequency. This way, it hopes that the aforesaid acquisition of
information allows the identification of seismic events with magnitude so down as approximately -1.5. To
assure this level of the sensibility, nevertheless, distances between sensors it needs to be supported generally in
the range from 100 to 150 m The response of frequency of these geophones will allow the recording event with
magnitude up to(even) near 3. Even if the geophones nearest to a seismic big event shorten, this one will not
affect the location of the event, which will continue being provided 6 geophones with every Paladin (recorders)
a resolution offers 24-bit with the dynamic effective range of the DB 115in the sampling rates of up to 10
kilocycles. To transmit all the constant registered information, a high tariff of the transmission of information is
needed of Paladin to the PC of the acquisition, and of here to the PC of process in surface this can be reached
using the modems DSL.

6.2 Model of Stress

The method of mined and sequences the numerical modelamiento is a part of a planning to short and medium
term to determine the sequence of mined and to analyze the behavior of the state tensional of stress in every
stage of mined the software used in uchucchacua mine is the Phases2 v6.0 package for rocky elastic
environment in two dimensions and structural analysis with software Dips v3.0, Unwedgev5.1 and Cpillar for
calculation of stability the pillar, example see model the stopped 990 Carmen mine depth 1,000 meters (Figure
5).
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Figure 5 Modelamiento stopped 990 Carmen mine

6.3 Project of Seismic Risk

Uchucchacua mine comes operating on for 35 years with a seismic history product of induced stress and a
structural system that generates seismic activity apart from has a rock of elastic behavior of stress deformation
that they overcome them 100Mpa of compressive resistance and bigger than 40 Gpa of module of elasticity, the
system of seismic monitoring was exposed in the section 6.1 where there is controlled the seismic damage
related to the production.

Magnitude vs Time History
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Figure 6 Monitoring seismic 2007and 2008 with 3053 events

The present graphic (Figure 6) it shows that the seismicity is presented in a range of (-1.50Mw to +0.8 Mw);
admass show that in the last months of the 2008 year an increase of events exists. The relationship S/P (wave
energy S vs. energy waves P) found among (3 <S/P <=10) increase, being at the moment the concentration
average of events with a relationship S/P =10.

This means that the events seismic product of the production (induced seismicity) this in increase and it is
producing bigger fracturamiento in the rock mass.
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6.4 General Concepts of the Seismic in Uchucchacua Activity:

The events experienced in mine resulted from turning uncontrolled rock, which paralysed the operation of the
mining work; seismic events are within the types:

a. Events on the level of production that is associated with high pillars, bridges of mineral for the high
indices de production occasional seismic events during their development stress.

b. Deep events this also occurs in the mine where the rock massif experiencing a minor influence stress
induced by the mining.Los events are the result of unstable fractures located around the stopped of exploitation
and/or a combined release energy tectonics and induced the cup of production (by mining).

c. A typical effect of the cause of rockburst is the effect called (scissors) shear when two faults are
intersection and at the centre is an ore body that to be exploited at each stage stress main horizontal maximum it
acts perpendicular to the failure creating deformation stress on the walls and with rockburst effect.

Figure 11 .Effect scissors between two faults and stress maxims Control of seismic parameters:

b Value

10000

b= -2.10'

1000

N
7 N

Number of Events (Log N)

-1.5 -1.0 -0.5 0.0 0.5 1.0
Moment Magnitude(Mw)

Figure 12 Moment Magnitude vs. Number Events

According to sample the graph the direct “ b" it indicates that one can wait seismic events close or similar
to +1.0 Mw, also sample a deflexion of the curve that means that the biggest quantity in events according to
seismic record is of -0.4 Mw.

As "b" = -2.10 represent the slope of the direct product of the relationship magnitude moment (Mw) with
the time, if this slope increases the damage increases to have events (rockburst) of more intensities, contrary
case if the slope diminishes the damage it diminishes.[3]
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6.5 Strategic Development of the Support and Improvement of Support

Leaving of the seismic parameters for the fortification plans like they are magnitude moment (Mw), liberation
energy (E) that have caused us rockburts, we consider the values but high according to our statistics, for the
design and support elements like it is shown:

e PPV (m/s) = 0.34(speed chops particle)
e MW =+ 0.8 (Moment magnitude)
e E=7E 04 Joules (liberated energy)

In the different levels of exploitation was located the zones of seismic source (Figure 7) and partner to the
monitoring seismic mike established as a standard to reinforce the labors planned inside the zones of risk with
spikes and / or super split set with mesh and a cap of shotcrete of 5cm with hybrid fiber (polypropylene and
ferry) .Energy needed by the systems of fortification considering the eventual generation of a seismic event.

Figure 7 Zone’s Seismic Source Carmen mine 2008

6.6 Zones of Seismic Source

On the basis of the information of the monitoring seismic mike, the areas of risk are had sectorizado in the maps
Carmen observes the behavior of the events in the last levels of the Mine, these being grouped in 3 zones of
seismic source on the basis of the number of events and accumulated intensity that understand:

First zone they understand them Rosita prays body Rosary, Rosemary. It 2nd zone located between 2
important faults, the fault Raquel-Margot and 3rd zone of seismic risk that Ruby and Veronica appreciates this
one in the failures.(Figure 7)

6.7 Reinforcement Design

Implementing measures as increasing stiffness of sustaining the mining system in areas identified with potential
damage rockburst with the zoneamiento of the seismic monitoring, in the design of work is recommending
apply the following equal:

Energy of design=Energy Liberate/Area*FS

Example of calculation of design of support for the level 3990 Carmen mines with:
0.8 Mw. (Magnitude moment) and with liberated energy 7. E+04Joules

Shotcrete with hybrid fiber 530 Joules/m2 of energy of absorption

867



Bolt of 1.80m of 22mm of diameter with energy of absorption of 2200 Joules/m2.

Avrea affected by the rockburst 20m2

FS (safety factor needed) = 1.4

ED=70000/20*1.4 = 4900 Jules/m2 (necessary) Maintenance: 2 (bolt) +1m2 (shotcrete)
ED (Energy design) = (4400 +530) = 4930 Joules/m2

The suitable maintenance to absorb the energy liberated with a FS =1.4

According Ortlepp & Stacey (1995) in base experiences and laboratory [5] rehearsals settle down that not
more than 80 mm of the total longitude of the fortification system (based on fasteners and/or cables), they act
indeed in the calculation of the maximum elongation when they are subjected at a certain load level. This
maximum elongation that reaches near 15% in the case of the fasteners of anchorage of the helical bolt type
with steel A44-28H is dear until reaching its fallamiento limit for break to the pure traction. Then, the méaximum
elongation to the pure traction that could experience the fortification system based on helical bolts is near 12 to
15 mm (=80mm * 0,15). therefore, the energy absorbed average is obtained starting from the total displacement
and of the maximum resistance of the steel according to the following thing:

Energia capaz de absorber un perno de 22 mm de diametro (calidad A44-28H) = 2200 Joules

7 Conclusions

On having studied our rock if it is capable to burst it put in alert his zones with rocky environment capable
of exploding if we were generating the conditions structural and mined induced. The communication with the
operation of mine is constant to give the call of alert if certain zone presents a potential high place of risk
evacuating to the personnel and the labor is paralyzed up to his geotechnical evaluation. After has experienced a
series of accidents and losses in the productive process with these measures of control our mining unit; from the
year 2006 in forward it has be minimizing and controlled this hazard. Hazard Map helps identifying seismically
active faults (shear zones). It will determine what each risk zone this formed turn with 2 sources seismic and
sustaining and direction of future tasks have to be related to the location of these sources. The relation energy
accumulation event and blast this shows us that the seismic events are a response to the shooting, these events
occur immediately after hours and even after several deals of made the shot. Risk associated with fault slip
events is mitigated (managed) by strategic & timely placement of enhanced support.
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The effect of progressive mining is one of the main factors that exert a significant influence in coal bumps. This
research aims at analyzing the impact on roadway stability caused by the dynamic loading of mining tremors and the
support system responses in underground coal mining. A mechanical model was described to analyze the mechanism
of coal bumps induced by tremors in underground mining. The FLAC2D code was applied to analyze the tremor
impact on deep excavations and responses of different kinds of support system. And the ANSYS software was
adopted to simulate the structural responses of two kinds of U-style steel support system under the bumps condition in
Zhaogezhuang mine. The results indicate that the tremors underground can not only cause the stress redistribution
near the excavations, but also induce the decrease of frictional force in the interfaces of coal seam and surrounding
rocks. Moreover, the U-style steel yieldable support system with circular shape was proved to be more efficient to
offer superior protection in bursting region.

1 Introduction

Underground coal bumps is a catastrophic mine failure resulting from sudden releases of strain energy [1]. With
enormous amounts of released energy, coal bumps may cast several tons of coal mass into openings
horizontally, which can result in the destruction and collapse of roadways, damage of facilities or even death
and injury to the miners. In the mining process, there are several kinds of factors can induce coal bumps, such
as blasting tremors, periodic roof movements, earthquake seismicity and etc. The tremors caused by progressive
mining are one of the main factors causing roadway instability or coal bumps in Chinese coal mines. Statistics
indicate that more than fifty percent of coal mines, which apply the method of blasting, have potential coal
bumps hazards in China [2]. However the contribution of underground tremors to coal bumps has not been fully
understood. A better understanding of tremor effects on coal bumps can provide the effective insight for proper
design of support system in coal bumps prone region.

This paper study the effect of blasting tremor on coal bumps and the responses of yieldable support systems
during the dynamic impact. FLAC3.3 code has been applied in numerical modelling. The main emphasis is
placed on selecting a better yieldable support system to mitigate mining tremors influencing the roadway
stability in the Zhaogezhuang mine. In addition, ANSYS is adopted to evaluate the structural responses of two
kinds of yieldable support system affected by tremors by calculating the self frequency and vibration mode.

2 Mechanism of Coal Bumps Induced by Tremors

2.1 Analysis of Tremor Effects on Bumps

Tremors associated with blasting or bumps can not only influence the stress distribution, but also cause unstable
crack propagation in the coal seam and surrounding rock; which will accelerate the deteriorated process of rock
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and coal mass. Moreover, dynamic impact can also cause decreasing of normal stress and increasing of shear
stress to the interfaces between coal seams and adjacent overlying or underlying rock layers, which may convert
the sticking friction into a sliding friction on the interfaces [3, 4].

On the other hand, perturbations in the original lithostatic stress field caused by the excavation can,
therefore, result in coal/joint failure on the seam horizons [5-7]. Thus, the coal seam can be divided into three
zones: pressure relief zone A, maximum static equilibrium zone B and primitive overburden pressure zone C as
shown in figure la. The tremors effects can increase the width of zone A and induce the instability of zone B.
Moreover, because the coal mass consists of the solid grain, the condensed liquid and the gaseous substance, the
rarefaction shock wave can propagate in this medium, crush the skeleton of the porous medium and accelerate
the failure process of coal mass. The stored energy released by the shock wave can induce breakdown of the
medium and impart kinetic energy to the coal mass at zone A and portion of zone B. Figure 1b and figure lc
present gateroads failure caused by coal bumps, triggered by mining tremors in Tangshan mine, Hebei province.

Figure 1 Scheme of damage regions in coal seam and gateroads after coal bumps in Tangshan mine. (a) Scheme of damage regions. A-
pressure relief zone B- maximum static equilibrium zone C- primitive overburden pressure zone. (b) , (c) Gateroads after coal bumps.

2.2 Modelling of Shock Wave Propagation in Coal Seam

Consider the one-dimensional problem of a plane wave propagating in the direction of the x-axis. Denoting the
stress component by p, the density of the medium by p, its velocity with respect to the x-axis by u and the time ¢,
we obtain the equations for the conservation of mass and conservation of momentum of the medium, without
viscous friction, in the form [8].

6_'04_%20 (la)
ot Ox
ou,  ou 10p_, (1b)
ot ox pox
Equation (1a) can be written in the form:
6_p+u8_p+pc28_u=0 (1o

ot Oox Ox

where c’=dp/dp. The initial boundary conditions are
t=0 x>0 u(x,00=0 p(x,0)=p, )
t>0 x=0 p0,0)=p,t) A3)
where py and py(¢) can be measured. Thus, according to the above equations from equation (1b) to equation
(3), we can obtain £0, p=pcx/t+p,(t) and =0, p=p,.

In the condition of dpy(7)/dt<0 and there are two assumed different time # and ¢, (> #,>0), the stress
difference at the point of x, (xo>0), which is in the direction of shock wave propagation, can be

Ap:p(t1)_p(t2):t2_tl PECXy + Py (tl)_po (tz) S

2°1
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If Ap>0; (o is the tensile strength of coal), the coal will be broken. Until the energy of rarefaction shock
wave decreases to some value, the fractures will not propagate periodically.

3 Modelling Analysis of Mining Tremor Impact on Roadway Stability

3.1 Modelling of Shock Wave in the Coal Seam

Numerical modelling using FLAC2D code has been carried out for Zhaogezhuang coal mine in order to
investigate stability of roadway in No.9 coal seam on 14™ level. Numerical models were developed for
analyzing the effects of mining tremor on coal bumps and responses of two kinds of yieldable support system
during dynamic impact. The geometry of the two-dimensional simulation model is shown in figure 2.

The roadway size is 4mx3.5m. The original lithostatic stress of 27 Mpa is imposed on the top boundary of
the mechanical model. The tectonic stress is 30 Mpa loaded on the left and right boundaries horizontally. The
nonreflecting boundaries and a dynamic load applying a 10 Hz Ricker impulse are both used. The velocity of
horizontal wave is 1m/sec [9].

T N N T B 10T
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(-2,1.75) (2,1.75)

‘

Coal seam ‘

(-2,-1.75)  (2,-1.75)

M / FLoor =

Shock wave

(-20,-15) (20,-15)

Figure 2 Schematic view of numerical model

3.2 Geo-Material Properties
In current numerical modelling, the Strain-Soft constitutive model has been adopted. For all cases, the
mechanical properties for coal seam and both the roof and floor rock are presented in table 1.

Table 1. Mechanical parameters of rock masses and coal

. Bulk density, Young’s modulus, Passion’s | Fraction angle, Cohesion
Position Rock property N/m’ MPa ratio Deg MPa
Roof Grayish-white grit stone 2.7x10* 30x10° 0.25 31 1.5
Coal seam Massive 2.5%10* 7.7%10° 0.3 29 1.0

Floor Dark gray sandstone 2.5x10* 26x10° 0.28 30 1.0

3.3 Properties of Support System

Bolting support and yieldable U-steel support have been installed respectively and observed based on the
magnitude of displacements and plastic region. Full length bolting was applied with bolt length 2.5m and
average interval spaces of bolts 740mm. The strength of bolting is 80kN with yield strength of bolt 180kN. The
density of bolt is 7000kg/m’ and young’s modulus is 200 GPa.

3.4 Analysis of the Results
The simulation results indicate that the plastic region around the excavation could be expanded and some tensile
failures occurred during the dynamic impact as shown in figure 3a and figure 3b.

The bolting support system can reduce the stress concetration adjacent to the excavation during the dynamic
impact. The plastic region and occurrence of tensile failures decreases and the convergence of the excavation
reduces a lot. Compared with bolting, U-style steel yieldable support is more suitable to control the plastic
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region expansion, reduce the tensile failures and mitigate the convergence of excavation as shown in figure 3.
Both of these two support systems are yieldable systems, which can absorb the released energy of surrounding
rock. Simulation results demonstrate that the U-style steel yielding support system is safety and efficient to
offer superior protection in Zhaogezhuang coal mine, see figure 4 and table 2

@ | | N ®) | : ©| : @

Figure 3 Distribution of plastic region and mini-principle stress around excavation in different conditions. (a) Before dynamic impact, no
support (b) After dynamic impact, no support; (c) After dynamic impact, bolting support (d) After dynamic impact, U-steel support

- (a) _— (b) ©

Figure 4 Deformation of the sidewall during dynamic impact. (a) No support, (b) Bolting support, (c) Yieldable U-style support

Table 2. Convergence of roadway in different support conditions after seismic

Vertical Vertical Side wall Side wall
num Support method . .
Convergencemm | convergence ratio% | convergencemm | convergence ratio%
1 No support 460 100 1100 100
Roof. sidewall and floor bolting 320 69.6 490 44.5
3 Yieldable U-style support 330 71.7 330 30

4 Structural Mode Analysis of two Types of Yieldable U-Style Support Systems

The aim of simulating the modes of yieldable U-style support system is detection of behaviour of steel support
systems during the course of dynamic response provoked by blasting or bumps. Earlier investigations proved
that the failure features of arch shaped U-style support system under dynamic loading condition were associated
with the preloaded, constraints, cross section area and etc. And the critical amount of energy, causing
permanent strain and large deformation of steel support, is also calculated for arch shaped support under the
impulse loading conditions [10]. However, seldom attentions were paid to the self vibration features of different
support systems. In underground mining conditions, the frequency of tremors triggered by blasting, coal bumps
or rockbursts ranges from few hertz to hundreds of hertz. So the calculation of self vibration features of
different steel support systems in the low frequency range is very important in the support design progress.

4.1 Numerical Modelling and Computation Result

The computer modelling is conducted to simulate the responses of two shapes of yieldable support system. The
basic dimensions of cross-sections of two shapes of roadway are indicated in figure 5a and figure 5b. The
profile of support is rolled U-type steel section, i.e applied section U29 (weight 29kg/m). The ANSY'S program
was applied to calculate natural frequencies and vibration modes of two shapes of support system. The profile
of sliding clamp joint is presented in figure Sc. And the overlapping length is 0.48m. The FEM models of the
support system are created by shell elements. First ten orders of vibration mode of two support systems are
calculated and the features of self vibration and dynamic responses are also analyzed.
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Figure 5 Boundary conditions of different shapes of support system.
(a) Arch shaped, (b) Circle shaped, (c) Scheme of the interface of two U-type steel parts at sliding clamp joint.

Figure 6 presents the structural vibration models of arch shaped support system. The results indicate that the
higher of self frequency, the more complexity of vibration models and more permanent strain caused. The
failure is mainly concentrated at the sliding clamp joints in the modes of first order and second order. And the
damages are at the side parts of system in the modes of third order and fourth order. The torsion shear began to
occur in the modes of fifth order and sixth order. Large deformation of the system appears as the modes reach
the seventh order. The several plastic joints appeared in the system at the tenth order mode.

NA A A

(a) (b} (c) (d)

Figure 6 Different structural vibration models of arch shaped support.
(a) First order structural mode; (b) Second order mode; (c) Seventh order mode; and (d) Tenth order mode.

Figure 7 presents the structural vibration models of circle shaped support system. The results indicate that
the sliding joints are damaged at first and second modes. With the increasing of self frequency, the larger plastic
deformation of support system appears. However, the deformation of support is very small at any modes. From
the third mode to the seventh mode, the local materials in supporting structure would be unstable. With the
increasing of the mode order, the amplitude of deformation decreases and the corresponding natural frequency
rises. From the eighth mode to the tenth mode, the several plastlc joints appear and system becomes unstable

O O 00

(b) (d)

Figure 7 Different structural vibration models of circle shaped support.
(a) 3 order structural mode; (b) 8™ order mode; (c) 9™ order mode; and (d) 10" order mode.

4.2 Analysis Of Results

The results of mode analysis are obtained as follows:

(1) Impact resistance and mechanical performance of circular shaped support is better than the arched support
on the conditions of the dynamic load effects. The support resonance is avoided, because the natural
frequency of circular shaped support is far away from the bump’s frequency region (0-50Hz), see table 3.

(2) The circular yieldable support shows better performance in surrounding-rock control and self-deformation.
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(3) The impact resistance of arch shaped support is not as good as the circular support, but it is easy to
construct and cost small. And the arched support with the thickened mudsill can avoid the floor heave and
resist certain dynamic load.

Table 3. Self frequency of two shapes of support systems (Unit: Hz)

1 order | 2™order | 3 order | 4" order | 5™order | 6™order | 7" order | 8" order | 9" order | 10" order
Arch 0.000 12.048 13.394 16.427 16.740 41.721 60.362 63.697 66.591 84.832
Circle 0.032 0.033 151.46 159.99 179.25 189.44 215.06 228.18 236.78 262.74

7 Conclusions

This paper presents a discussion of the mechanism of tremor induced excavation instability. The study indicates
that the tremors can not only cause the stress redistribution, but also decrease the frictional force between the
coal seam and surrounding rock.

Simulation results show that the plastic region expands, tensile failure occurs, the state of stress deteriorates
in the surrounding rock and coal seam during the dynamic impact. Moreover, two kinds of yieldable support
system investigated can both reduce the stress concentration adjacent to excavations and control the
convergence of openings. But compared with the bolting system, the U-style steel yieldable support system was
proved to be safety and efficient to offer superior protection in the bursting region in the Zhaogezhuang mine.

However, the circular shaped support system was proved to be easier to avoid resonance than the arched
support in tremor influenced conditions. The natural frequency of the circular support was far from the bump’s
frequency range. In addition, circular shaped support systems can provide better ground control and reduce the
concentration of ground pressure adjacent to the excavations.
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With the increase in underground mining depth and the ground pressure redistribution because of mining, the
problem of development working failure is more serious because of the high ground pressure. It is the key to
keep those development workings in stable condition, so it is very necessarily to take effective support method.
Based on the theoretical analysis and the in-situ test, it is found that the depressurized mining and support can
be taken to keep the development stability in the high stress area. According to the mining operation of ore
deposit, the ground pressure surrounding the stope tunnel can be reduced by the depressurized mining
technology, thus the tunnel destroy degree can be reduced and the stability capability of rock mass can be
increased. Besides, the relations between depressurized mining and the support are analyzed. It indicates that
the support can coordinate the tunnel deformation, but can not control the tunnel distortion. Therefore, the
support form and the parameters can be choiced based on the stress reduction degree after mined hy
depressurized mining method. Based on this study, the method is successfully applied in the mine, and the

results show that the depressurized mining and support can keep the tunnel in stable condition.

1 Introduction

In underground mining, the safety due to ground pressure distribution is a serious problem. The slope stress is a
continuous redistribution due to mining, which immediately influences the stability of stope. Especially with
regards to weak rock, the slope failure is very serious because of the ground pressure redistribution. With the
increase in mining depth, more and more underground mines are facing this problem. If the ground pressure of
the weak surrounding rock mass is very high, the ore may be lost permanently due to the damaged development
tunnels which are inaccessible due to safety reasons. It is the key to keep those developments working in stable
condition to guarantee safe production and to effectively convey the support method.

In regards to the ore body's high ground presses mining characteristics, many researchers and mining
engineers have obtained remarkable results through explorations and practice of different research methods for
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many years. Their results include many ground pressure distribution rules and stress control methods. These
methods can be summarized as three types: supporting[1-3], filling, and depressurized mining[4-5].
Furthermore, many researchers have directed the tunnel support though estimating the parameters of rock mass
deformation and strength based on the different standards for engineering classification of rock masses[6-7].
However, the three main factors that affect development stability are ground presses, rock mass strength, and
the support method. Therefore, it is the key to keep the development workings stable to decrease ground presses,
increase the rock mass strength and choice the reasonable support method.

2 The Principle of Depressurized Support

The depressurized support refer to keep the tunnel in stable with depressurized mining and support method. The
depressurized mining refers to using the stress transfer principle to release ground pressure by some project
measures, so the tunnel will be stable. The depressurized mining technology is mainly divided the vertical
depressurized and the horizontal depressurized craft. The vertical depressurized means part or completely
transfer the vertical pressure to around area. The rock mass lower the pressure arch only bear its weight, so the
ore can be mined easily because of the ground pressure decreased. The horizontal depressurized mean isolation
the horizontal stress, forms the area of horizontal stress reduced, so the hazard will be reduced[5]. Now, the
depressurized methods mainly include three methods. The first method is formation slot, joint-cutting, drill hole
or blasting loosely in the tunnel. The second method is development the special-purpose depressurized tunnel
nearby the protected tunnel. The third method is reduced the pressure by mining or the tunnel be arranged in the
low stress area [8]. The three depressurized methods may be called the peripheral depressurized, the tunnel
depressurized and the mining depressurized.

The Depressurized mining method is not reduce the stress of stoping region by mining, but changes the
stress distribution characteristic and the rule by the first sublevel mining, so the new distribution characteristic
of high stress region and low stress region may be formed. Based on the rock mass stress redistribution rule and
characteristic, the under level project can be arranged in the low stress region to ensure the stability through the
reasonable design parameters choice and the stope structural arrangement. So, the depressurized mining mainly
includes two aspects. One is depressurizing of ground presses, which means to form low stress scope under the
sublevel by the depressurized sublevel mining; Another is mining, which includes the depressurized sublevel
mining and the under sublevel mining, but it is the successful key that the reasonable stope structure arrange and
the stope design parameters choice.

Therefore, the principle of depressurized support is that the ore be mined with depressurized mining
method firstly, then the development be supported with some effect method.

3 The Analysis of Relation between Depressurized and Support

In order to study the relations between depressurized and support and the influence of depressurized support on
development stability. According to the conditions of depressurized mining and no depressurized, the paper not
only analyze the mechanics of rock-bolt support but also analyze the relation of depressurized mining and
supporting parameters based on different numerical analysis models. Which provides the theory evidence for
the rock-bolt support parameters selection. The numerical analysis projects is shown in tablel.
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Tablel The rock-bolt support numerical analysis projects

No support Support

Depressurized 0.6mx0.6m | 0.8mx0.8m | 0.6mx0.6m | 0.8mx0.8m | 0.6mx0.6m | 0.8mx0.8m
No depressurized | 0.6mx0.6m | 0.8mx0.8m | 0.6mx0.6m | 0.8mx0.8m | 0.6mx0.6m | 0.8mx0.8m

The maximal falling displacement, the monitor maximal displacement and the maximal rock-bolt axial
strength are shown in table 2. The table 2 data shown that the difference of tunnel convergence quantity which
supported with different rock-bolt parameters is very small in the same stress condition. Which shown that the
rock-bolt supporting method can not control the tunnel distortion. So the function of rock-bolt support can not
control the tunnel distortion, the function main be corresponding the distortion.

Table 2. The contrast of different projects numerical calculate results

Not depressurized Depressurized
Results
0.6*0.6 | 0.8*0.8 | 1.0*1.0 | Nosupport | 0.6*0.6 | 0.8*0.8 | 1.0*1.0 | No support

Maximal displacement (mm) 3.780 4.150 4.180 4.120 2.480 2.710 2.730 2.740
Arch crown monitor(mm) 3.120 3.231 3.290 3.701 2.073 2.155 2.195 2.469
Arch corner monitor (mm) 2.376 2.335 2.518 2.695 1.586 1.556 1.691 1.800
Bilateral monitor (mm) 1.214 1.238 1.319 1.397 0.785 0.808 0.871 0.923

Maximal axial strength (MPa) 3.564 3.785 4.779 - 2.605 2.725 3.540 -

The anchor support cannot effectively control tunnel distortion, but it is very obvious to improve the arch
roof stress condition, as in figure 1 and figure 2. In the same stress condition, the vertical stress reduced scope
and degree are maximal in the roof if the tunnel do not support with rock-bolt. After supported the tunnel with
different anchor support parameters, the vertical stress reduced scope and degree of arch roof have reduced
obviously. Moreover, the support parameters are more smaller that the change of stress are more smaller. Which
show that the tunnel roof anchor parameters are smaller and the rock-bolt is more denser, its roof stress
variation is smaller. Obviously, the rock-bolt support can improve the rock mass stress condition of tunnel roof.
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Figurel Distribution of vertical stress Figure2 Distribution of vertical stress with
without support rock-bolts support

The data of 3 are change rate of maximal roof falling displacement, the measuring point displacement and
the rock-bolt maximum axial strength in the condition of no support and the same support parameters. In the
conditions of release pressure 30%, the rate of displacement change is basicaly between 33%~35% and the rate
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of maximum rock-bolt axial strength change is between 25%~28%. So, the depressurized degree affect the
tunnel distortion extent and the rock-bolt supporting effect. therefore, the depressurized degree is more higher
and more advantageous to the tunnel stability. Comparing the change rate of same support parameters in the
different ground presses condition and the change rate of different support parameters in the same ground
presses condition, the rate of tunnel distortion and the plastic area size caused by depressurized are bigger than
the rate of caused by changed supporting parameters. Which show that the method of depressurized mining is
better than the method of changing support parameters regarding the tunnel stable under certain conditions.

Table3. The analyse results change rate contrast of rock-bolt support

Support parameters

Changing rate(%)
0.6*0.6 | 0.8*0.8 | 1.0*1.0 | No support

Maximal roof falling displacement | 34.39 34.69 34.69 33.50

Arch crown monitor 33.56 33.30 33.28 33.29

Arch corner monitor 33.25 33.36 32.84 33.21

Bilateral monitor 35.34 34.73 33.97 33.93
Maximal axial strength 26.91 28.01 25.93

The numerical analysis result shown that the rock-bolt support does not control tunnel distortion size but
coordinate the tunnel distortion. The support can improve the stress condition of tunnel arch crown rock mass,
thus the tunnel can be kept in stable because of the rock mass self-stabilization. Therefore, the numerical
analysis result indicated that the depressurized mining has the important influence to the maintenance tunnel
stability, but the support function cannot be neglected. The depressurized and support should be considered
together to keep the high stress tunnel in stability.

4  Project Test

The Chambishi copper mine, located at the northern Chambishi basin of Zambia, is main a metamorphosed
sedimentary ore deposit. The ore dip angle is small and the ore body thickness is also small. The average
thickness of ore body is 10m. The joint fissures of ore body and rock mass are developed, so the stability of
stope is very bad. The activity of ground presses is frequent, and the drift often fails because of stress
redistribution, which affect the production badly. The spot investigation result shows that the main ground
pressed of Chambishi copper mine is the vertical stress, and it act on the ore and rock mass centralized. So the
tunnel and stope often fail because of high stress. Therefore, the copper mine test the sublevel depressurized
caving method.

According to the Chambishi copper mine rock-bolt support numerical analysis result, it can be take that
reducing the support intensity in the depressurized mining section, namely increasing the rock-bolt support
parameters and reducing the rock-bolt number. But in the area of not mined by depressurized method, the
reverse measures can be adopted to maintenance the tunnel stable.

Moreover, the numerical analysis result indicated that the rock-bolt axial strength and destroyed scope are
biggest in the arch crown region. So, the small rock-bolt support parameters can be used to increase the arch
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crown support intensity. But the big rock-bolt support parameters can be used in the other area. According to
the principle, the Chambishi copper mine rock-bolt parameters are arch crown 0.8m~1.0m and other area
1.0m~1.2m, the rock-bolt array pitch is 1.0m~1.2m after depressurized mining. Regarding the rock mass very
cracked area, the arch crown support parameter is 0.6m~0.8m. the outside arch crown area support parameter is
0.8m~1.0m and the rock-bolt array pitch also is 0.8m~1.0m.

After depressurized and supported, the tunnel destroyed phenomenon is obvious reduction, and has made
good mining effect. The data of table 4 and table 5 are 529m level three panel 6# development tunnel monitor
convergence record, together 11 row of monitoring points. The tunnel is developed by development and support
together construction technology, supported by 0.8mx0.8m rock-bolt parameters.

The monitor data indicated that after Chambishi copper mine mined by depressurized mining and rock-bolt
support, only the tunnel distortion of 5th row and 9th row position is big, other position distortion is small.
Using the depressurized and support technology, the ground pressure is controlled effectively, the breakage of
development also decreased, the ore recovery ratio effective increased.

Table 4. The roof vertical displacement data of convergence monitoring(unit:mm)

Monitoring points

Date
1 2 3 4 5 6 7 8 9 10 11

06-10-6 | 0.00 | 0.00 0.00 0.00 0.00 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
06-10-10 | 2.09 | -2.25 | 216 | -5.80 | -45.76 | -0.10 | 0.73 | -0.15 | 32.37 | -0.07 | 5.68
06-10-25 | 3.35 | -2.62 | -56.76 | -7.46 | -45.74 | -3.87 | 20.10 | 1.36 | 33.16 | -2.45 | 5.19
06-11-3 | 1.16 | -5.53 | 0.05 | -7.15 | -46.36 | -4.05 | 3.72 | -0.45 | 12.26 | -6.10 | 1.07

06-11-17 | 7.89 | -1.27 | 299 | -8.10 -6.34 | 1396 | 291 | 11.54 0.68

Table 5. The rorizon displacement data of convergence monitoring(unit:mm)

Monitoring points

Date
1 2 3 4 5 6 7 8 9 10 11

06-10-6 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00 0.00
06-10-10 | -3.03 | -1.10 | -0.01 | -1.14 | 88.42 | -0.82 | 1.39 | -0.04 | -0.44 | 0.46 | -5.73
06-10-25 | -0.75 | -0.55 | -0.69 | -1.11 | 85.40 | -1.62 | -33.63 | -2.52 | -2.56 | -1.34 | -7.05
06-11-3 | -3.09 | -0.89 | -2.13 | -1.30 | 84.53 | -441 | -1.96 | -242 | 528 | -2.16 | -7.12

06-11-17 | -2.94 | -0.60 | -0.39 | 10.72 -1.03 | -481 | -133 | 871 -10.98

5 Conclusions

The theoretical and numerical analysis indicated that the tunnels at high stress area may reduce the ground
pressure by depressurized method, and can be kept stable through the supporting method and parameters.
However, the depressurized degree affects the tunnel distortion size. The numerical analysis of the rock-bolt
support system shows that the support may coordinate the tunnel distortion, but cannot control the tunnel
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distortion. The testing results in the Chambishi copper mine show that the method is feasible to stabilize the
high ground stress development.
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In underground longwall coal mining, the caving process is closely associated with rock failure induced by the
abutment stress near the longwall face. Knowledge of the relationship between the characteristics of the rock
failure and the abutment stress should lead to improved understanding of longwall geomechanics and mining
hazards around the face. A study on the relationship between rock failure processes under uniaxial loading
stresses was carried out in laboratory on Helidon sandstone samples. Twelve single component mini acoustic
sensors and four strain gauges were placed on the surface of the samples to measure the acoustic emissions and
strain changes associated with sample stressing. The laboratory results were then compared with weak seismic
events observed at LW704 of Southern Colliery in order to interpret roof fracturing under periodic abutment
stress. This paper presents the results from the laboratory tests and the comparison.

1 Introduction

In underground longwall coal mining, dynamic loading and unloading processes occur in the roof and floor rock
layers with the advance of the working face. The abutment stress near the longwall face induces rock failures
and controls the roof caving processes. Knowledge of the relationship between the characteristics of the rock
failure and the abutment stress should lead to improved understanding of longwall geomechanics and mining
hazards around the face.

The longwall loading process can be estimated using numerical modelling on three dimensional models.
This has been widely used in longwall panel design, strata control planning and mining machinery selection.
The stress changes during mining can be validated using measurements of stress at selected locations [1, 2]. The
stress changes in coal and rock mass can change seismic properties. Novozhilov and Dobrynin [3] firstly used
seismic method to detect rock stress changes in a coal mine for the prediction of coal outbursts. Seismic
tomography using the coal cutter as the source has been used for roof stress condition mapping [4, 5].
Microseismic events observed in a coal mine were found to be closely correlated with abutment stress [6]. A
periodic roof loading pattern was observed in a longwall coal panel from cluster locations of microseismic
events [7]. Kelly et al. used microseismic monitoring for longwall stress estimation [8]. However, the
relationship between rock failures due to periodic loading stress and associated the microseismic events has not
been well explored.

In this paper, we investigate this relationship through a study of the total seismicity occurring in a longwall
panel at Southern Colliery, Australia. This style of analysis has similarities to acoustic emission experiments
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undertaken on rock samples undergoing destructive testing. For comparison, a study of the acoustic emissions
associated with testing the strength of a sample of Helidon sandstone was also conducted.

2 Determination of cyclic fracturing progress — A case study at Southern Colliery

A microseismic monitoring was carried out at Southern Colliery to investigate the fracture characteristics of the
heavy roof in longwall panel 704 (LW704), associated with mining [9]. The microseismic system comprised 20
triaxial geophones installed in 4 boreholes, A, B, C, and D (Figure 1). Borehole C is located right in the centre
of the panel. For the five triaxial geophones in borehole C, the bottom geophone is installed in the immediate
roof of the coal seam being mined and the top geophone is 110 m above the seam. Five sections of the roof rock
near the borehole were divided for the analysis (Figure 2). With the longwall face approached, each of the rock
blocks should experience variable loading process and that should have correlation with rock fracturing process.

The analysis of in-situ rock failure under the abutment stress was carried out through determining the
number of seismic events occurring in the vicinity of borehole C. Each event was considered to be the result of
a rock fracture and the total seismic activity occurring in the vicinity of the borehole provides an indication of
the extent and timing of the rock failure induced by abutment stresses leading to ultimate rock failure through
caving.
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Figure 1. Plan view showing the location of borehole C at LW704 of Southern Colliery. The arrow indicates the progress direction of the
working face. The longwall face positions on Sep 6, 22 and 29, 2000 are marked. The radius of the circle centred at borehole C is 50 m. The
seismic events in this analysed are located whin this region.
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Figure 2. Cross section showing the locations of the geophone in borehole C, viewed side on to the longwall panel and the regions into
which the weak events were assigned. The roof rocks near borehole C are divided into 5 regions with diameter of 100 m and thickness
varies between 20-50 m depending on the spacing of the geophones.

In this microseismic experiment, many small seismic events were detected. These events are so weak so
that they were only recorded by 1-3 geophones in single borehole. Because the weak events were only detected
at one borehole, it was not possible to locate them on the basis of the travel times to the different boreholes and
so only the hypocentral distances of the events from the borehole could be estimated on the basis of the time
difference between the P- and S-wave arrivals (S-P times). It was found that the majority of the weak events had
S-P times less than 15 ms. This suggests that the events were within 50 m of the borehole (assuming P-wave
velocity Vp=3.8 km/s and S-wave velocity Vs=1.9 km/s). Many of the events actually occurred closer than this
to the borehole because their P- and S-waves could not be separated.

The elevations of the events could also be estimated. If an event was recorded by only one geophone, it was
considered to be at the elevation of that geophone. If it was recorded by several geophones, the geophone with
the highest amplitude and earliest arrival time was considered to be closest to the event. Through this approach,
the location errors should be less than half of the spacing between two adjacent geophones.

There were more than 10,000 weak events recorded by the geophones in borehole C. In Figure 3, the
number of the events recorded per hour and assigned to the vicinity of each geophone is plotted against the
longwall face position for the period September 1 to October 9, 1999. On September 1, the face was about 240
m from the borehole and on October 9 it was 25 m past the borehole. Unfortunately the microseismic system
was not operating between October 2-4 and no events were recorded during this critical period. After the
passing of the longwall face on October 6, and with the exception of the top geophone, all of the geophones
ceased to function.

As seen in Figure 3, the amount of seismicity generally increased with the approach of the longwall face
and with most occurring at the bottom geophone, C1 and least occurring at the top, geophone C5. The activity
started when the face was about 200 m away from the borehole and all geophones recorded a similar pattern of
activity which can be correlated with mine production. When there was no production, the seismicity was
significantly reduced.
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To enable the seismicity to be studied independently of the periods with no production, the number of
events per shift in which there was production was determined for each geophone. As an example, Figure 4
shows the seismicity assigned to geophone C1.

Once the amount of seismicity exceeds about 50 events per shift, there is some degree of cyclicity evident
in the data. There are local peaks (or troughs) occurring at about 14 m intervals. This may be associated with
cyclic loading. In particular it is interesting to note that there were weighting events at the face on September 25
and 28, at the time the seismicity was at a local maximum and just prior to a lull in the amount of activity. It is
also interesting to speculate as to when the front abutment passed by the borehole - on September 27 when there
was a local maximum in the microseismic activity or in October when there is a peak in the microseismic
activity just prior to the final caving and destruction of the geophones.

Examination of representative seismograms allows this proposition to be partially tested. Early
seismograms (September 6) show both the P-and S-wave motions that are to be expected from failures
involving a shear component of motion. Such seismograms continued through September 22 and up to at least
October 4. However at later dates, events showing less distinct shear components increasingly start to. The
decrease in the presence of the shear waves is presumable due to the change in the type of individual failures in
the rock mass as its overall failure progresses. Certainly by the time the face had passed the borehole on
October 6, the shear components of the seismic events had ceased and the activity was more representative of
tensile failure.

On the basis of this general type of behaviour in the waveforms and when the peak of the seismicity
occurred, it is considered more likely that the stress abutment was close to the longwall face and that the earlier
local peaks in the seismicity are due to the cyclic caving and weighting behaviour experienced under the
sandstone roof.
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Figure 3. Hourly seismicity in the vicinity of each geophone between 1 Sep and 9 Oct. The distance of the longwall face to the borehole is
also shown. Unfortunately the microseismic system here was not operating between 2-4 Oct. With the passing of the longwall face on 7 Oct,
all geophones except the top geophone were destroyed by caving.
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Figure 4. Seismicity at geophone C1 during shifts when production occurred. Weightings (w) occurred on dayshift 25/09 and nightshift
28/09. There was a blockage (b) on night shift 01/10 just as the seismic system was temporarily not available.

3 Acoustic emissions of sandstone under cyclic loading — A laboratory test

As part of this project it was intended to undertake acoustic emission tests on rock samples in a laboratory
experiment intended to simulate the stress environment experienced under longwall mining. The results
obtained under these controlled conditions could then be compared with the microseismic results obtained in
longwall situations.

Two cylindrical samples of Helidon sandstone were cored from a block obtained from a dimension stone
quarry. It is a clean, quartz-rich sandstone (~ 50% quartz), typical of the sandstones found in Australian
coalfields. The samples had identical dimensions with a length of 58.82 mm and a diameter of 28.62 mm
(Figure 5). Its UCS is typically about 40 MPa. The testing of the two samples was performed at the National
Institute of Advanced Industrial Science and Technology, Japan. Initially it was intended to conduct the tests
using a triaxial cell to provide confinement but unfortunately this equipment was not available at the time the
experiment was undertaken. Uniaxial stress conditions could only be tested.

For the experiment, 12 single component mini acoustic sensors were placed on the surface of the samples at
three levels. The sampling rate for the recording system measuring the acoustic emissions was 0.1 microseconds
(10 MHz) per channel and all trigger information and acoustic waveforms were stored on a hard disk for later
analysis. In conjunction with the acoustic monitoring, four strain gauges were placed on the samples to detect
the changes in the strain with stress. One opposing pair was oriented in a radial direction and the other was
oriented in the axial direction.

In the testing, satisfactory failure conditions were only achieved for one of the samples. The loading on this
sample is shown in Figure 6 and was designed to simulate a periodic longwall caving situation. Prior to the
shear failure at 41 MPa, there were three loading peaks at 22, 30 and 38 MPa followed by stress drops of
between 8 and 12 MPa. The acoustic emissions recorded by sensors 1 and 2, are shown in Figure 7. Figure 8
shows the stress-strain curves recorded at the four strain gauges.
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Figure 6. Stress, load and eventual fracture of the Helidon sandstone sample.

As shown by these figures, the occurrence of the acoustic emissions is directly related to the applied load.
The emissions increase during the loading periods and decrease during the unloading. They start at a load of
about 10 kN (15 MPa stress and 700 microstrain) and from the moment the load comes off on each cycle, there
is an immediate decrease in the emissions. When the load comes back on, the acoustic emissions again start to
build up, even though the initial loads are less than the previous peak. It also interesting to note that the peak in
the emissions prior to the final failure occurred at an intermediate load of 20 kN (31 MPa and a strain of 1400
microstrain. Failure occurred at 26 KN (41 MPa and 1900 microstrain).
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Figure 7. Axial load and associated acoustic emissions recorded at sensors 1 and 2.
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Figure 8. Stress-strain curves recorded by the strain gauges. The strains are microstrains with gauges 2 and 4 being the axial strains and 1
and 3 radial.

Given that only single component sensors could be used, identification of S-waves on the recorded
waveforms proved to be difficult. As a general rule, a pattern whereby strong acoustic events were followed by
groups of smaller events was observed. Events from typical strong and weak events recorded during a loading
period are shown in Figure 9 and Figure 10. These waveforms are all normalised to the same nominal amplitude.

During the unloading periods, the number of the acoustic events decreased and they were generally weaker
compared to those during the loading period. Unexpectedly, several strong events occurred during the
unloading stages. An example of one of these is shown in Figure 11.
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Figure 11. An example of a strong event observed during an unloading period. The waveforms are normalised against the same value as the
previous waveforms.

4 Discussions

The pattern in the seismicity observed in the vicinity of the single geophone hole C in LW704 shows much
similarity with the pattern of the acoustic emissions observed from the testing of the sample of Helidon
sandstone. The activity started at levels of stress well below the strength of the rocks concerned and there was a
sense of cyclicity in the results that can be related to pauses and decreases in the build up of stress. In the case
of LW704 this arises through pauses in production and weighing cycles. Prior to both weighting events in
LW704 immediately before the geophone hole, peaks in the microseismicity occurred.

From the acoustic emission study, it was observed that the acoustic emissions started at about 35% of the
UCS and 0.07% strain. These figures are indicative of the values that might be required for the onset of
microseismicity. Further acoustic emission studies using a range of rock types and loading conditions,
preferable under triaxial conditions, is clearly an area worthy of further investigation.
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The energy accumulation and its position are two main factors used for judging rock burst occurring. An energy
density criterion to distinguish the danger of rock burst was proposed based on this assumption. The process of the
energy accumulation and the effect of the intensity of stress wave p  on the energy accumulation was simulated
and analyzed by employing ANSYS/LS-DYNA, and the characteristic and the position of the energy accumulation
was obtained. Research results show that the stress wave is an important factor in energy accumulation in rocks near
excavation boundary and it can result in rock burst; moreover, its intensity, Prae determines the value of the
maximal energy density (Ug)max@nd the distance between the position and the surrounding roadway, namely, the value
of energy density factor k. The study results are useful to the study of rock burst mechanism and the forecast of rock

burst.

1 Introduction

Rock burst is a typical dynamic disaster in mining which has been increasing continually and has been become
a serious threat to safe mining. This disaster is a complex dynamic instability accompanied by lots of coal
powder outburst. A series of theories [1-5] were put forth in a series based on the systemic studies on the
mechanism of origination of the rock burst and its prevention. However, there is not an accepted theory of the
mechanism and formation of rock burst because it is a type of complicated dynamic instability. Therefore, it is
of urgent importance to study the forming mechanism of the dynamic hazard of such as rock burst.

The stress wave may be triggered by driving blasting, roof breaking, working face weighting, and seismic
waves in the mining process; thus external disturbances are often introduced for the occurrence of the rock burst.
Although many studies [6-13] have been performed on the influence of dynamic disturbance on rock burst, the
energy accumulation and its characteristics still need further research because of the complexity and uncertainty
of stress waves. Further relative research may contribute to the understanding of the rock burst mechanism and
the prevention of rock burst induced by stress.

The stability of the surrounding rock mass and energy accumulation characteristics were investigated by
simplifying the driving blasting, dynamic disturbance (roof breaking, working face weighting, etc.) as stress
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waves, and the effects of stress waves on the danger of rock burst was analyzed.

2 Energy Density Criterion of Rock Burst

Rock burst is a dynamic phenomenon by nature; part of the rock body is destroyed quickly and releases a great
deal of transformative energy. The intensity of the rock burst lies on the dispersion between the accumulation
energy and the energy consumed by the wall rock ruptured. The more that energy is accumulated, the less that
energy is consumed, and the more likely a violent rock burst is likely to happen.

The rock burst is nearly correlative with the local energy accumulation of rock mass. Whether the
accumulative energy releases relies on two factors: one is the degree of the local energy accumulation, it can be
token by energy density Ug; and the other is the position of the energy accumulation, it can be obtained by the
vertical distance between the position of the maximum energy density (Ug)max and the boundary on the roadway
side. Obviously, the bigger the value of (Ug)max is, the higher degree the energy accumulation is. If the position
is near the boundary of the roadway side and the stress of the wall rock is close to the strength of the rock mass,
the rock burst can occur easily. Similarly the closer the distance between the position of the maximum energy
density (Ug)max and the boundary of the roadway side, the less energy consumed, so rock burst is easy to occur.
Thus a combined quantity of maximum energy density (Ug)max and the distance d between the position of the
maximum energy density (Ud)max and the boundary of the roadway side is applied to weigh the fatalness of
rock burst in roadway wall rock. Obviously, it is reasonable and feasible. Let

k = (Ud)max
d (L

From formula (1), it can be seen that when the value of (Ug)max IS big and the distance d is small, the value
of k is bigger, the fatalness of rock burst is bigger; contrarily, when the value of (Ug)max is Small and the distance
d is big, the value of k is smaller ,the fatalness of rock burst is smaller. Obviously, the value of k reflects the
degree of energy accumulation and its position; we name k as energy density factor. When k exceeds a certain

value, rock burst occurs. The criterion is denoted as K", here, K* is the critical energy density factor. So the

condition whether rock burst occurs can be written as:

k>k" (2)
Critical energy density factor K* is related to the rock features and structure of wall rock, so its value must

be determined by experiment, practical measurement and mass rock burst data and so on. And energy density
factor of wall rock can be obtained by numerical simulation.
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3 Numerical Simulation Model and Scheme

3.1 Numerical Simulation Model

The rock burst occurs nearly correlative to the depth of the roadway. So the influence of the upper terrane must
be taken into account. In the paper the implicit function of LS-DYNA is applied to analyze the action of the
upper terrene on the roadway structure before analyzing the action of the stress wave. Then, the result is added
on the structure as an initial stress; finally, the explicit function of the LS-DYNA software is applied to analyze
the action of the stress wave on the structure. According to the request of the implicit analysis, the numerical
simulation model of static analysis, as shown in Fig.1 (a). horizontal chain poles restriction are set on the both
sides of the model to simulate the boundless boundaries; the constrained boundary is set on the bottom of the
model; and the top of the model is added the even distributing load q to simulate the upper terrene’s action, and
the value of the g is determined by the formula below.

q=mM (3)

where ¥ is the average density of the upper terrene’s rock mass ( y = 2x10°N/m®) ; H is the depth of

roadway.

When analyzing the stress and energy accumulation of the roadway wall rock, due to the request of the
explicit analysis, the non-reflect boundaries are set on the both sides of the model to eliminate the effect of the
boundary on the stress wave spread; the constrained boundary is set on the bottom of the model; and the

freedom boundary is set on the top of the model; Then a disturbed stress wave pP(t) is added on certain scope

of the middle part of the left side of the model. The disturbed stress wave p(t) is shown in Fig.2, to simulate

the disturbed load aroused by the driving exploder of the roadway nearby or the ground pressure of coal face of
stope. Finite element girding of roadway’s surrounding rock is shown in Fig.1 (b). The mechanical parameters
of the roadway’s roof, floor and the coal seam are listed in Table 1.
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Figure 1 Numerical simulation model of roadway’s surrounding rock and its finite element girding
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Table 1 Mechanical parameters of roadway’s surrounding rock

lithology thickness | Elastic modulus | Poisson’s ratio | Compressive strength Bon strength Internalfrictioonal
h/m E/GPa yZi o./MPa ¢/ MPa angle (0/
sandstone 1 15 0.30 20 25 41
coal 3 5 0.35 5 15 30
sandstone 1 15 0.30 20 2.5 41

3.2 Numerical Simulation Scheme

According to the some related blasting regulations[14], Peak stress of blast load can be calculated by formula (4)
based on blast hole position and actual parameters of position of the blast hole and powdered charge. It is
concluded from calculation that Peak stress of blast load is ranged from 5MPa~20MPa.

~139.97 84481 2.154

Prnex - + 3 + 73 —-0.8034 (4)

where, Z = R/Ql/3 is scaled distance, R is the distance between blast hole and the acting surface of blast load,

Q is powdered charge of the blast hole. The formula was obtained by statistical analysis of present blast load.

Considering the action characters of stress wave, this paper mainly analyzes the influence of time (t) and the

intensity of stress wave p__ . According Peak Stress of blast load, take Peak Stress of blast load p, . =

5MPa. 10MPa. 15MPa. 20MPa. 20MPa four cases to analyze.

4 Energy Accumulation Features of Roadways Surrounding Rock
4.1 Variation of Energy Accumulation Features with Time

On account of the static analysis is the foundation of the dynamic analysis, the numerical system considers the
initial stress-strain state as zero strain energy, so the value of the numeric is the strain energy increment. When
H=600m, pmax =10 MPa, time t is Oms. 0.4ms. 0.8ms. 0.12ms. 0.16ms. 2.0ms respectively, the roadway
wall rock energy density distribution plot is shown in fig.3 and the corresponding (Ug)max - the distance d
between its position and the surrounding roadway and the energy density factor k are listed in Table 2.

Table2  Variation of  (Ug)max, d with time t
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t/ms 0.4 0.8 1.2 1.6 2.0
(Ud)max /J - m-3 1.186 % 10° 1.469 X 10° 1.553 X 10° 1.406 X 10° 1.496 X 10°

d/m 0.11 0.12 0.40 0.31 0.10

From Fig.3 and Table 2, it can be seen that : (1) With the stress wave spreading, the value of the maximum
energy density and its position is changing , that illuminates the energy density of wall rock is distributed over
again for the action of the stress wave, some area energy accumulated and some area reduced; (2) The position
of the maximum energy density (Ug)max. firstly lies on the top of the roadway side, and the value is little; with
the stress wave spreading the position of (Ug)max moves to the below and inside of the roadway side, and the
value of the (Ug)max is increasing.
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Figure 3 The energy density distribution of roadways surrounding rock changed with time

4.2 Variation of Energy Accumulation Features with Intensity of Stress Wave

Set t = 2.5 ms when analyzing the effect of the intensity of stress wave pmax 0n energy accumulation of the wall
rock. From simulation the roadway wall rock energy density distribution plots of different py.x are shown in
Fig.4, the right is blown-up plot of the local of the roadway wall rock. The (Ug)max and the distance d between
its position and the surrounding roadway vs. pmax are listed in Table 3. The rule of the maximum energy density
(Ug)max Vs. intensity of stress wave pma is shown in Fig.5. The rule of the distance d vs. intensity of stress wave
Pmax 1S shown in Fig.6.

Table 3 Variation of (Ug)max, d, k with intensity of stress wave pmax
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Prax! MPa 5 10 15 20
(Ug)max / 3. 2.007x10° 2.717x10° 3.409%10° 3.981x10°
d/m 1.45 1.25 1.15 0.8

k/ J.m™* 1.384%10° 2.714%10° 2.964%10° 4.976 X 10°

200700
6.149a+00

-7.776a+00
2170005
35626006
| -4.85Ee 00
6. 34700
=7 10u+00
-8 1320400
-1.052a+00
“1.192a+00

Pmax = 5 MPa

2.717e+006

=1 079a+006
-~ =3A1la-D0E

<A 943w+ 00
5. ATSe DU

“1.260e+ 00

Pmax = 10 MPa

3.409e+006

1,850 +001
28150 +00
=1.267a+00
-2.026e+006
-4 305a 00
-5.944a+00
-7.502a+00
-9, 06Te00
“1.06EZe+00
-1 21800

Pmax = 15 MPa

J.98le+00

1.85%e+00
L E30e 00
=2 A8he+ 00K
-4.507c+006
b BZ29e 00
-0 762000
-1.087a+00
“1.300e+00
“1.51Ze00
“1.724e+00

Pmax = 20 MPa

e

Figure 4 Variation of the energy density distribution of roadways surrounding rock with Prmax
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5 Conclusions

The process of the energy accumulation and the character of the energy accumulation were simulated and
studied by employing LS-DYNA software. The effects of the intensity of stress waves and the time of the
energy accumulation were investigated. It is of important significance to research the mechanism of inducing
rock burst.

Research results show that maximum energy density increases and the distance decreases with the increase
of the intensity of stress waves. The value of energy density generally increase and the risk of the rock burst is
increased significantly. The results of the study have an important significance to understand the mechanism of
inducing rock burst and the forecasting of rock burst.

Acknowledgements
This work was supported by National Natural Science foundation of China (50874104), and National
Basic Research Program of China (2007CB209400) .

References

1. Morrisonr, G.K. Theory and the Practical Problem of Rock Bursts. Engineering and Mining Journal, 1948,
149(3). 66-72.

2. Brady, B.T. Anomalous Seismicity Prior to Rock Bursts; Implications for Earthquake Prediction. Pure and
Applied Geophysics, 1977, 115(1/2). 357-374.

3. Mueller, W. Numerical Simulation of Rock Bursts. Mining Science & Technology, 1991, 12(1). 27-42.
Casten, U. and Fajklewicz, Z. Induced Gravity Anomalies and Rock-Burst Risk in Coal Mines: a Case
History. Geophysical Prospecting, 1993, 41(1): 1-13.

5. Zhao, B.J. and Ten, X.J. The Rockburst and Its Prevention and Treatment. Beijing: Beijing Coal Industry
Publishing House, 1995.

6. Wang, X.N. and Huang, R.Q. Analysis of the Influence of the Dynamic Disturbance on Rock Burst.
Mountain Research, 1998, 16(3): 188-192.

7. Mansurov, V.A. Prediction of Rock Bursts by Analysis of Induced Seismicity Data. International Journal of
Rock Mechanics and Mining Sciences, 2001, 38(6). 893-901.

8. Qi, C.Z. and Qian, Q.H. Physical Mechanism of Dependence of Material Strength on Strain Rate for

897



10.

11.

12.

13.

14.

Rock-Like Material. Chinese Journal of Rock Mechanics and Engineering, 2003, 22(2): 177-181.

Dyskin, A.V. and Germanovich, L.N. Model of Rock Burst Caused by Cracks Growing Near Free Surface.
In: Younged. Rockburst and Seismicity in Mines Rotterdam: A A Balkema, 1993, 169-174.

Germanovich, L.N., Dyskm, A.V., Tsyrulnikov, N.M., et al. A Model of the Deformation and Fracture of
Brittle Materials with Cracks under Uniaxial Compression. Mechanics of solids, 1993, 28(1). 116-128.
Myer, L.R. and Kemeny, J.M. Extensile Cracking in Porous Rock under Different Copressive Stress. Appl
Mech Rve, 1992, 45(8). 263-280.

Zhang, X.C. A Study on Mechanism of Rock Burst in Coal Mines. Wuhan: Department of Mechanics,
Huazhong University of Science and Technology, 1999.

Lu, A.H. Study on Dynamic Mechanism of Rock Burst Induced by Stress Wave. Xuzhou: College of
Science, China University of Mining and Technology, 2005.

Hsn, Y.L. and Hong, Hao. Reliability Analysis of Reinforced Concrete Slabs under Explosive Loading.
Structural Safety, 2001, 23. 157-168.

898



RaSiM 7(2009): Controlling Seismic Hazard and
Sustainable Development of Deep Mines,
C.A. Tang(ed), Rinton Press, 899-910

IS MINE EARTHQUAKE PREDICTION POSSIBLE?
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24 Mail Str, Florida Park 1709.

Johannesburg, South Africa

Short-term prediction of large earthquakes and mine seismic events has been an elusive goal for many years. Some
South African deep-level gold mines use a system of hazard estimation that varies from day to day and that is meant
to provide warnings of increased likelihood of impending large events. In essence, this is an attempt at predicting the
incidence of large events. In this study, I look for any consistent changes in the rate or type of seismicity before large
events (Magnitude M greater than 2.5) in two mines. The only consistent change is a small increase in the rate of
seismicity soon before large events. The same increased rate is also observed before small events (M between 0.0 and
1.0). As small events are numerous and rarely pose significant hazard, consistent short-term prediction of large
events does not seem to be possible. | therefore recommend that the daily issuing of seismic hazard assessments be
scrapped.

1 Introduction

Daily hazard estimation is provided on many South African deep-level gold mines, particularly by the most
popular seismic service providers, Integrated Seismic Systems International (1ISSI) (van Aswegen, 2003, 2005
& 2007). Van Aswegen’s 2007 report stated that:

“The principles of the timeous detection of rockmass instabilities have been described in detail elsewhere
(Mendecki, 1997). The applications to short term seismic hazard assessment procedures, as referred to
below, have essentially not change since 1995. Success rates vary. In some cases the seismic rockmass
response to mining is too fast or too slow for the methods to be useful on a daily basis. Since lives could be
at stake, however, we have no choice but to a) keep doing the best we can and b) research methods to
improve the success rates.”

The implications of seismicity and resulting rockburst damage are so severe that van Aswegen (2007) can
justifiably claim that:

“In seismically hazardous mines, the management of the seismic risk is the first priority of the rock
engineers.”

Attempts at short-term seismic hazard assessments are driven by optimism for the success of such
assessments. Despite numerous cautious statements that seismic prediction is not currently viable, some overly
optimistic statements have been made. Creamer (2009) reported a National union of Mineworkers (NUM)
spokesman as saying:

“NUM urged the implementation of best practice and better use of equipment that warned of impending
seismic danger so that people could be removed from dangerous areas.”

The recent South African Presidential Mine Health and Safety Audit that was prepared by the Department
of Minerals and Energy (DME) (DME, 2009, p15) takes a somewhat curious view about the predictability of
large seismic events.”
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“This (seismic) information is often only made available by mines after injuries and deaths and cannot be
relied on because it always indicates that there were no major warning (sic) before the main incidents that
injure and claims lives.”

The DME appears to be saying that mine seismic data or its interpretation is unreliable because it does not
show warnings.

Extreme pressure has been brought to bear on seismologists to provide predictions on time scales of hours.
Van Aswegen (2007) reports on a meeting that was held to discuss needs for seismic research:

*“...a local production manager put it bluntly: they want to know where, when and how large the next
potentially damaging tremor will be.”

van Aswegen (2003 & 2005) has found that daily hazard assessments routinely issued on mines perform
better than random, in other words, large events more often follow when warnings are issued than if warnings
were issued randomly. Unfortunately, these assessments are based on long-term average behaviour (seismicity
rate) as well as on day-to-day variations in seismicity in areas of high and low seismicity rates. As van
Aswegen did not report on the relative contributions of short- and long-term effects on daily hazard assessments
nor did he separate the data from active and quiet area, it is impossible to judge from his reports whether his
successes reflected daily or long-term variations in hazard.

In contrast, the standard approach for earthquakes is one of forecasting the probability of a possibly
damaging event (e.g. Michael, 1995). This currently based partly on long-term seismicity rates and partly on
aftershock behaviour. The USGS (2009) currently operates an earthquake forecast map for California that is
updated hourly. Long-terms rates are based on 50 years of earthquake recordings.

Jordan (2009) makes a clear distinction between forecasting and prediction:
Forecasting can apply at all times and places and describes a low probability of occurrence; and
Prediction refers to short-term warnings with high probability (and hopefully a high probability of success)

Forecasting is eminently suitable for South African gold mine seismicity as the rate of seismicity is fairly
constant over time and is in many cases proportional to the volume of elastic convergence (e.g. McGarr and
Wiebols, 1977) or, equivalently, the elastic strain energy released (Spottiswoode et al, 2008).

2 Theoretical Basis to ISSI Short-Term Hazard Assessment

The central thesis of Mendecki’s 1997 theory is the hypothesis of “seismic flow of rock™ as proposed by Kagan
(1992) and others. In a tour de force study of earthquake physics, Ben-Zion (2008) reassessed the theory of
turbulence of solids “The existence of these power law distributions led Kagan [1994] to suggest that seismicity
and faults are associated with “‘turbulence of solid.” This analogy may be appropriate over very large space
and time scales (e.g., the entire lithosphere and 10°~10° years), for which the solid motion in the lithosphere
produces sufficient ““mixing’’ and reorganization of the tectonic plates and the faults they contain. Over shorter
space-time scales, however, and especially the scales relevant for seismic hazard assessment (e.g., 10>-10% km
and 10%-10* years), geological domains and faults can be considered to be statistically frozen, and the
turbulence analogy is not appropriate.”

Only a few years after Kagan’s 1992 & 1994 papers, he co-authored a paper with the title “Earthquakes
Cannot Be Predicted (Geller et al 1997). An editorial summary of this paper is provided in the link in the
reference and reads:

“Can the time, location, and magnitude of future earthquakes be predicted reliably and accurately? In their
Perspective, Geller et al.'s answer is "no." Citing recent results from the physics of nonlinear systems
"chaos theory," they argue that any small earthquake has some chance of cascading into a large event.
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According to research cited by the authors, whether or not this happens depends on unmeasurably fine
details of conditions in Earth's interior. Earthquakes are therefore inherently unpredictable. Geller et al.
suggest that controversy over prediction lingers because prediction claims are not stated as objectively
testable scientific hypotheses, and due to overly optimistic reports in the mass media.”

These doubts about the predictability of earthquakes extend to other regions of brittle shear failure, such as
deep gold mine seismicity. According to Ben-Zion (2008, p13), exceptions to the brittle shear are oceanic
faults and the presence of certain rock types and minerals such as serpentines and talc that may produce locally
creeping fault segments. What is at stake at deep South Africa gold mines is whether similar conditions exist in
these mines. Certain ductility such as that which occurs below the thin oceanic crust is out of the question, but
perhaps some faults in SA gold mines creep?

Ironically, although there is now some doubt about the relevance of the “seismic flow of rock” theory of
Mendecki (1997) and applied by van Aswegen (2003, 2005 & 2007) in the brittle environment of deep
Witwatersrand mines, it was van Aswegen himself who recently presented further evidence of the brittle nature
of dynamic failure in these mines (van Aswegen, 2008).

3 Hypothesis
The analysis presented here is aimed at testing the truth of two statements:
1. The event rate or event type changes before large events; and

2. The event rate or event type does not change in a similar manner before the more numerous small
events.

If the answer to both of these questions is “yes”, then useful prediction is possible. If the answer to either
question is “no’, then useful prediction is not possible:

1. Ifthe event rate or event type does not change before large events, then prediction is not possible at all;
and

2. If the event rate or event type changes in the same way before numerous small events, then too many
false alarms (false positives) would be issued to be useful.

I will test the seismicity prior to large and small events over time scales of minutes to two weeks.

Large events are considered to be those with Magnitude (M) greater than 2.5 (M>2.5), while small events
were defined as M between 0.0 and 1.0 (0<M<1).

4  Case Study

As there are still no complete theories that quantify the seismic response to mining, we need to work on case
studies to develop theories or models. In a recent case study from large data sets from two mines, Spottiswoode
et al (2008) found that, over a time scale of months, seismicity is proportional to strain energy changes
associated with mining. The same data is used here to see if there are any consistent changes in the amount or
character of seismicity in the days and hours prior to large and small events. Data came from mining of the
Carbon Leader Reef, labelled “CLR” here and mining on the Ventersdorp Contact Reef (VCR). Some statistics
of the two mining situations is listed in Table 1.

Kgarume et al (2009) studied aftershocks of mine events using the custom-built OMORI program. For this
report, | extended OMORI to analyse foreshocks from the two data sets studied by Spottiswoode et al (2008).
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Table 1. Some Parameters for the two case studies

Parameter VCR mine CLR mine
Area mined 543 636 m? 1057 896 m?
Duration of seismic data 4.2 years 9 years
Average depth below surface 3300 m 3100 m
Total number of events 16626 39966
Number 0.0<M<1.0 6425 ~24000
Number M<2.5 48 187

As applied here, the custom-built program OMORI uses the following steps to write output files containing
average seismicity rates before and after events that can be defined as main shocks:

1. Read a catalogue of seismic events;
2. ldentify main shocks based on their Magnitudes;

3. Stack all events with Magnitude greater than -1.0 (M>-1.0) within 14 days and 200m in plan of the
main shocks by time difference according to their occurrence and properties; and

a. Cumulate the number of events earlier and later than the main shocks; and
b. Smooth the event property data.

Stacking of events is explained graphically in Figure 1.
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Figure 1 Diagram to illustrate spatial stacking of main shocks

Daily hazard assessments should be at their most successful if large seismic events are preceded by
significant changes in seismicity that do not also precede small events. To see whether large events are, on
average, preceded by changes in seismicity, main shocks are “stacked” at time zero and distance zero. (Main
shocks are normally larger events, but small events are also considered separately as main shocks in this study.)
Events before and after main shocks within a radius of 200 m in plan were chosen after discussions with
Mendecki et al (2009). Earlier work using data within a radius of 100 m gave similar results.

The stacking method applied here is aimed at giving the best possible chance of finding consistent
precursory behaviour, if such behaviour exists.
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5 Analysis and Results

5.1 The

Rate of Seismicity

The average time-of-week occurrence is calculated over the two weeks before and one week following main
shocks. The overall seismicity rate over the 14 days before and 7 days after the stacked main shocks is constant
to the first order (Figure 1). There are several deviations from a constant rate of seismicity:

1.

The increased rate of seismicity immediately following the main shocks can be attributed to

aftershocks (Kgarume et al, 2009);

A ripple with peaks at multiples of 24 hours occurs because events, both large and small, take place

preferentially soon after the daily face blasts (Figure 4);

An increased rate of seismicity over a few hours prior to large and small events; and

More aftershocks occur after large event than after small events.
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Figure 2 Cumulated number of seismic events within 200m before and after big and small events.

The average rate of seismicity before large is compared to the rate before small events in Figure 3. The lack
of significant and accelerated curvature before the main shocks (indicated with the red diamonds) occur shows
that there is no consistent change in the event rate before large events that does not also occur before small

events.
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Figure 3 Comparison between the cumulated seismicity in the 24 hours before large and small events, averaged over number of main shocks

The non-linear shape of the graph for VCR data in Figure 3 is probably a complex function of factors
relating to variations in time of day statistics shown in Figure 4 and Figure 6 and the different rate of precursory
seismicity shown in Figure 2. The accelerated rate of seismicity in the afternoon is directly related to the daily
production blast.
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Figure 4 Distribution of seismicity by time of day

A weekly cycle also influences the rate of seismicity, causing minima at multiples of seven days before and
after main shocks (Figure 5). The overall seismicity rate on the CLR following large events, once aftershocks
have occurred, is less than the seismicity rate before large events.
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Figure 5 Average daily seismicity rate

Comparison between the statistical behaviour of large events is facilitated by the lines of constant (negative)
slope (“b” value) of 1.0.

904



/

—BT: 18:00 to 22:00
— Oultside blasting

0 1 2 3

Magnitude (M)

The analysis for the cumulated incidence of seismicity is repeated here for cumulated Apparent Volume as
this parameter has been used routinely on mines (van Aswegen, 2005) (Figure 7). Figure 7 is similar to Figure 2 in
many ways, although differing in several aspects:

1.

The moment rate immediately after the main shocks is relatively higher for Apparent Volume (Figure 7)
than for number of events (Figure 2).

Both data sets show a more pronounced 24-hour ripple, compatible with the large number of events at
basting time, especially for VCR mining.

The VCR data is less smooth than the CLR data. This can be attributed to a greater contribution of the
few M>3 events towards the total seismic moment, as suggested by the slow roll-off at high
magnitudes of the curves for CLR data.

VCR data in particular shows more rapid increase in the rate of apparent volume soon before the time
of the main shocks than was the case for cumulated number of events in Figure 2. The rapid increase in
Figure 7 is likely to be a more accurate representation of real seismicity as many small aftershocks
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Figure 6 Magnitude-frequency distribution

within approximately the first 30 seconds are probably lost (Kgarume et al (2009).
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Figure 7 Cumulated apparent volume for events within 200m before and after big and small events.

In contrast to Figure 3, Figure 8 does show some accelerated increase in the apparent volume before large
events during VCR mining that was not shown for seismicity rate (Figure 3). As seen by the markers (“+”) that
are used in Figure 3 to show 15-minute intervals, two large events were preceded by large foreshocks within the
previous one hour.

Cumulated Apparent Volume in the 24 hours before
large & small events

1200
Ln
‘§ 1000 ——VCR r_/ Pl
£ 800 CLR
= & Main
[2]
£ 600 -
(]
>
S 400 -
) /
€ 200
m
0 ‘
0 200 400 600

Before events with 0<M<1

Figure 8 Comparison between the cumulated apparent volume in the 24 hours before large and small events, averaged over number of main
shocks

The analysis so far in this report has involved the average behaviour of seismicity before and after main
shocks. Seismicity rates in the day prior to individual events are shown in Figure 9. As was shown in previous
Figures, the seismicity during the day before main shocks is, on average, higher than the rate over the previous
13 days, this number chosen as two weeks less one day. As many more small events were chosen as main
shocks, average values of the number of foreshocks in the previous day were calculated for each average value
over the previous 13 days. With only a few circled exceptions, the values for large events lay equally above
and below the average values for the small events.
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used for precursory activity prior to large events while the “noisy” graph is the average rate for events before small main shocks. The five

most active periods are circled.

Further detail is provided in Figure 10 for the five “anomalous” events identified in Figure 9. All five events
show what appear to be mainshock-aftershock sequences occurring in the day before the chosen main shock.
None of the events were preceded by an accelerated rate of seismicity leading up to the main shock
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Figure 10 Cumulated seismicity in the 24 hours prior to the five events with most foreshocks. Arrows indicate the start of mainshock-
aftershock sequences.

5.2 Type of Seismicity

Figure 10 and Figure 11 shows smoothed values of four parameters of foreshocks and aftershocks that | analysed.
They are analogous to some of the parameters used by ISSI for their seismic rating system. | considered:

1.
2.

P/SMo, or the ratio of seismic moment estimated from P waves to that from S waves;

Magn, or the magnitude;

D_xy, or the distance between the main shock and the prior and following events within 200m of main
shocks, expressed as a fraction of 200m; and

El, or Energy Index (Mendecki and van Aswegen, 2001).
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Seismic moment ratio is our preferred way of considering the proportion of volume change compared to
shear slip in the seismic source. We prefer this to the energy ratios sometimes used by ISSI and interpreted as
“pops” and “slips” as moment ratios are not sensitive to source complexity or source slip velocity.

D_xy is used for looking for any changes in the clustering of fore shocks shortly before main shocks.

The energy index was geometrically averaged, i.e. logarithmic values were averaged and then anti-logged
for plotting.

The dominant feature in the time histories shown in Figure 10 and Figure 11 is random variations about the
mean for all parameters over time scales of hours to days. The more dense variations in the plots for foreshocks

and aftershocks of small main shocks compared to the plots for large main shocks is a result of the larger
number of events considered. The mean values are similar for large and for small main shocks. Noticeable

exceptions from the random variations are:
1. P/SMo decreases slightly during the 20 hours before CLR main shocks. This decline is well within the
range observed over the previous 13 days.

2. The average magnitude has a maximum immediately after the main shock as well as at multiples of 24
hours before and after the main shocks. This observation is related to the blasting cycle.
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Figure 11 Cumulated seismicity over 14 days before and 7 days after M>2.5 events: (left) CLR & (right) VCR

Data from both mines show peak values in the average Magnitude at multiples of 24 hours. This is more
pronounced in the case of VCR and can be explained by a higher proportion of all events taking place within
the blast windows and by an increase in the proportion of events with higher Magnitudes during this time period

(Figure 4 and Figure 6).

908



1.6 1—p/Smo — Magn 2.5 1/— PISMo — Magn |
—D_xy El —D_xy El CLR
12 {7 2 M/WU\/WMWWMWV
o 0 1.5 4
2081 3
o <
> > 4
et
0.4 4
0 T 0 T T
-14 -7 0 7 -14 -7 0 7
Days after 6425 0<M<1 events Days after 10000 0<M<1 events
16 17— p/Smo — Maan | 2.5 79— PISMo — Magn
—P/Smo — Magn
—D.xy —El 1 [ver —D_xy lu
2 4
12 1 N~
n n 1.5
5 0.8 ‘ g
g <
> 4
0.4 -
\/\,\/—\,\/\/"\
0-48 24 6 2 0 ‘
i -48 24 0 24
Hours after 6425 0<M<1 events Hours after 10000 0<M<1 events

Figure 12 As for Figure 10 with small events being considered as “main shocks”

Other than the larger number of points presented in Figure 12, it is so similar to Figure 11 that no case can
be made for the use of any of the four parameters as a useful precursor to large events.

6 Conclusions and Discussion

Avre large events in South African deep mines predictable in the short term? It is clear from the analysis in the
previous section that any short-term precursors to large events in the two data sets are also precursors to small
events. This appears to be in direct contradiction to the work of van Aswegen (2003, p130) who reported
results that were considerably better than random. Van Aswegen’s positive results could possibly be explained
by the use of factors other than day-to-day variations in seismicity, such as hazard magnitude or the mine’s
panel-rating system, as well as by combining results from area of high and low rate of seismicity.

Issuing of routine daily hazard assessments for South African gold mines based on daily changes in
seismicity does not provide a clear indication of the potential of large events in particular. | suggest that they be
scrapped and that hazard assessments be presented in three forms, namely:

1. an immediate response to large events on account of possible damage and aftershocks;

2. a monthly assessment based on overall seismicity rate, with due account taken of expected changes in
mining rate and stress conditions; and

3. long-term planning.
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Numerical simulation for Acoustic emission (AE) and source location are carried out on the rock specimen granite under triaxial
compression using the rock failure process analysis code RFPA?®. RFPA®® is used to determine the fracture process of rock.
Moreover, AE source location can be found using REPA*®, Numerical simulation shows that there is some microseism precursory
before main shock; tension stress is the source of rock failure. Using the space distribution characteristics of AE and information
which is produced by tension stress, instability failure can be predicted. Through analysis, it is founded that the previous stage of a
microseism event is mainly induced by compression stress, and in the middle and later stage there exists many microseism events

which are induced by tension stress. This is useful in practical engineering.

1 Introduction

Brittle deformation in rock is accompanied by the formation of micro cracks that emit elastic energy, partly in
the form of acoustic emissions (AE). The AE technique is an indirect method used to study the fracture
mechanisms and laws governing fracture initiation at the onset of inelastic deformation. Important features in
AE study include location of the event hypocenter.

The study on AE rock began in the 1940°s for the prediction of rock bursts in mines, and since then, many
researchers [1-6] have investigated and observed AE parameters according to increasing stress, and they have
identified the fracture of rock or investigated the relation between AE and deformation of rock.

In this study, numerical simulation for AE is used as a means of investigations, and AE source location is
performed taking into consideration the characteristics of deformation and fracturing of rock under triaxial
compression.

2 Numerical Models

2.1. Basical Principle of RFPA*"

In RFPA?P the solid or material is assumed to be composed of many elements with the same size, and the
mechanical properties of these elements are assumed to conform to a given Weilbull distribution as defined in

the following function:
m m-1 m
f(u) :—[iJ exp —(ij ()
Ug \ U Ug

Where u is the parameter of the element (such as strength or elastic modulus); the scale parameter of u, is
related to the average of the element parameters, and the shape parameter m defines the shape of the
distribution function. We call this parameter m, the homogeneity index. According to the definition, a larger m
implies a more homogeneous material. In general, we assumed that the young’s modulus and strength of
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macroscopic elements with the same homogeneity index. The microscopic elements are assumed to be isotropic
and homogeneous.

2.2. Numerical Model

The rock specimen used in the test was granites [1], the diameter of specimen is 54mm and the height of the
specimen is 108mm. Mechanical parameters used in our numerical simulation are shown in Table 1. In order to
consider the influence of heterogeneity, we assume the homogeneity index parameter mis 2. The numerical
model size is 54mmx108mm, and the model is divided into a 200x100 grid, the numerical model for our
numerical simulation is shown in Fig.1. The model adopts plane stress analysis, displacement control loading,
0.01mm/step. Also, the confining pressure o is 4.9MPa.

Table 1 Mechanical parameters for numerical simulation

Mechanical Parameters Values
Homogeneous Degree M 2
Elastic Modulus Mean Value E. /Gpa 56.1
Compressive Strength Mean Value 0, /Mpa 640
Poisson' S Ratio M 0.24
Bulk Specific Gravity 0 / N/Mm? 2.67X10*
Confining Pressure 0’3 /Mpa 4.9

Figure 1 Physical model

2.3. Progressive Failure of Granite Specimen

Progressive failure of granite specimen for numerical simulation are shown in Fig.2

Step 38 Step 44 Step 54 Step 64

Figure 2 Progressive failure of granite specimen at confining pressure 4.9Mpa for numerical simulation

3 AE rock Specimen under Triaxil Compression

AE area and Damage situation for differential step of granite specimen at confining pressure 4.9Mpa for
numerical simulation are shown in Fig.3.Y load and steps curve is shown in Fig.4. AE count and load steps
Is shown in Fig.5.
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Figure 3 AE area and Damage situation for different step

As can be seen in Fig 4 and Fig 5, the microseism activity of sample is of stage character. In linear
elastic stage, MS event is mainly produced by crack closing, sometimes there is rarely or even no microseism
activity. In the expansion, a lot of microseism activities are produced. The main shock happens after stress peak,
at this time macroscopic crack of rock has formed, and finally the rock loses bearing capacity. Figure 3 is the
numerical simulation result of microseism activity space distribution. AE area for different step. In Fig.3, each
circle represents a microseism position, the red circle shows that the microseism event is produced by the
tension stress; the white circle shows that the microseism event is produced by the compression stress.

] ...Jll

Y load (N) and load step ae count and load step
Figure 4 Y load and steps curve Figure .5 Microseism count and load steps

4 Conclusions

Numerical simulation for Acoustic Emission (AE) and source location are carried out on granite rock specimens
under triaxial compression by rock failure process analysis code RFPA?. In this study, numerical simulation for
AE is used as a means of investigation, and AE source location is performed taking into consideration the
characteristics of deformation and fracture of rock under triaxial compression.

Using the space distribution characteristics of AE, information which is produced by tension stress, the
instability failure can be predicted. Through analysis, the simulation samples microseism activity space
distribution characteristics, we can find that in the previous stage of microseism event, it is mainly induced by
compression stress, in this time macroscopic failure doesn’t occur in the sample, in the middle and later stage
there exist many microseism events which are induced by tension stress. This is useful in practical engineering.

Acknowledgements

This research is supported by the “973 Program of National Basic Research Program of China”
(2007CB209404) and Open Research Foundation of China Institute of Water Resources and Hydropower
Research and Doctoral Research Foundation of Dalian University (No.0302221).

913



References

1. Heo, J.S., Lee, C.I. and Jeon, S. Measurement of Acoustic Emission Behavior and Source Location
Considering Anisotropy of Rock under Triaxial compression. Key Engineering Materials, 2004, 270-273.
1574-1579.

2. Chang, S.H. and Lee, C.I. Estimation of Cracking and Damage Mechanisms in Rock under Triaxial
Compression by moment tensor analysis of Acoustic Emission. International Journal of Rock Mechanism
and Mining Scienences, 2004, 41. 1069-1086.

3. Eberhardt, E., Stead, D. and Stimpson, B. Quantifying Progressive Prepeak Brittle Fracture Damage in rock
during Uniaxial Compression. International Journal of Rock Mechanism and Mining Scienences, 1999,
36(3). 361-380.

4. Butt, S.D. and Calder, P.N. Experimental Procedures to Measure Volumetrically Changes and
Microseismic Activity during Triaxxial Compression Tests. International Journal of Rock Mechanism and
Mining Scienences, 1998, 35(2). 249-254.

5. Carvalho, F.C.S., shah, K.R. and Labuz, J.F. Source Mode of Acoustic Emission Using Displacement
Discontinuities. International Journal of Rock Mechanism and Mining Scienences, 1998, 35(4-5). 86.

6. Lajitai, E.Z., Carter, B.J. and Ayari, M.L. Criteria for Brittle Fracture in Compression. Eng Fracture Mech,
1990, 37(1).59-74.

914



RaSiM 7(2009): Controlling Seismic Hazard and
Sustainable Development of Deep Mines,
C.A. Tang(ed), Rinton Press, 915-920

NUMERICAL SIMULATION OF UNLOADING VELOCITY INFLUENCING STABILITY OF
SOLID FLUID SURROUNDING ROCK

AN-NAN JIANG
Institute of Highway and Bridge, Dalian Maritime University
Dalian, 116026 , P.R. China

AN-NAN JIANG, CHUN-AN TANG and ZHENG-ZHAO LIANG
School of Civil and Hydraulic Engineering, Dalian University of Technology
Dalian, 116024, P.R. China

The rock mass of underground engineering excavation is a dynamic effect problem, especially in geological
zones with solid-fluid interaction in high stress fields. The dynamic excavation should induce the coupling
adjustment of both solid framework stress fields and pore pressures of liquids. It is difficult to get these
analytical computing results with laboratory testing. This paper contains numerical simulations for solid-fluid
surrounding rocks in dynamics unloading conditions using the Lagrange soft code-FLAC. The time course
regulations of tangential stress, radial stress, and pore water pressure with dynamic unloading have been found,
and the pore water pressure’s effect on stress disturbance of unloading has been summarized. While using the
dynamic effect according to three different unloading velocities, the paper simulates and compares the stress
and pore pressure time course lines of character points respectively while creating the distribution contour maps
of pore pressure and plastic zones. The simulation result states that unloading velocity has a significant effect on
solid-fluid rock. The faster the unloading velocity, the larger the degree of rock destruction will occur.

1 Introduction

The stability of rock mass of underground engineering depends on the unloading effect of excavation; this
unloading effect relies on the engineering excavation style and produces a series of new physical phenomena.
Now, researchers use conventional methods to deal with a lot of excavation engineering problems, which is not
consistent with the true engineering. Therefore, considering excavation problems from unloading effects,
debating the unloading effect mechanism according to different construction styles is the basement to solve the
excavation problem[1-2].

The rock mass unloading mechanical properties were studied by scholars both abroad and home, and they
reached many results ®"). Notably, general unloading mechanics adopts a quasi-stationary method, but in fact
unloading is a dynamics process, which should produce stress waves acting on surrounding rock. Literature [8]
studied the dynamic unloading effect of blast excavation and simply analyzed it by elastic wave control
equations.

Generally, water is inevitable in general underground engineering, because of excavation in high stress
geological body that contains water and then unloading induces inner stress field and pore pressure changing
and interaction, companied with plastic strain and rock failure, which brings difficulties in analytical method.
Limited by size and unloading velocity, there are difficulties in lab test. Along with the development of
computing technique, numerical simulation becomes a powerful tool of science research and engineering
computation.

2 Numerical Simulation of Surrounding Rock with Fluid-Solid Coupling

While excavate tunnel from rock mass with original stress field in a short time, the constraint stress losing just
like applying a stress on surrounding rock surface, ie unloading stress. The stress acts from surface to inner of
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rock, until it balances (Figure 1). Especially in the environment of high stress and high pore pressure. Because
of the time of unloading is shorter, the fluid-solid interaction is complex, on one hand, the solid matrix produces
displacement, the hole enlarging or reducing, thus inducing the change of pore pressure. On the hand, the
changed pore pressure affects the effect stress and deform of solid matrix.

For simplicity, according to un-drainage condition, the construction of tunnel in high stress saturated rock
mass is simulated (suppose the pore water without dissipation in excavation process). There are 40 MPa initial
stress in every directions before excavation, the pore pressure is 3.5 MPa. The Young’s modulus is 60GPa,
Passion ratio is 0.25, the cohesion is 15MPa ,the tension strength is 2MPa, friction angle is 30° . Based on
Mohr-Coulomb criterion that the shear flow rule is non-associated and the tensile flow rule is associated,
considering the strain soft constitutive model, ie the cohesion, friction and tension strengths weaken after plastic
yielding. The numerical model is shown in figure 2.
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Figure 1 The tunnel unloading sketch Figure 2 The grid of tunnel simulation

The boundaries are set by command of “APPLY™, the initial stress field and initial pore pressure are set by
“INI” command. The change of stress and pore water pressure is monitored by “Hist” command. For
convenience, the time step of FLAC is used as time unit. Figure 3 is the change of pore water pressure of
monitoring points A,B,C in surrounding rock(A,B,C points are arranged as Figure 1, the corresponding grid
points corresponding the vertical grid j of 1, 4 and 8).

It is shown that at the 20th time step after unloading, the pore water pressure of each point goes down to
the lowest value, then in succeeding time steps it goes up, about at 200th time step it reaches quiet. The pore
water pressure of Point A is lower than others because it is mostly approaches the open face, its pore water
pressure range of variation is maximal and waves in ascent stage. For B and C, along to the inner rock, the pore
water pressure range decreases, the time of reaching lowest point is longer and pore water pressure increasing
after stabilization. The closer it is to free surface, the more serious the pore water pressure is disturbed by
unloading.

Figure 4 and Figure 5 are respectively the radial stress and tangential stress of point A induced by
unloading, the unloading time is still 20 time steps. It is shown in Figure, the radial stress and tangential stress
all suffered an oscillatory process and then converged to steady state value, there are dynamic effect in the
progress. According to conventional method, the steady value is the quasi-static value, witch is expressed by a
straight line in coordinate system.
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Figure 3 The change of pore water pressure while unloading  Figure 4 Disturbance of radial stress at point A by unloading

Contrast is also given in the figure that different initial pore water pressure will bring radial and tangential
stress change. Judging from radial stress, when initial pore water pressure is comparatively small (0.5MPa) ,
after unloading, stress oscillation frequency is fast, amplitude is large, rate of convergence to steady-state
value is tardiness. When initial pore water pressure is comparatively large (8MPa) , after unloading, stress
oscillation is unconspicuous, astringing to steady-state value rather quickly, and the radial stress instance is
similar. It is shown that different initial pore water pressure results in different stress variation course, higher
initial pore water pressure is likely to results in stress dynamic effect reduction. So far as concerns initial
pore-water pressure and stress dynamic variation relation, which still require more concretion analyses by
incorporating more test. As compressive stress being intended to be negative in FLAC, along with surrounding
rock radial compressive stress reducing, it is unloading, whereas circumferential compressive force increase
exhibit loading, which accord to traditional analytic theory. Contrasting the two figures, radial stress reacted
to disturbance much more strongly, and tangential stress reacted comparatively inconspicuous.

3 Numerical Simulation for Unloading Velocity Impacting on Fluid-Solid Surrounding Rock

Unloading velocity was defined as that in definite time how much load takes off, practically, it reflects how
many time is needed to disburden combination of loads entirely. Surrounding rock unloading velocity in
practical engineering made great difference according to different excavation mode, for underground
engineering has a variety of excavation constructions, such as full-face digging. step excavation. branch
excavation and TBM excavation and so on. For example, locale demolish high-speed photography material
shows that, in the rock broken process of full-face blast, the time of exploded rock mass broken away from
matrices and chuck is only several milliseconds to a few hundred milliseconds, which approaches to instant
unloading. Whereas, step excavation is a inching off-loading process, the process will achieve its end when
excavation shell is dug out. The difference of such unloading velocity would evidently bring different effects to
fluid-solid surrounding rock.

In the following, we carry out surrounding rock excavation simulation by still using numerical model
above, and then look into stability of fluid-solid coupling surrounding rock according to three different
conditions, who are of different unloading velocity as following, speed rate 1 correspond with instant unloading
which drops to zero, speed rate 2 is time step 500 of unloading process, speed rate 3 is time step 1200 of
unloading process.

3.1 Unloading Velocity Affecting the Stress

In Figure 5, it is minor principal stress time interval variety curve under different unloading speed rate, in the
condition of velocity 1, mutation is evident at the unloading beginning, and minor principal stress comes
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through a variety of high frequency oscillation, and then keeps steady around quasi-static value. While both
velocity 2 and 3 transit rather smoothly to around steady-state value, severalty with different slope ratio,
mutation is not obvious at the end of unloading.
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Figure 5 Change of minimum principal stress of A while unloading Figure 6 The change of pore pressure of B point

3.2 The Unloading Velocity Influence Pore Water Pressure

The pore water pressure is an important physical quantity which affects system dynamics behavior of
surrounding rock with fluid-solid coupling, Figure 6 gives out time interval variety outcome of point B under
different unloading speed rate. As it is shown from the figure, pore water pressure varies in a complicated way
under different unloading velocity. According to three velocity conditions, shape of deformation curve are
different, as instant unloading (speed rate 1) , pore water pressure drops suddenly, and then moves up slowly.
For unloading velocity 2 and 3, extent of range of pore water pressure decreases, but wave phenomena
appears. Which shows that unloading velocity goes higher, extent of pore water pressure depression goes
larger. By taking un-drained condition into account, for the above three conditions, it tends to be a little
smaller than original pore water pressure value.

(a) Unloading velocity 1  T=580

(b)Unloading velocity 2 T=580

Figure 7 The pore pressure contour corresponding to different unloading velocity

Figure 7 is pore water pressure contour of surrounding rock unloading velocity 1 and 2,and corresponding
to time step T = 58. Higher the unloading speed rate is, larger depression extent of the pore water pressure will
be, so that discreteness of pore water would exist for a much longer time. While the unloading velocity is
lower, pore water pressure depression extent of surrounding rock will be smaller, which is in a position to get
steady-state value much more quickly, and so pore water pressure of surrounding rock would get orderliness
distribution more quickly.

By analysing figure 6 and figure 7 synthetically, for surrounding rock with fluid-solid coupling system ,
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the stress and pore water pressure both vary dynamically along with time, until arriving at steady-state
equilibrium.  The pore water pressure brings disadvantageous influence to the shear strength of surrounding
rock. The faster the unloading is, the larger discreteness of the variety of stress and pore water pressure will
be, the time to arrive at steady state will be longer, which evidently go far from quasi-static. Especially before
arriving at steady state, pore water pressure is varying dynamically.

3.3 Unloading Velocity Affecting Plastic Zone

Plastic zone is an important gist to analyze stability and failure mechanism of surrounding rock system. As
unloading effect, stress and pore water pressure all went through a process of dynamic variation, difference
of validity principal stress also takes dynamic variation correspondingly, strength and property of rock will
also deteriorate (characteristic of such deteriorate is expressed in the strain softening model of this simulation),
as a result it will give different effects to the finally plastic zone. FLAC distinguishes plastic zone through
checking unitary plastic state in each time step. In a single time step, compute stress increment based on total
strain increment at first, and check stress according to yield criteria. In the event that respective stress violate
yield criteria, plastic yield would take place, according to plastic flow criteria, stress would ensure they are on
yield surface. The activity yielding element has major role in the failure mechanism of surround rock. Figure 8
is the currently plastic zone of T = 2200 under three unloading velocities. We can see from the figure, un
loading velocity affects surrounding rock plastic zone obviously, plastic zone of surrounding rock increases
along with the increase of unloading velocity.

Unloading velocity 3 Unloading Velocity 2 Unloading Velocity 1

Fig 8 The plastic zones corresponding to different unloading velocity when T=2200

4 Conclusions

Unloading after underground engineering excavation would produce unloading stress waves and bring about
surrounding rock dynamic effects. Traditional quasi-static theory is a type of sublimate model; however, it is
unable to describe such a dynamic effect. We carry out preliminary numerical modelling study about effects of
dynamic unloading and different unloading velocities of surrounding rock with fluid-solid coupling, and obtain
the following conclusions:

Numerical simulation shows that: radial stress in surrounding rock has a stronger disturbance than tangential
stress after excavation, radial stress appears as unloading, tangential stress behaves as loading, and that after
oscillation the two tend to a quasi-static value. Pore water pressure itself fluctuates with time course, high pore
water pressure would weaken stressful dynamic disturbance, which states that unloading brings about dynamic
fluid-solid coupling effect.

Unloading velocity affects rock mass stress and pore water pressure of surrounding rock obviously.
Unloading velocity is higher, disturbance extent of the stress and pore water pressure would be larger, the
higher the frequency is, the time it take to get steady would be longer. Analyzing from distribution of pore
water pressure, when unloading velocity is faster, discrete-time of pore water pressure distribution in
surrounding rock would take more time.

Unloading velocity affects the final surrounding rock plastic zone; the plastic region went over larger when
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unloading velocity went over higher. The other reason is that dynamic unloading induces the surrounding rock
damage more seriously, thus the rock property becomes weaker. So, for fluid-solid surrounding rock, the higher
the unloading velocity is, the easier the system destabilization is. On the contrary, the surrounding rock stability
is better.

For the complexity of the problem, the work of this paper is primary, and the true tunnel excavation is in
draining condition and accompanied with cracks propagation. Future research is needed to consider the draining
condition and the crack propagation to study the surrounding rock failure process.
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According to the multi-resolution decomposition of wavelet packet transform, the wavelet packet frequency band
energy has been deduced on different bands of blasting vibration signal. It can reflect the total influence of all of the
three key elements (the intensity, frequency and duration of vibration) of blasting vibration. Considering the dynamic
response of structures, the influence of the inherent characteristics of the controlled structures to blasting vibration
dynamic response has been discussed, and the frequency band response coefficients for the controlled structures by
blasting vibration have been obtained. First, a multi-factors blasting vibration safety criterion is established, called
response energy criterion. The criterion can reflect the total influence of the intensity, frequency and duration of
vibration and the characteristics (natural frequency and damping ratio) of dynamic response from the controlled
structures themselves, and the feasibility and reliability of the criterion are validated by the instances.

1 Introduction

When we assess the blasting safety, we should first establish the safety criterion, which reflects factors
impacting blasting seism. Practice shows that in many cases, a single particle velocity as the only indicator to
measure blasting seismic intensity does not accurately reflect the structure’s actual breakage [1, 2]. This is
because seismic wave frequency and duration of vibration, and other factors were not considered. Research
shows that [3, 4], damage to the structures caused by blasting vibration is a result from a variety of factors, such
as: the intensity, frequency and duration of vibration and the characteristics of dynamic response of the
controlled structures themselves. However, the current safety standards have not considered blasting vibration
time and the controlled structure’s inherent properties (natural frequency and damping ratio), inevitably, there
are some defects and shortcomings. As soon as possible, to advance new safety criteria to reflect the
comprehensive factors of blasting vibration should be put on the agenda [5, 6].

This paper uses the wavelet packet to analyze the blasting vibration signal. From the wavelet packet energy
spectrum and the structure of the dynamic response, a new safety criterion has been set up, which can reflect
the total influence of the intensity, frequency and duration of vibration and the characteristics of dynamic
response of the controlled structures themselves. It has important theoretical and practical value to assess
accurately and rationally blasting seismic effects by the criterion. The feasibility and reliability of the criterion
are validated by blasting vibration live data.
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2 Wavelet Packet Energy Spectrum Analysis of Blasting Vibration

2.1Wavelet Packet Analysis of Blasting Vibration

Decomposition level is determined by the signal itself and adopted blasting vibration data acquisition
instruments. The instrument used in our test is the IDTS 3850 blasting vibration recorder manufactured by
Chengdu VIDTS Dynamic Instument Co.Ltd, which has a minimum operating frequency of 1Hz. Main
vibration frequency of blasting variation is generally below 200Hz, so according to the sampling theorem [7],
the signal sampling frequency is set to 2000Hz, then its Nyquist frequency is 1000Hz. As a result, according to
wavelet packet analysis’s algorithm using binary-scale transformation, the signal can be decomposed into the 7
level, corresponding to the lowest band 0~7.8125Hz. Frequency bands of reconstruction signal at all levels of
decomposed blasting vibration signal by wavelet packet as shown in Table 1.

Table 1. The range for frequency band of reconstructed signal of blasting vibration signal by wavelet packet analysis /Hz

level Si'o SH Si'z Si,j,l Si,j

1 0~500 500~1000

2 0~250 250~500 500~750 750~1000

3 0~125 125~250 250~375 750~875 875~1000

4 0~62.5 62.5~125 125~187.5 875~937.5 937.5~1000
5 0~31.25 31.25~62.5 62.5~93.75 937.5~968.75 968.75~1000
6 0~15.625 15.625~31.25 31.25~46.875 968.75~984.375 984.375~1000
7 0~7.8125 7.8125~15.625 15.625~23.4375 984.375~992.1875 992.1875~1000

There S, ; denotes reconstruction signal at ith level, jth wavelet packet decomposition coefficients.

i=12,7; j=012--2 -1,

2.2 Principle of blasting vibration signal’s wavelet packet energy spectrum analysis

When we decomposes signal s(t) using wavelet packet into i level, we can obtain 2' sub-band, that is, S(t) can be
denoted as following:

SO = )= fu(t)+ () ++ ), i=012,2 1 (1)
=0

Where, f,(t;) is reconstruction signal at node (i, j). If lowest and maximal frequency of s(t) are 0 and @, ,

> i

then frequency width at ith level is @, /2" .

According to Parseval theorem [8] in spectrum analysis, we can obtain wavelet packet energy spectrum of
signal s(t):

2

2

)= J.T| f',J (tJ)rdt - Zi:|xl»k

Where x;, (] = 0,,2,---,2'=1; k=12,---,m; mdenotes Discrete sampling points of blasting seism) is
discrete point amplitude of reconstructed signal f (t;) . E (t;) is frequency band energy when signal
decomposed to i level, j node.

Total energy of s(t) gotten by equation (2):

21
E=YE,) ®)

j=0
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Ratio that each band’s energy accounts for of total energy as:

- 'J( Bt 100% @)

ij

By equation (1) - (2), we can see that blasting vibration signals decomposed by the wavelet packet into
different frequency components, which can reflect the influence of blasting vibration frequency, and the band
energy while at the same time reflect blasting vibration intensity and duration. As a result, the wavelet packet
band energy obtained on this basis is able to reflect the influence of three elements of blasting vibration
(vibration intensity, frequency and duration).

3 Criterion Of Security Response Energy of Blasting Seism

3.1 Analysis of Construction Response to Blasting Seism

Blasting seism waves could be seen synthesis by a series of sine waves, that is:

At) = Z A sin(ot+¢,) (5)

Where A;, @, and ¢, denote amplitude, frequency and initial phase of ith sine wave respectively.

In order to simplify the calculation, the structure of the system is usually assumed to be a single degree of
freedom system, according to the principle of balance of power get [9]:

X+2§a)0)'(+a)§x:55ina)it (6)
m

Where o, =.k/mand & = ¢/2mw, are natural frequency and damping ratio of structure.

We can see from the structural dynamics theory [9], under blasting seism loading component F sinaw;t

force, magnified factor, which is maximum displacement of construction compare to corresponding
displacement, is:
1

Ji-o )y + 48 (0 o))

Where w is inspirit frequency of blasting seism; @, and & are natural and damping ratio of structure.

™

This shows that the magnification factor £, structure’s response coefficient to blasting vibration, is a

physical quantity of non-dimensional. Equation (7) tells us that response factor of controlled structure is closely
related to its own natural frequency and damping ratio. When the blasting vibration incentive frequency is
closer to natural frequency as well as the damping ratio of construction smaller, the greater the vibration
response factor, that is, the greater the vibration response; On the other hand, less vibration. As a result,
according to structure’s vibration response coefficient, we can obtain frequency band response coefficient.

3.2 Determining the Frequency Band Response Coefficient of Structure

Assumption that incentive frequency is @, natural frequency and damping ratio of structure are @,and&,,

respectively, according to the equation (7), the frequency band response coefficient of structure by wavelet
packet analysis is as follows:
(A)ij 1

& = . do
' w,)2 '[”" '\/ a)/a) +4§02a)2/a)02

®)

where ¢, ; is response coefficient when blasting seism decomposed by wavelet packet to i level and j

node; @, ; and @, |, are respectively upper and lower limit of frequency.
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3.3 Criterion of Response Energy

An important factor that surface vibration caused by explosion damage to the building is vibration energy. Since
the blasting vibration is a broadband signal of non-stationary random signals, we using wavelet packet
technology analysis seism speed signal into time and frequency domain and calculate the energy spectrum of
the wavelet packet, and then according to different frequency impact on structure differently, wavelet packet
energy multiplied by the corresponding the band's response factor and cumulative them can get response energy
(expressed by E_ ), called criterion of response energy. That is, response energy E. is:

ER ziEi,j(t,‘)"gi,j )

where E, ;(t,), & ; denote band energy and response coefficient of seism signal component at ith level, jth

node.

As the wavelet packet band energy is able to reflect the intensity, frequency and duration of blasting seism.
The frequency band response coefficient can reflect the response level of structure’s inherent properties (natural
frequency and damping ratio). As a result, criterion of response energy established on this basis that will be able
to consider seismic intensity, frequency and duration, as well as dynamic response characteristics of structure,
accurately and comprehensively describe the response degree.

4 Examples in Engineering

4.1 Test of Blasting Seism

In order to validate veracity and practicability of energy response criterion of blasting seism, authors tested it at
a metal mine. Authors specially select a same type structure as test object. Before blasting, the structures are
intact. We choose particle vibration speed at perpendicularity direction as measurements. Results of this test are
displayed in figure 1 and table 2.
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Figure 1 The velocity history curves of blasting vibration monitoring.
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Table 2. The result of blasting vibration monitoring

number construction structure PPV/(cm/s) fre qigilcr; /Hz Status after blasting
1 house A brick & stone 1.6392 6.8359 small chinks
2 house B brick & stone 1.988 21.4844 no destruction
3 house C brick & stone 2.8948 30.2734 no destruction
4 public house brick & stone 4.1504 47.8516 no destruction

4.2 Evaluating Safety Response Energy Criterion of Blasting Vibration
(1) Wavelet packet energy spectrum analysis:

In this analysis method, how to choose wavelet basis is an important problem because different basis analysis
the same signal is able to bring different outcome [10]. Studies indicated that db7 and sym8 are compactly
supported, smooth and symmetrical similarly [11]. They are best wavelet basis to analysis non-stationary
random signals. We analyze blasting vibration signals 1 into 7 level wavelet packet decomposing with syms§,
shown in figure 2. According to the equations (1) to (4), the wavelet packet energy spectrum, band energy and
its distribution are available; see Figure 2 and Table 3 below.
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Figure 2 The wavelet packet energy spectrum for blasting vibration signal.

The following conclusions could be obtained by blasting vibration signals wavelet packet energy spectrum
analysis: We can see from figure 2 and table 3 that four signals in 0~203.125Hz account for 95.3044%,
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95.6787%, 96.1285% and 97.3513% of total energy respectively. The energy of blasting vibration distribute is
concentrated in 0~200Hz, so the energy larger than 200Hz was ignored.

Table 3. The wavelet packet frequency band energy and distribution for blasting vibration signal

Frequency band singal-1 singal-2 singal-3 singal-4

/Hz E/(cm/s)’ P/% E/(cm/s)’ P/% E/(cm/s)’ P/% E/(cm/s)’ P/%
0~7.8125 0.0086471 21.197 0.0043853 4.9068 0.0055592 2.3904 0.0019808 0.61129
7.8125~15.625 0.00536 13.14 0.0098769 11.051 0.014891 6.4031 0.02314 7.1412
15.625~23.4375 0.002476 6.0698 0.0108 12.084 0.010857 4.6686 0.051063 15.758
23.4375~31.25 0.0059694 14.633 0.012328 13.794 0.084446 36.312 0.04159 12.835

31.25~39.0625 0.0014752 3.6164 0.0032754 3.6649 0.0095638 41124 0.0073848 2279

39.0625~46.875 0.00143 3.5054 0.011345 12.694 0.012182 5.2383 0.045932 14.175
46.875~54.6875 | 0.0014872 3.6456 0.013258 14.835 0.023856 10.258 0.060725 18.74
54.6875~62.5 0.0041362 10.139 0.0051814 5.7976 0.032017 13.767 0.041324 12.753
62.5~70.3125 0.0005638 1.3821 0.00044796 0.50123 0.0024172 1.0394 0.0014631 0.45152
70.3125~78.125 | 0.00046083 1.1297 0.00083128 0.93014 0.0018913 0.81326 0.0015606 0.48162
78.125~85.9375 | 7.5791e-005 0.18579 0.0013258 1.4835 0.0015877 0.68269 0.0047236 1.4577
85.9375~93.75 | 0.00025544 0.62618 0.0011181 1.2511 0.0011673 0.50196 0.0044929 1.3865
93.75~101.5625 | 0.0017429 42725 0.0031731 3.5505 0.0025757 1.1075 0.006311 1.9476
203.125~1000 0.0019155 4.6956 0.003862 43213 0.0090037 3.8715 0.0085829 2.6487

Y 0.040793 100 0.089372 100 0.23256 100 0.32404 100

(2) Calculation of response energy

We may acquire dynamic response parameters of these 4 structures by impulse method and vibration
analysis, shown in table 4. According to equations (8) and (9), we can acquire frequency band response
coefficient and response energy of these 4 structures, shown in table 5.

Table 4. Parameters of dynamic response property for the controlled structures

construction structure floor |Natural frequency @, /Hz| Damping ratio &,
house A brick & stone 1 6.6 0.041
house B brick & stone 1 5.6 0.044
house C brick & stone 2 4.5 0.043

public house brick & stone 1 5.2 0.045

Table 5. The frequency response coefficient and response energy for the controlled structures

Frequency band house A house B house C public house
Hz E, | femis)’| & E, | /(cm/s)’ & E, | /(cm/s)’ & E, | /f(cm/s)’ &
0~7.8125 0.0086471 2.8309 0.0043853 2.5893 0.0055592 2.234 0.0019808 2.4544

7.8125~15.625 0.00536 0.65934 0.0098769 0.37581 0.014891 0.20714 0.02314 0.30334
15.625~23.4375 | 0.002476 0.1361 0.0108 0.094152 0.010857 0.058721 0.051063 0.080078
23.4375~31.25 | 0.0059694 | 0.063338 0.012328 0.044782 0.084446 0.028454 0.04159 0.03837
31.25~39.0625 | 0.0014752 | 0.037024 0.0032754 0.026377 0.0095638 0.016872 0.0073848 0.02266
39.0625~46.875 0.00143 0.024374 0.011345 0.017427 0.012182 0.011184 0.045932 0.01499
46.875~54.6875 | 0.0014872 | 0.017288 0.013258 0.012386 0.023856 0.0079626 0.060725 0.010661
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54.6875~62.5 0.0041362 | 0.012909 0.0051814 0.0092602 0.032017 0.00596 0.041324 0.0079743
62.5~70.3125 0.0005638 | 0.010012 0.00044796 0.0071875 0.0024172 0.0046294 0.0014631 0.0061912

70.3125~78.125 | 0.00046083 | 0.0079933 | 0.00083128 0.0057417 0.0018913 0.0037 0.0015606 0.0049468
78.125~85.9375 |7.5791e-005 | 0.0065304 0.0013258 0.0046928 0.0015877 0.0030253 0.0047236 0.0040438
85.9375~93.75 | 0.00025544 | 0.0054361 0.0011181 0.0039076 0.0011673 0.0025198 0.0044929 0.0033675
93.75~101.5625 | 0.0017429 | 0.0045959 0.0031731 0.0033045 0.0025757 0.0021313 0.006311 0.002848

203.125~1000 | 0.00054886 | 0.0011909 | 0.00028505 | 0.00085707 | 0.0014466 | 0.00055326 | 0.0024375 | 0.00073892
Eg /(emvs)? 0.028928 0.017179 0.019283 0.019507

(3) Analyzing the criterion of blast vibration response energy

In table 5, largest response energy (0.028928) of house A great lager than those of house B (0.019507),
house C (0.019283), and public house (0.019507). Considering that 4 buildings are all masonry structure, where
response energy only of house A is larger than that of masonry destroy threshold, the results also is the case. So
results from method in this paper are completely consistent with the actual monitoring results.

5 Conclusions

In this paper, based on wavelet packet energy spectrum analysis and dynamics response characteristics, we set
up a safety criterion — response energy criterion, which takes intensity, frequency and duration into account. It
is validated by engineering and several conclusions are also drawn:

1) Response energy criterion reflects intensity, frequency and duration of blasting vibration, as well as
dynamic response characters, so it can depicts the influences more accurately and more comprehensively.
However, for the destruction threshold of various types of building, a large number of blasting vibration data
measured is to be determined.

2) Establishment of safety response energy criterion of blasting vibration needs a large number of various
sectors’ efforts. This paper has done research work for construction of a complete and scientific safety criterion
and has laid a theoretical and technical basis.
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Abstract: Technology of induction caving roof is based on the successive mining, and it is said that the zone of
fracturing is controlled through the pre-splitting blast and induce fracture was developed by the forced blast. With the
development and expansion of the cracks, the rock mass would have been instability and caving in the roof. But, due
to the process of the induction caving roof by the blast in the underground mine, the effects were invisible to the
pre-splitting blast and the force blast. It is difficult to evaluate the effect of blast. Using the borehole camera system,
the technique of front view and digital panoramic were used to inspect the effect of blast. The shape of the hole was
detected before blast, and the blast effect was inspected after the blast. Especially, after blasting, the cracks character
is described by the digital panoramic borehole camera. The photographs were analyzed by the viewing them digitally.
The results of the digital panoramic borehole camera show: (1) To pre-splitting blast, the pre-splitting cracks were
formed after the blast. Its width is up to 20~40 mm, and the half wall of hole could be seen in the bottom of the hole.
(2) Large amounts of secondary cracks were formed in the rock mass of the roof. The crack form is an “X”, and the
original cracks were expanded. The mass shapes of blast was right, the rock stacked by the natural angle of slope. It is
an advantage to induction caving roof to the large cracks and ruptured structural rock mass.

Introduction

To the induction caving roof based on the successive mining, it is a course of the artificial disturbance and
control is used to induction caving in hard roof[1-4]. Its idea is following. First, the state is analyzed to the
energy accumulation and the stress concentration during the successive mining in the hard roof. Second, the
process of the cracks evaluation is induced by the artificial disturbance, such as blasting caving in the part.
Third, the condition of the natural caving is formed to handle roof in order to safety. Today, the technology of
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induction caving roof include the blasting induction and hydraulic fracturing. To the blasting caving roof, it is
difficult visible and inspect to the effecting of the blast[5]. For example, how do inspect to the form of the
pre-splitting crack. In order to inspect the effecting of the blast induction caving roof, the technology is
introduced that the digital panoramic borehole camera. It is effective to video and inspect to the concealed
works of the pre-splitting crack and the induced cracks.

The development stages include the borehole picture camera (BPC), the borehole video camera (BVC) and
the digital borehole optical tomography (DBOT). It is a quickly developing technology to engineering
application. The two kinds of technologies are the main technologies international to the digital borehole optical
tomography. One is the digital optical picture television (OPTV and OBI-40), and the other is the digital
panoramic borehole camera system. To the digital panoramic borehole camera system, it change the inspect
method of the traditional sidewall observation. The technologies make up for the disadvantages of the
traditional borehole picture camera by developing to panoramic technology, quickly inspect and low cost. The
technologies are widely applied in the geotechnical engineering, mining engineering, civil engineering,
hydraulic engineering and glacier and frost soil engineering.[8-11]

In the paper, it is applied to evaluate the induce-blasting effect to the digital panoramic borehole camera
system. The quality and the form of the blast-hole are judged by the results of the vision. And the blasting
induce-fractures are fine described in the light of the digital panoramic borehole camera results.

2 Engineering Background

Tongkeng Tin Mine is a lager-scale underground mine, and it is one of the main mine in China Tin Group
Corporation. The 92th ore body has been became the main mining ore body at present. It is a layer structure and
net vein impregnation deposit-body. The possible ore are more than the 35 million ton. It lied below the 91th
ore body, there are close joined. And its integrality is damaged due to the mining activities in the 91th ore body,
the direct roof is the cementing or non-cementing filling body in the emptied areas, in the part distract zone, the
roof is the emptied areas evenly, so that the incipient dangerous zone are formed in the mining filed. At present,
the mine method is induction caving roof based on the successive mining had been tested in the T112-T115
mine segment of 92th ore body. In order to study the effect of the induce-fracture, the digital panoramic
borehole camera system is used to inspect the induce-cracks in the borehole.

3 Parameters of Induce Blast

To the induction caving roof based on the successive mining, it is important to improve the resources recycle
ratio and guarantee the safety in the mining process. The key technologies are induce blast structures and
detonation modes in the induction caving roof[12]. It is used to control the distance between the mining and
goaf. And the caving body could be formed the characteriatics.
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3.1 Borehole Diameter

These factors should be considered to design the borehole diameter such as the existing engineers and the work
safety. According to the roof thickness, the drill equipments and mining site, and the principle to reduce the
borehole quantity[13], the borehole diameter is confirmed 165 mm.

3.2 Blast Parameter of Forced Caving Roof

To the forced caving roof, the first request is meet the characteriatics thickness. So the length of the load
detonators is up to 20m. The scope of distance between two rows is form 3.80 to 4.95 in the light of the
borehole diameter. In fact, the value of the distance between two rows is 4.00m[13]. The borehole spacing was
made up to 4.00m in the middle two rows borehole. Because the lumpiness haven’t request to the rock in the
caving roof. To the periphery-hole, the hole-bottom spacing is up from 12m to 18m, the pop hole space is
0.465m. The tilt angle is 60°in the high side and 70-72° in the low side of the roof. The explosive is the
emulsified ammonium nitrate-fuel oil agent. The length is 0.6-0.8m, weight is 12.5kg to the single explosive
tube. In order to avoid flapping top when the process of the induction caving roof, the method was used to add
strengthen explosive charge in the bottom. To the forced caving roof, the boreholes form was sector.

3.3 Pre-Splitting Blast Parameter

When the pre-splitting blast borehole diameter more then 60mm, the borehole distance scope is from 1.32 to
1.98m, take 1.4m. The explosive charge is emulsified ammonium nitrate-fuel oil agent. Its diameter is 90mm,
the length is 0.8m, and the weigh is 5.85kg. To the charge structure, the method was used to the air interval
charge. The interval distance was 2.0m. The depth of the pre-splitting borehole was controlled to 25m. In order
to assure the pre-splitting perforation, the strengthen-explosive charge or the 2-3m successive charge should be
used in the pre-splitting bottom. The detonator segment was same between the east and west pre-splitting
borehole.

3.4 Detonation Mode

The studied results of the induction caving roof mode showed it is advantage to induction caving and work
safety. That is the he hole-by-hole microsecond delay firing, which the first is pre-splitting blasting and the
second is forced blasting, the caving space is formed in once time [14]. At the same time, think of the safety, the
detonating method was selected the nonelectric squib in the pre-splitting and the forced caving blast %

4 Visual Inspect

4.1 Inspect System

Borehole camera system made in the Institute of Rock and Soil Mechanics, The Chinese Academy of Science, it
name is digital panoramic borehole camera system. It is a kind of integration application technology of
electronic technology, video technology, digital technology and computer technology[16]. It could solve the
visual and digital collected to the engineering geology datum in the borehole. The system frames are formed
include to the hardware and software, seen Figure 3.
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Figure 1  System chart of borehole camera

4.2 Inspect the Borehole Form

Before blasting, the method was used to inspect the borehole from and quality which was the forward looking
of the digital panoramic borehole camera probe. Furthermore the deformation and penetration of borehole were
inspect in the light of the forward looking results. The results were seen in Figure 2.

The inspect results show the following. (1) In the west pre-splitting chamber, the borehole shape was
changed from the round shape to ellipse shape because of the ground pressure action. That was the ground
pressure reflex was significantly in the west chamber (seen in Figure 2.a) . It would influence the direction of
the pre-splitting crack. (2) The original cracks were developed as the mining space effects (seen in Figure 2.b).
And these cracks would be reduced the blasting energy effects. The explosive charge should be avoided to set
the cracks site. (3) The roof rock mass were penetrated by borehole in the 90% of the borehole (seen in Figure
2.c). To other boreholes, it was difficult to endure the weight of the explosive as the bottom was thin (seen in
Figure 2.d).The methods of handling the borehole were following. First, to deformation, the propose was put
forward to the adding the borehole by the deformation borehole. Second, the sites of the cracks were precisely
oriented and the charge was dislocation charge to avoid the blast energy reduce. Third, the explosive charges
were bounded by the iron wire or rope.

Figure 2 Inspecting shape picture of holes

932



4.3 Inspect

After blast, to the induction blasted muck-pile, its shape angle is the natural-rest-angle of rock mass under roof.
From the shape, the average thickness is up to 16 m, the middle is higher than the two ends from the direction of
empty width. In the mining course, the disaster phenomenon haven’t be found such as segmentation falling,
specially lager scale falling of roof. It is advantage to safety mining.

In the induction caving roof test of Tongkeng Mine, the cracks were inspected by the digital panoramic
borehole camera system. In order to contract between the blast and non-blast to the cracks growth effect, the
X55, X37 and X23 were inspected in the west prespplting blast hole. The B19, B16 and B12 were inspected in

the forced caving hole. The D55, D35 and D23 were inspected in the east prespplting hole. The inspect holes
characters seen Table 1.

Table 1 Reality and original depths of bole

measuring point original depth measuring depth remakes
X23 53.5 11 It is 6 m distance to caving empty zone
X37 43.6 21
X55 50 26 Non-mining and blast, the measuring depth is up to 525m lever.
B12 29.6 11 It is 10 m distance to caving empty zone
B16 37 20
B19 36 26 non-blast
D23 25 12 It is 10 m distance to caving empty zone
D25 25 15
D37 20 15 non-blast

Note: The first blast induction caving have been carried out. In the table, the “X” is the west presplitting hole, the “D” is the east presplitting
hole, the “B” is the forced caving hole.

During the process of induction caving roof, cracks are frequently encountered in a rock mass. After
induction caving roof, the inspect results show that the cracks have two form through the cracks parameters
from the hole. The first is the original cracks. The second is the secondary cracks. From the cracks structure, the
cracks obliquity is main steep obliquity. At the same time, the secondary cracks are cracks group around the
original cracks. From the width of cracks, the original cracks are 5mm, and the secondary cracks are growth by
the induce fracture.

17.8

Figure 3 Detect picture of primary cracks in roof
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Inspect find that the rock mass is the haricot limestone. In the non-mining roof, the original cracks is less
than the empty roof, the cavabilities is uncavable. So, the rock mass stability of roof is middle. To the small
scale exposure area, it is difficult to natural caving in the roof. The hole pictures of roof seen Figure 3.

The pre-splitting slit have been found between two pre-splitting holes. The slit width is up to 20~40 mm.
The slit is continuum and vertical along the hole wall. And influence the free face, the slit width become
capacious in the bottom of the hole. Addition to, the half hole wall have been found in the bottom of the
pre-splitting hole. It prove that the caving zone have been controlled by the pre-splitting slit in the roof, seen in
Figure 4 aand b.

14.2 . 14.3

14.4 144

14.5

Figure 4 visualization picture of presplitting blast boles

In the rock mass of roof, the cracks were numerous developed by induction caving. Seen Figure 5 a and b.
From the cracks shape, there are two typical characters. One is the steep obliquity, one is “X” type of cracks.
And the original cracks were enlarged after indunction caving.

Figure 5 Visualization picture of induce cracks in the caving blast boles

Statistic results show that the length of crack obey the the normal distribution. The mean length of cracks
are 50~60 mm in the sight of borehole camera. By the induction caving engineering, the frequency of cracks is
up to 15~20 strips/ m. Especially the cataclastic texture of the part rock were found in the hole. To the
cataclastic texture, it is advantage to induce-caving roof.
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5 Conclusions

In the paper, the induced fractures were inspected through the forward looking and panoramic by the digital
panoramic borehole camera system. Also, the visual results are clear and digital. The results propose the base
data to blasting in the induction caving roof. So it is very useful to evaluate the induce blast effects.

Through the induction caving roof, the induce cracks had been large scale developed in the roof. The
shapes of induce cracks is steep obliquity and “X” type. The width of pre-splitting cracks is up to 20-40mm.
The half borehole was exist in the pre-splitting borehole bottom. The length of crack obey the the normal

distribution. The mean length of cracks are 50~60 mm in the sight of borehole camera. The results show that the
hard rock mass roof was induced caved by the induce cracks.
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Rockburst is one of the main engineering geological hazards at high geostress zones, and the prediction of the
possibility and classification of rockburst are important issues in many underground engineering practices. The
evaluation results of rockburst differ according to the criteria. The extenics evaluation can be used to handle
contradictory problems. However, the evaluation results are influenced by the weight coefficient. In this paper, a
rockburst prediction method with extenics evaluation is proposed. Weight coefficient of extenics evaluation is
determined by the rough set theory. Determination of the weight coefficient is translated into the estimation
significance of attributes among rough sets. Based on the analysis of the main causes of rockburst, the compressive
strength, tensile strength, the angle between the preferred structural plane and the maximum principal stress, elastic
energy index of rock, and the maximum tangential stress of the tunnel wall are chosen as the criterion indexes for
rockburst prediction, and then the decision table about rockburst prediction is established. By analyzing the
significance of the conditional attribute set for the decision attributes, the weight coefficient of the extentics
evaluation model is determined by rough set. Finally, the model is applied to predict the rockburst gradation of the
Kuocangshan tunnel. The practical example demonstrates that the proposed method overcomes the subjectivity of
traditional determination of the weighting coefficient. The prediction results indicate that the proposed method is
effective and reliable in the prediction of rockburst.

1 Introduction

Rockburst is a dynamic instability phenomenon of surrounding rock mass in high geostress, caused by the
violent release of strain energy stored in rock mass. Rockburst occurs during excavation of underground space
in the form of stripe rock slices, rock falls or throwing of rock fragments, sometimes accompanied by crack
noise. It occurs suddenly and intensely usually causing catastrophic destruction and damage to equipment,
injuries and fatal accidents, construction and production delays, and a higher cost of construction. It is an
emergency issue which needs to be solved in deep mining engineering and rock engineering, and more and
more attention is given to rockburst along with the development of underground space excavation.

At present, the studies on rockburst primarily focus on the phenomenon, regularity and mechanism, as well
as the cause of formation, the critical conditions and preventive methods. After studying numberous cases,
many scholars have suggested many theories and various prediction methods [1-5]. In this research, various
criteria are proposed, such as: Hoek’s criterion [1], Kidybinski’s elastic energy index [2], and Russenes’s
criterion [3]. To one project, the evaluation results may be different according to different criteria. Therefore, it
is very necessary to find a rockburst prediction method to solve the disaccords among different criteria.
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Extenics can change the contradiction issue into a compatibility issue [6], and the key problem of extenics
evaluation is to determine the weight coefficient. There is usually subjectivity in determination the coefficient
among current forecasting methods of extenics [7-8], which often affects the accuracy and the reliability of
evaluation results. Rough set theory is a mathematical method to handle inexact, imprecise knowledge. The
attribute reduction operation of rough sets can find useful attribute data and delete redundant attributes. By
analyzing the supporting degree and the significance of the conditional attribute to the decision attribute, the
weight coefficient can be calculated [9-10]. In this article, rockburst extenics prediction of a new tunnel in the
Zhejiang Province is carried out using the weight coefficient calculated base on rough set theory.

2 Attribute Significance of Rough Set Theory

Rough set theory (RS) is a powerful mathematical tool introduced by Pawlak [11-13] to deal with inexact,
uncertain or vague information, and has attracted attention of many researchers to contribute to its development
and application[14].

Rough set theory is based on the concept of an upper and a lower approximator of a set. Assuming an
information system K = (U, R) is given, and for a given subset x — U and a equivalence relation R € K , the R-
lower approximation Rx of set X in R and the R-upper approximation Rx of set X in R are defined as:
EX={XEU|[X]R cX } , EX:{x€U|[X]RﬂX¢q> ] Thus pn,(X)=RX-RX is called as R-boundary
region of X, and pos, (X) = RX is called as R-positive region of X.

Attribute reduction is one of the most important parts, which can remove the redundancy and
incompatibility attributes, so that we can obtain the key information and make the decision rule.

A decision information system is defined as S=(U, 4, V, f), where U is a finite set of object, 4 is a finite set
of attributes, 7 is the value domain of 4, and f: Ux 4 — ¥ is an information function. An information system is
seen as a decision table assuming that 4=CcUD,cND=a®, C is the condition attribute set and D is the

decision attribute set.
Given a decision table, the dependence between C and D is defined as:
k=7¢(D) =|posc(D)|/[U] @
It is said the decision attribute set D depends on the condition attributes with the degree k. When k=1, D

depends on C completely. When 0<i<1, D depends on C partially. When k=0, D is independent with C
completely.

The attribute significance of subset is defined as:

o (C) = reD)=7ec D) Ve (D) "
7e(D) 7c(D)
Where Yo (D)= %i posc_cy(¥)) @

The attribute significance indicates the important degree of attribute in information table. The bigger the
significance of attribute is, the higher its position is in the decision information table, otherwise, the lower its
position is. So the weighting coefficient ¢, of evaluation index C; can be expressed as follow:

a = o (C) (=1,2, =+, n) 4
ZGCD(CI)
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3 Extenics evaluation

Extenics theory is proposed by CAIl (1983)[15] and its object is the contradiction problem. Extenics theory
describes an object in three elements: name, character and character value. The name of an object is defined as
N, the character C, and the character value V. Therefore, the matter element is defined as R = (N, ¢, v).
According to the divergence, extension, correlation and conjugation, a matter-element can be expanded to solve
the contradiction. This is what we call extenics. Detailed steps are shown as follows.

(1) Define classical field

N a Vil [N a laib) 5)
oV &} 20
R=(N,GV)= 2|4 a:by

& Vi G <ajﬂ’bjr>

where N; refer to rockburst gradation; ¢; (i =1, 2, ..., n) here refer just to the evaluation indexes, which affect
the gradation N;; V' is a value scale of N; about character ¢; , which is scale of every evaluation gradation about
character c;.

(2) The segment field is defined as follows:

P a va [P a (geby

Vy {a.by
R=Cr)=| ¢ 7 @ a"f{)"z

(6)

o Vol | o auby)
where P refers to the whole gradation about the evaluation of an object; V,,, is the value scale of P about ¢; , that
is, P’s segment field.
(3) The matter-element to be evaluated is defined as follows:

)

R:(picivl):

For the evaluation object p, the database or analysis result of a matter-element thus obtained is called the
matter-element to be evaluated. In the formula mentioned above, v; (i = 1, 2, ...n) refer to the value of object p
about evaluation indexes c;.

(4) Determination of weight coefficient

Weight coefficient reflects the importance degree of evaluation indexes and plays an important role in the
evaluation result. In this article weight coefficient is determined through attribute reduction based on rough set
theory above mentioned.

(5) Dependent function of evaluation index
The dependent function about matter-element analysis for the evaluation index is defined as follows:
PO Vo;)

———— POV, p 1) =0 (8)
KO/‘(vi): p(vi’I/pi)_p(vi’VE)/i) ! o
_p(vi’I/Oji) -1 p(vi'K)(')_p(vl'K)ji)=o
Where _ Aoji +b0ji bo;r — Ao _ api +bpi bpi —dy
v.,Vy.)=v. — - v,V )=|v,— -
P YVo;) =, 2 5 P V,) =y, 2 2
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(6)Calculation of evaluated object’s dependent degree

Koy (p) =Y a Ky, (v) ©)
j=1
where ¢; refers to weight coefficient. The determination of the weight coefficient is made based on rough
set theory.

(7)Assessment of evaluating gradation

ijax (p)= maX Ko‘/ (p) (10)
jel1,2,3,-m}
The gradation number j, which is the maximum element of K vector, is regarded as the degree of evaluated

matter-element.

K, (9)-minko, > jeK,,
Let & )= o (P) m,-m o, (P) ,*_M is called as eigenvalue.
Y maxKs, (r)-minks, () ! 3Ky, (p)
j j 0j
j=1

4  Calculation Process

Firstly, we choose the main factors of rockburst, by researching the rockburst origin and mechanics. These
factors should be obtained easily and can be compared with each other in different cases. Then, using a series of
investigation of underground rock projects at home and abroad, compose a rockburst sample set. Because RS
theory only deals with quantitive data, continuous condition attributes should be discretized. Then adopt RS
theory to deal with quantitive data to obtain the evaluating index significance and weighting coefficient. At last,
make weighting coefficient determined by RS theory as the weighting coefficient of extenics evaluations, and
go to rockburst prediction. The process of rockburst prediction method with extenics evaluation based on rough
set is shown in Figurel.

| Select evaluation index |

IAttribute discretion | |Define classical field, segment field |
|Bui|d dcision table | |Define matter-element |
|Attribute reduction | __)|Calculate dependent degree |
|Determine weight coefficients |_ |Extenics evaluation |

Figure 1 Flow chart of extenics prediction based on rough set theory.

4.1 Identification of the Indexes of Criterion

The indexes of criterion should reflect the main factors of rockburst--the properties and stress of surrounding
rock. At the same time, they should be obtained easily and can be compared with each other in different cases.
In this paper, compressive strength s , tensile strength & , the angle between preferred structural plane and the

maximum principal stress 3, elastic energy index y and the maximum tangential stress o, are chosen as the
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criterion indexes. Compressive rock strength, tensile strength, the angle between preferred structural plane and
the maximum principal stress, and the elastic energy index can reflect the properties of surrounding rock.
Tangential stress can reflect the virgin geostatic stress condition, the influence of the shape, and dimension of
the underground space on rockburst.

4.2 Continuous Attribute Discretization

Rough set theory only can be used to deal with discretization attribute, however the influence factors of
rockburst usually are real values. So we should take discretization measure to real attribute values when we
calculate the weighting coefficient of evaluation indexes. In the geotechnical engineering, through many
engineering experiences and research on the single index of rockburst factors, it is discovered that the rockburst
level changes with the change of influencing factors, and the change is regular[5]. So in this paper, real values
are discretized according to the gradation of each evaluating index to rockburst level, as table 1:

Table 1. Discrete interval of condition attributes

NO. O, IMPa o, /O't Jij w, oy /o‘c Rockburst gradation
1 <80 >40 30~40 <2.0 <0.3 No rockburst
2 80~120 40~26.7 20~30 2.0~3.5 0.3~0.5 Light rockburst
3 120~180 26.7~14.5 10~20 3.5~5.0 0.5~0.7 Medium rockburst
4 >180 <145 0~10 >5.0 >0.7 Violent rockburst

4.3 Weight Coefficient Calculation Based on RS

The calculation process of weighting coefficient is as follows:
Step 1. According to formula (1), obtain the dependence y (D) of the decision attribute to all conditional
attributes. Setp 2. According to formula (3), for each evaluation index C;, calculate the dependence y.. . (D) of

the decision attribute to the conditional attributes C-C; Step 3. According to formula (2), calculate the
significance c.,(C) of each evaluation index C;. Step 4. Get the weighting coefficient of evaluation index C;

by formula (4)

4.4 Determination of Classical Field and Segment Field

According to table 1, Normalization processing is made, and classical field and segment field are
determined as follow.

I ¢ <0.00, 0.33>] I, ¢ <0.33, 0.50> I, C, <0.50, 0.67> I, C, <0.67, 1.00>
c, <0.00, 0.67> c, <0.67, 0.78> C, <0.78, 0.89> C, <0.89, 1.00>
Ry c, <0.80, 1.00>| R,=| ¢, <0.53, 0.80>| Ry=| ¢, <0.29, 0.53>| R,=| C, <0.00, 0.29>
¢, <0.00, 0.30> C, <0.30, 0.50> ¢, <0.50, 0.70> ¢, <0.70, 1.00>
¢, <0.00, 0.20> | G, <0.20, 0.50> ¢, <0.35, 0.50> ¢, <0.50, 1.00>
P ¢, <0.00, 1.00>]
C, <0.00, 1.00>
R,=| ¢ <0.00, 1.00>
¢, <0.00, 1.00>
C, <0.00, 1.00> |
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4.5 Extenics Evaluation

According to formula (8) (9), we can calculate the evaluated object’s dependent degree. Then through searching
the maximum element of K vector according to formula (10), we can determine the evaluation gradation and

obtain the eigenvalue further more.

5 Application Example

Kuocangshan tunnel is a new expressway, which is located in low mountains and hill district in Zhejiang
Province. The length is 4147 m and maximum embedded depth is 504.0m. The rock mass of this tunnel mostly
is Jurassic tuff. Due to the great difference of engineering geological condition along the tunnel, it is divided
into five engineering segments to analyze rockburst.

To build the decision table, eighteen representative engineering examples are adopted. Table 2 shows the
engineering original data[5]. Then according to table 1, discretize each index and calculate weight coefficient.
The weight coefficient is shown as table 3.

Table 2. The engineering original data

No. Project O.MPa | O, /(Tt p w, o, /o‘c Rockburst gradation
1 Tianshengiao Il hydropower station 88.7 24.0 21 6.6 0.3 Medium rockburst
2 Ertan hydropower station 220 29.7 28 7.3 0.41 Light rockburst
3 Longyangxia hydropower station 178 31.2 33 7.4 0.106 No rockburst
4 Lubuge hydropower station 150 27.8 22 7.8 0.227 No rockburst
5 Yuzhixi hydropower station 170 14.8 34 9.0 0.53 Medium rockburst
6 Taopingyi hydropower station 165 175 18 9.0 0.38 Light rockburst
7 Lijiaxia hydropower station 115 23.0 36 5.7 0.096 No rockburst
8 Pubugou hydropower project 123 24.6 30 5.0 0.36 Medium rockburst
9 Jinping II hydropower project 120 18.5 28 3.8 0.82 Medium rockburst
10 Laxiwa hydropower project 176 24.1 24 9.3 0.315 Medium rockburst
11 Norway Sima hydropower station 180 21.7 9 5.0 0.27 Medium rockburst
12 Norway Heggura road tunnel 175 24.1 21 5.0 0.37 Medium rockburst
13 Norway Sewage tunnel 180 21.7 32 5.0 0.42 Medium rockburst
14 Sweden Forsmark nuclear power station 130 21.7 19 5.0 0.38 Medium rockburst
15 Sweden Vistas tunnel 180 26.7 27 55 0.44 Light rockburst
16 USSR Rasvumchorr mine 180 21.7 24 5.0 0.317 Medium rockburst
17 Japan kankoshi road tunnel 236 22.1 31 5.0 0.377 Medium rockburst
18 Italy Raib Zinc sulfate lead mine 140 175 18 5.5 0.774 Violent rockburst

Table 3 Weighting coefficient of the indexes
Evaluating index o, IMPa o, /0-t p w, O-H/o-c
Index dependence 0.667 0.778 0.778 0.778 0.556
Index significance 0.222 0.111 0.111 0.111 0.333
Index weighting coefficient 0.25 0.125 0.125 0.125 0.375

To proof the correctness of this method, extenics evaluations of these eighteen engineering examples are
carried out according to the method which adopts rough set theory to determine weighting coefficient. In the
evaluation results of the eighteen examples, only the example one and thirteen are different from the practical
situation, and the evaluation gradation is light rockburst, so the rate of correctness is 89%.
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According to the weighting coefficient determined by RS theory, the Kuocangshan tunnel adopts this
method to predict rockburst. Evaluating indexes of each tunnel segment are shown in table 4. The prediction
results of each tunnel segment and practical excavation situation are shown in table 5.

Table 4. Value of evaluating indexes of each tunnel segment

Highway kilometer o, IMPa o, /O-r IB I/Vet O-g/o-c
k155+200~k156+178 124 29.4 17 2.04 0.112
k156+203~k157+573 161 314 19 2.19 0.139
k157+573~k58+078 153 28.1 25 211 0.151
k157+078~k159+250 142 27.9 33 2.26 0.155

From table 5, the prediction result is accordant with practical excavation situation, which indicates that it is
an effective method to predict rockburst with extenics evaluation using weighting coefficient determined by
rough set.

Table 5. The extenics evaluation results and practical situation

Highway kilometer Prediction gradation Eigenvalue Practical situation
k155+200~k156+178 No rockburst 1.4495 No rockburst
k156+203~k157+573 Light rockburst 1.5462 Light rockburst
k157+573~k58+078 Light rockburst 1.6464 Light rockburst
k157+078~k159+250 Light rockburst 1.6345 Excavation partly

6 Conclusions

Rockburst prediction is a complex non-linear problem. According to different criteria, the evaluation results
may be different. As an effective method to solve the contradiction problem, extenics can transform paradoxical
problems into compatibility problems. However, the key issue of extenics prediction is the selection of the
weight coefficient. This paper presents a rockburst extenics prediction method based on the rough set theory to
determine the index weighting coefficient. Through analyzing dependence of rockburst gradation to evaluate the
index, obtain the significance of each evaluating index, and then calculate the weighting coefficient of each
evaluating index in extenics evaluation. This method can avoid subjectivity of the traditional method to
determine the weight coefficient, and make the extenics evaluation method more objective and accurate.
Practical example indicates that the method can be effectively used in the field of rockburst prediction, which
has a vast prospect in predicting rockburst and also has some referential significance in the other evaluations.
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This paper is a review of research on the rock burst prediction by the electromagnetic radiation (EMR) technology
and equipment. It is universally acknowledged that EMR signals are accompanying all stages of the deformation
and fracture of rock or coal samples, so we can monitor the change of EMR signals to predict rock burst which is
the result of the deformation and fracture of rocks or coals. Based on the EMR experiments of coal or rock, the
effect and the generation mechanism of EMR signals are analyzed, the EMR monitors of KBD5 and KBD7 types
are invented and applied in the rock burst prediction of coal mines in China. Similar to earthquake, there are
obvious EMR precursors before rock burst in coal mines and EMR value increases suddenly or gradually, or with
rapid EMR fluctuations. Besides, EMR can evaluate the effects of rock burst control measures as the destressing
blasting and water injection. After these rock burst control measures, the EMR intensity value in the monitoring
area decreases. In addition, EMR technology can be used to monitor the roof movement and forecast the periodic
roof pressure on the working face which possibly causes rock burst. EMR technology is widely applied in some
coal mines which have rock burst problems.

1 Introduction

In recent years, China’s demand for coal resources has increased with the rapid economic development leading
to the rapid growth of the mining of coalmines in the country. Many of these coalmines are deep mines. With
the increase of the mining depth, compared to shallow mining, rock burst in deep mining, which is influenced
by complex geological factors and mining factors, has become more serious. Rock burst occurrence frequency
has increased, its degree of destruction intensified, and its manifestation is obviously different. Prediction and
control of rock burst with gas has become a difficult problem of mines in deep mining.

Recently, the finite element numerical simulation, stress measurement in mining fields, electromagnetic
radiation (EMR) monitoring technology, acoustic emission (AE) monitoring technology, and micro-seismic
monitoring and location technology, have been widely and successfully applied in the prediction of rock burst.

Numerous experiments have demonstrated that the fracture of coal or rock could produce EMR signals and
acoustic emission signals. The research on the EMR of coal-rock fracture provides a new way to monitor and
predict rock burst. EMR research results have shown that the EMR technology is an effective geophysical
method to monitor and predict rock burst. Frid.V*?studied EMR signals in coal-rock during the formation of
rock burst to predict roof fall by monitoring high frequency EMR signals and low frequency acoustic signals.
The Research Mining Institute of Siberian Branch of the Russian Academy of Science developed thel1 9 M 1
-1 EMR Instrument which was introduced to predict the fracture of rock mass in the Muchengjian Mine in
China®®. Since the 1990s, the EMR research team at the China University of Mining and Technology has
studied rock burst prediction through EMR technology in the field. Such as, the generation mechanism(*®!,
characteristics!”®), rules™, and transmission characteristics in coal-rock seam of EMR signals, the principles
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and methods of EMR prediction™*, and the EMR monitoring equipment**® including KBD5 and KBD7
which are used to forecast rock burst, coal and gas outburst and other dynamic disasters. The predictons show
that the rock burst prediction by EMR has an clear advantage in the technology and that EMR is a promising
method of forecasting dynamical rockcoal disasters.

2 The EMR Characteristics and Mechanism of Impact Coal-Rock

The essential of coal-rock dynamic disasters is the result of evolution of the deformation and the fracture of the
loaded coal-rock. The EMR is a physical phenomenon that electromagnetism energy emitted from deformation
and fracture of loaded coal-rock, and is closely related to the load state and the process of the deformation and
fracture of coal-rock.

2.1 EMR Characteristics of Impact Coal-Rock

The EMR experimental results of coal or rock samples under different loading modes show that there were
EMR signals in the process of the deformation and fracture of coal-rock under uniaxial compression, shearing,
creep, and triaxial compression, and the greater the load, the stronger the EMR signals. EMR signals increase
obviously before the main fracturel****°!,

The impact energy index can reflect the risk of the impact coal-rock. There is a very good linear
relationship between the EMR index (including EMR energy index and EMR pulse index) and the impact
energy index, as in Figure 1. So we can also use the EMR index to reflect the risk of the impact coal-rock.
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(a) EMR energy index and the impact energy index (b) EMR pulse index and the energy-impact index

Figure 1 The curves of EMR index and the impact energy index

2.2 The EMR Mechanism of Loaded Coal-Rock

The coal-rock mass is a non-homogeneous material containing the massive micro-fracture defects. The sources
of EMR signals generated in the process of the deformation and fracture of loaded coal-rock are the free charges
or the separated charges that produced by the mechanisms of the piezoelectric effect, the friction effect, the
fracture, the polarization, the thermionic emission, the electromagnetic field, the electric potential and so on.

The research shows that the main mechanisms of EMR signals are the stress-induced charge polarization
and the variable motion of the charged particles. The non-uniform deformations of coal-rock induced by the
stress produce the charged particle group in different parts of coal-rock body, and EMR signals are produced
when the charged particle group moves. Or the deformation and fracture of coal-rock leads to the redistribution
of charges and electric fields between the interfaces of the internal units, and the electric dipole group is formed
by this redistribution. And the change of the electric quantity and the moment of the electric dipoles produce the
EMR signals. The larger the load, the larger the deformation and fracture, and the stronger the EMR signals.
The EMR can show the degree of the deformation and fracture of the loaded coal-rock.

The EMR monitoring results in the mining field prove that there is a coupling relationship between the
stress of coal-rock on working face and the EMR signals, and the greater the stress of coal-rock, the stronger the
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EMR intensity. Especially the EMR signals of the region influenced by abutment pressure on the working face
and in the tunnel are obviously stronger than these of the region influenced by non-abutment pressure.

3 EMR Monitoring Equipment and Early Warning Technology

The EMR equipments for predicting rock bursts are the KBD5 and the KBD7 electromagnetic radiation monitor
(as in Figure 2), invented and developed by China University of Mining and Technology. The testing method of
KBD5 and KBD?7 is non-contact and directional. The receiving frequency of the KBD5 or KBD7 antenna is
0-500 kHz and the effective testing distance is 7-22 m.

EMR methods for predicting rock burst are dynamic and combined with a critical value method. In
general,, based on the EMR forecasting criterion, the EMR value which is 1.5 times the normal EMR value, is
selected as the initial critical EMR value in the monitoring area. After a period of testing and given the EMR
value before the incidence of a rock burst, the initial critical EMR value is modified by fuzzy mathematics. But
this modified EMR value still needs to be verified further. In the end, a critical EMR value can be confirmed.
During the test process, if the EMR value of the monitoring area exceeds the critical EMR value and the EMR
value appears as a special time trend (the trend is explained in section 4) over several shifts or days, then a rock
burst will occur in this monitoring area. Therefore, effective measures can be implemented to eliminate or
depress the danger of a rock burst.

(a) KBD5 EMR monitor (b) KBD7 EMR monitor

Figure 2 Two types of EMR monitors

4 The Application of EMR Monitoring and Predicting Rock Bursts

The EMR monitoring and predicting rock burst technology has been applied in some coalmines with the danger
of rock burst widely and successively, such as Sanhejian coaline in Jiangsu province, Huafeng coalmine and
Dongtan coalmine in Shandong province, Qiangiu coalmine and Yuejin coalmine in Henan province, Yanbei
coalmine in Gansu province, and Laohutai coalmine and Wulong coalmine in Liaoning province®®*",

4.1 EMR Prediction of Rock Bursts

Figure 3 shows that on Jan.12, 2006 there was a rock burst with Magnitude=2.4 at the head entry of the N0.237
gob-surrounded coal face. It had the same EMR precursor monitored by the KBD5 monitor, showing two rapid
EMR fluctuations and the EMR peak value was larger than the critical value (30 mV). When there were EMR
precursors of rock bursts in the monitoring area, emergency measures such as destressing blasting and water
injection were used to reduce or eliminate the extent of potential destruction of rock bursts in time. An example
is shown in Figure 3. When the EMR precursor before Jan.19 was shown, the excavation of the No0.237 working
face was stopped for two days. As effective distress measures were taken, the potential rock burst on Jan.19 was
eliminated and did not re-occur 71,
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Figure 3 EMR precursor before rock burst on No.237 working face in Nanshan coalmine

Figure 4 shows that three rock bursts happened during August 2007 on No0.3223 working face in Wulong
coalmine, occurring at 17:23 on Aug.5, 4:20 on Aug.15, and 12:04 on Aug 20. Before the occurrence of rock
bursts, there was obvious EMR precursor monitored by the KBD7 monitor.
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Figure 4 EMR precursor before rock bursts on N0.3223 working face in Wulong coalmine

4.2 Effectiveness Evaluation of Rock Burst Control by EMR

The effective method of rock burst control is to change the stress condition of coal-rock on coal face, destroy
the structure of the surrounded coal-rock, reduce the accumulation of the elastic energy in coal-rock, and even
induce rock burst under the non-personnel existing condition necessarily, and includes the destressing blasting
and water injection.
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Figure 5 shows that the EMR intensity value exceeded the critical value on N0.9202 working face of
Sanhejian coalmine, and a rock burst would occur later. So a destressing blasting was used in the dangerous
fields of N0.9202 working face, and after the destressing blasting, the EMR intensity value decreased to less
than the critical value.
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Figure 5 EMR change before and after using destressing blasting on N0.9202 working face in Sanhejian coalmine

Figure 6 shows that there was an obvious change of the EMR intensity value after rock burst control
measures used on the N0.250205 working face. Before destressing blasting and water injection , the EMR
intensity value of the working face was quite high when there was a rock burst danger. After destressing
blasting, the EMR intensity value decreased to a certain degree. After water injection, the EMR intensity value

decreased within the field of water injection.
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Figure 6 EMR change before and after using destressing blasting and water injection on N0.250205 working face in in Yanbei coalmine

5 Prospect on the Development of Rock Burst Prediction by the EMR

In the past 30 years, the research on the EMR effect of rock fracture in theory and in application has been
developed rapidly. The development and the application of the digital technique and computer technology in
recent years have greatly impelled the development of the evaluation and the prediction technology of rock
burst and other coal-rock dynamic disasters. As earthquake prediction, the research on rock burst prediction by
EMR technology had been made certain progress, however, compared with the request of the practical
application on the scene, it has a certain gap. Although, there are some aspects of the EMR technology of rock
burst prediction that needs to be further developed in the future; such as, the EMR nonlinear characteristic of
rock burst, the EMR precursor rule of rock burst, and the EMR early-warning mechanism of rock burst
prediction etc,.
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Social public security is threatened seriously by earthquake disasters. Information acquisition ability and
accuracy of disaster evaluation is improved by using space observation technology such as satellite remote
sensing data obtained from visible light, infrared, and radar imaging. The reliable data can be provided for
emergency rescue effort. In resent years, spatial resolution and spectral resolution of remote sensing image are
being improved constantly. The technological progress provides a solid foundation for application of remote
sensing in disaster evaluation and mitigation. In this paper, the function of remote sensing data sources in the
information acquisition of earthquake disaster is analyzed. Research status and prospect of the key technology
of extraction of earthquake disaster information according to multi-scale remote sensing image are introduced.

Introduction

The distribution of destructive earthquakes is very extensive where strong earthquakes are active, Disaster
situational information can be acquired precisely and monitor secondary disasters, such as post-earthquakes, can
be dynamically modelled based on modern space observation technology. Such as, aerial remote sensing and
high-resolution satellite remote sensing, which is not limited by time and region and is not effected by
earthquake damage.
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Remote sensing technology is used to extract information about disaster situations post-earthquake in
developed countries such as America and Japan. It can acquire remote sensing images of disaster areas in time
and evaluate earthquake loss after earthquakes occurred; such as, the Osaka-Kobe earthquake in Japan in 1995,
the Turkey earthquake in 1999, the Indonesia earthquake tsunami in 2004, and the Pakistan earthquake in 2005.
In China, information on disaster situations is acquired successively in the meizoseismal area of destructive
earthquakes, such as the Xingtai earthquake in 1966, the Haicheng earthquake in 1975, the Tangshan
earthquake in 1976, the Datong earthquake in 1989, the Jiashi earthquake in 2003, the Wenchuan earthquake in
2008 and so on based on satellites or aerial remote sensing. Large image data from satellites and aerial remote
sensing has played an positive role in emergency rescue, disaster evaluation, secondary disaster monitoring,
restoration, and reconstruction after earthquakes [1,2,3].

2 Introduction of Remote Sensing Data Sources on Earthquake Disaster

With development of remote sensing technology, remote sensing data sources become more and more abundant
and resolution becomes higher and higher which are used for earthquake emergency rescue and disaster
investigation. Geological disaster induced by earthquake such as landslide, barrier lake and so on can be
recognized based on moderate resolution images. Every building and its damage can be recognized by using of
high resolution images.

At present, high resolution remote sensing satellites on-orbit operation used for acquiring the information on
earthquake disaster conclude Iknos, Quickbird and OrbView-3 in America, EROS in Israel, SPOT in France,
KOMPSAT-2 in Korea, TES in India, COSMO-SkyMed in Italy, RADARSAT in Canada, ZY-2 in China etc.
Remote sensing satellites with resolution of 0.4m will be launched in the next two years by many countries such
as America, France and so on. Two mapping satellites will be launched in china from 2008 to 2009. In addition,
resolution of ZY-3 in china will arrive to 2m and DuYan dragon satellite will be launched from Taiwan of
China. Aerial remote sensing and unmanned airplane remote sensing become the major modes for acquiring
remote sensing images after earthquake except on-orbit or high resolution satellites to be launched in near
future.

3 Extraction of Earthquake Damage Information Based on Remote Sensing

Information extraction methods include three. The first is artificial visual interpretation. Based on the original
image or image for enhancement processing, type of ground objects and degree of earthquake damage can be
identified directly by investigation experts with the previous experiences of earthquake damage information
extraction according to the interpretation marks of earthquake damage. The method has a relatively higher
precision, but less efficient. The second is the computer automatically extraction. Type of ground objects and
degree of earthquake damage can be identified automatically by using of supervised classification, unsupervised
classification and object-oriented classification on the basis of image for enhancement processing. The method
has a relatively higher speed, but less accuracy. The third is human-computer interaction extraction. The
recognition method of man-machine combination is computer aided artificial identification consideration to
accuracy and efficiency.

3.1 Earthquake Damage Extraction Detection According to Images Changes Before and after Earthquake

Change detection method might identify earthquake damage by obtaining change information of landmark and
comparing the two phases of remote sensing data. Both high resolution optical and radar images can be used in
changes detection Identify, such as buildings damage, landslides, barrier lake and so on. Change detection
methods can be divided into two. One is qualitative method. The scope and relative strength of the earthquake
damage can be analyzed more or less by enhancing process, such as the false colour composite image before
and after earthquake and directly expressing the interested damage information. It can compare gray value,
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texture and enhanced features between two images by using of change detection. Quantitative detection
methods determine the differences of gray by difference ratio or more complex approach such as the relevance
of computing [4,5].

3.2 Extraction of Earthquake Damage Post-Earthquake from a Single Image

Earthquake damage can be recognized by using of integrated pattern recognition on based of features
enhancement and features combination enhancement for the single-temporal images post-earthquake. Damage
features of ground objects induced by earthquake can be obtained on based of texture enhancement and features
combination. Features enhancement methods are developed from neighbourhood statistics, the co-occurrence
matrix, morphology on basis of pixel to texture features and regional structure [5,6,7]. Extraction of earthquake
damage is essentially division or classification of images with enhancement features.

Damage classification includes two methods. One is per-pixel classification. The method is applied
generally in classification, including supervised classification and unsupervised classification. The other is
object-oriented damage classification which is emphatically introduced as followed.

Target object as analysis unit is taken for object-oriented damage recognition not adopting single pixel.
Adjacent pixels with the same characteristics in an image are combined with image object by multi-scale image
segmentation. Objects classification is achieved according to the information such as hue, shape, scale, texture
and so on which is reflected by many factors, for example spectrum heterogeneity, density heterogeneity and
smoothness heterogeneity, including object adjacent relation on basis of multi-scale image segmentation.
Object-oriented classification accuracy is higher than per-pixel classification accuracy. Moreover, the former
eliminates salt and pepper effect of images. It provides theory foundation and new method for recognition
damage characteristics from remote sensing images.

4 Quantitative Evaluation Based on Remote Sensing Images

Earthquake damage is evaluated quantitatively on basis of remote sensing image processing and the extraction
of earthquake damage post-earthquake. The extraction results can not be directly applied to earthquake damage
evaluation on the ground. It is necessary to evaluate the damage according to the criteria of classification and
grading for earthquake damage and quantitative evaluation model [2,3,8].

4.1 The Criteria of Classification and Grading for Building Damage Induced by Earthquake

Damage grade is divided according to general and partial characteristics of building images post-earthquake,
especially geometry information and hue information of images such as integral Building, roof structure and so
on. Building damage is divided into three grades that is collapse, partial collapse and not collapse based on
remote sensing investigation of earthquake damage.

The criteria of classification and grading of earthquake damage is basis for visual interpretation and
automatic recognition. The criteria of classification and grading and the marks of earthquake intensity for fast
evaluation from remote sensing images are established by Mr Wei etc [1] based on intensity table of China
earthquake (1980).The main characteristics of damage from aerial remote sensing images are established by Mr
Ding etc [9]. Corresponding relation between the ratio of collapsing houses and damage index is set up by Mr.
Wang etc based on historical investigation about earthquake damage from remote sensing [2,3].

4.2 Quantificational Evaluation Model on Earthquake Damage

Ground evaluation model can not be directly applied to assess the results of earthquake damage recognition.
Relation model between remote sensing evaluation and ground evaluation is set up and damage index as the
parameter of quantificational evaluation is put forward by Mr Wang ect [2,3,8]. In the model, the damage
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intensity of earthquake is determined by recognition damage results from different ways on the basis of damage
index, thus loss of earthquake damage is evaluated. Relation model played an important role in evaluation
earthquake damage for Wenchuan earthquake of 12 May 2008 in China.

5 Conclusions

It is possible to investigate the situation of earthquake damage in the lab through the use of high resolution
satellites and aerial remote sensing. Visual interpretation technology of earthquake damage has been
successfully applied many times. Studies on automatic recognition of earthquake damage have made great
progress. Criteria for classification and gradation of earthquake damage have become increasingly better based
on the analysis of earthquake cases. Study on quantificational evaluation has also made primary progress. With
the further development of science and technology, remote sensing will continue to play an important role in the
field of earthquake preparedness and disaster reduction.
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Coal face mining causes the failure of overlying strata and forms the caving and crack zones that means “two regions”. The
reliability of the height of “two regions” is the key factor to determine the upper limit of safety mining. In the forming process of
caving zone and fracturing zone of overburden strata of coal face, due to the releasing of strain energy, the corresponding wake
seismic waves (microseismic waves) will be induced at the same time. Three dimensional monolithic observation can be realized
by microseism monitoring technology. In this paper, the microseismic events are monitored which are caused by the fracturing of
the overburden strata in 3up107 coal face extraction of Luxi Coal Mine. The close relation between evolution of microseism and
fracturing of the overburden strata is proved by the location of the monitored microseismic events. Through the microseism
monitoring analysis of “two regions” height in 3up107 coal face of Luxi Coal Mine , for the uppermost 10 percent of
microseismic events of the overburden strata, the distances are relatively large and the energy is relatively small. Moreover, the
induced cracks can not form effective water flowing connectivity. In the other hand, the position under the uppermost 10 percent
microseismic events of the overburden strata is determined as the fractured zone upper limit. Accordingly, the height of “two
regions” is determined as 38 meter, which is almost the same as 36.2m identified by the popularly accepted measuring method of
“two ends injection water instrument”. As a result, microseism monitoring technology is proved to be available in determining
the fracturing height of overburden strata of coal face. It provides one new technical method to measure the height of “two
regions” of overburden strata of coal face.

1 Introduction

Underwater coal-mining technology is a safety working technology for situations where water exists on the
surface of the earth or overburden strata of coal seam. Reliable security evaluation of underwater coal-mining
technology is very important to improve the mining limit, achieve underground safety and rational mining,
increase the rate of coal recovery and protect surface and underground water resource.

The key factor to determining the safe working upper limit is the height of fracturing of overburden strata
of coal seam, found by extraction (caving zone and fracturing zone means “two regions”). Generally, the “two
regions” height [2] is determined by exploration boring and well logging technology and the present
engineering analogy method. There are many defects if we adopt the drilling method to determine the “two
regions” height: first the surveillance result is limited by the location of borehole, the result only represents one
point date in the space, so it can not reflect the entire situation of overburden strata, and the limitation is
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relatively big. Second, one borehole only represents one instant point at one time, but the formation of “two
regions” height is always a dynamic process, so the surveying result may be different at different time. Third,
the drilling method is always difficult to determine the height of the caving zone, because when it is close to the
caving zone, the drilling construction is difficult. When we adopt empirical formula or engineering analogy
method to determine the “two regions” height, the result reliability can not be guaranteed, because the specific
geology and mining technology condition are different.

Microseism monitoring is a new monitoring method[3], which is similar to earthquake, with the forming of
caving zone and crack zone of the overburden strata of coal face, the seismic waves whose intensities are
relatively small will be produced, it means microseism. Using microseism monitoring technology we can trace,
record, analyze, disposal much microseism information. Through synthesis analysis of the microseismic events
location, the height of fracturing of overburden strata of coal face can be determined. The microseism
information can be traced, noted, analyzed and disposed by microseism monitoring technology. With
microseism positioning and comprehensive analysis, we could know the height of fracturing of overburden
strata of coal face. Microseism monitoring technology can not only realize dynamic monitoring but also realize
three dimensional space integral monitoring [4], so more reliable results to conduct mine mining and also safety
and rational working can be achieved.

2 Geological Condition of Coal Face and Design of Microseism Monitoring System

To study the height of fracturing of overburden strata of coal face, the microseism monitoring work about
overburden strata motion is carried on in 3up107 fully mechanized coal face of Luxi Coal Mine. The dip length
of 3up107 working face is 135m, strike length is 860m, shear height is 2.5m. From interconnection, along strike
in the 260m arrange two sides are solid coal. The last length is about 600m, one side is solid coal, the other side
is mined goaf of 3up105 working face. 3up107 working face immediate roof is mudstone, thickness range is
from 0.2 to 6.8m; the main roof is lutite, thickness range is from 3.5 to 9.4m; the immediate floor is mudstone,
thickness range is from 0.7 to 2.5m. Microseism monitoring adopts space monitoring system which is
composed of vertical drilling and seam sensor. The aperture of the two vertical drilling is 98mm, while the
height is 60m and the hole spacing is 100m. The three-component sensors are installed in each of the two
vertical drillings, every sensor is poled by oil sleeper beam. Two strings seam sensors are installed at track gate
and haulage gate of the coal face, every string has five sensors, and the space between which is about 50m.
Seam sensors are consolidated by cement. Figure 1 shows the design of underground microseism surveillance
system.
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Figure 1 The design schematic plan for the surveillance system
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3 Results of Microseism Monitoring and Determination of Height of Fracturing Zone of Overburden
Strata of Coal Face

3.1 Microseism Monitoring Results Analysis of Fracturing of Overburden Strata of Coal Face

According to the theory of linear equation location [5], the space location result of microseismic events of
overburden strata of coal face is obtained as Figure 2 after inputting the parameters of coordinate and
time-difference parameter of microseism monitoring. « represents the position of the microseismic events, the
relative coordinate type is adopted. Figure 3 and Figure 4 show the monitored microseismic events' position
projected under the horizontal and vertical plane respectively.

To be explained, according to the geological data, the elliptic area in Figure 3 is a fault fracturing area,
mining causes the fault activation which would induce microseismic events, so it can not reflect the fracturing
of overburden strata induced by extracting.

From the monitoring results we can acquire that microseismic events occurred in immediate roof are
relatively dispersive, the periodicity is not obvious. This is because the immediate roof is relative crushing and
breaking down after rupture, so the energy of the microseismic events is relatively small and the periodicity is
not obvious in immediate roof.

The feature of microseism of the main roof fracturing is that microseismic events are tend to assemble in
space, most of the events occur near the main roof breaking line ahead of the rib; micro seismic events are
relatively concentrated in the time, that is to say the frequency of the big events is relatively high when main
roof fractures, and shows that the periodicity of big events frequency is relatively obvious and the energy of the
micro seismic events is universally high. So the position that the events with high energy is relatively
concentrated in the time and space can be determined as the position that main roof fractures.

The feature of microseismic events that occurred in crack zone above the main roof is also relatively
dispersal in the time and space and the energy is relatively small, which is similar with the feature occurred in
immediate roof.

3.2 Determination of Height of Fracturing Zone of Overburden Strata of Coal Face

From Figure 2 and Figure 4 ,it can be acquired that the monitored microseismic events can involve 60m above
the working face at most. However, generally speaking, single microseismic event can not conclude that the
rock mass has fractured. The rock fractures can not form water flowing fractured zone until the fractures
passing through. The energy, quantity and frequency of microseismic events reflect the level of rock mass
fractures and their connecting to some extent. From this monitoring result, we can see that the supreme
microseismic events of the overburden strata of which the distances are relatively large and the energy is
relatively small, the induced cracks can not form effective water flowing connectivity, Those microseismic
events are about 10 percent of all the events. So the position under the uppermost 10 percent microseismic
events of the overburden strata is determined as the fractured zone upper limit. According to this, the height of
the fractured zone of the coal face is determined as 38m. To be explained, there is an inherent relationship
between the height of the fractured zone and the overburden strata and its structure. When we adopt microseism
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monitoring analysis, the density and energy of microseismic events as the height of fractured zone should be
analyzed based on the specific geological and technological condition, this need to be deeply researched.
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Figure 4 The monitored MS events' position projected under the vertical plane of the coal face

4 Field Measurement Analysis on Height of Fracturing of Overburden Strata of Coal Face

To determine the “two regions” height of 3up107 working face in Luxi Coal Mine furthermore and analyze the
reliability of the microseism monitoring result, “two ends injection water instrument” which is thought to be
more reliable at present is carried on sublevel injection observation of overburden strata after extraction. We get
that the observation section is along seam strike, drill hole is directed above the mined area, plus angle is 45° .
The technical parameter of observation is that hole pressure is 0.45-0.50Mpa, injection pressure is 0.1Mpa,
observation depth is 70m. Figure 5 shows a picture that the result of height of fractured zone which is observed
by two ends injection water method. We can acquire that there is no leakage water upper 36.2m of drill hole. It
indicates that the height of the fractured zone is 36.2m.

The height of the fracturing zone of overburden strata of 3up107 working face in Luxi Coal Mine is
acquired as 38m by adopting microseism monitoring method, and the result is 36.2m measured by the method
of “two ends injection water instrument”. The conclusion about the two methods is generally consistent. It
indicates that adopting microseism to monitor the height of the fracturing zone of overburden strata of coal face
is available. Height of fractured zone by field measurement is slightly smaller than the result by microseism
monitoring analysis, the reason may be the rock mass fractures near the fracturing zone upper limit are not
entirely through connection.

_rni;';e_go af |
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Figure 5 Picture of the result of height of field measuring by “two ends injection water method”
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5 Conclusions

(1) Height of the fracturing zone of overburden strata of coal seam is caused by mining and is the key factor to
determining safest working upper limit. It has a very important meaning for underwater coal-mining to achieve
safety and rational working. It also increases coal resources recovery rate to determine the height of fracturing
of overburden strata scientifically and reasonably.

(2) Three dimensional monolithic observation can be understood by microseism monitoring technology.
Through synthetic analysis, which consists of tracing and location of microseismic events induced in the
process of caving and crack zone formation, the height of the fracturing zone of overburden strata of coal faces
can be determined.

(3) Through the microseism monitoring analysis of “two regions” height in 3up107 coalface of Luxi Coal Mine,
the uppermost 10 percent of microseismic events of the overburden strata of which the distance is relatively
large and the energy is relatively small, the induced cracks can not form effective water flowing connectivity,
the position under the uppermost 10 percent microseismic events of the overburden strata is determined as the
fractured zone upper limit. According to this, the height of “two regions” is determined as 38 m, which is almost
the same as 36.2m identified by field measurement method. Microseism monitoring technology is proved to be
available in determining the fracturing height of overburden strata of coal face.
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Process of compressive deformation and breakage of rock is certain to be accompanied by occurrence of acoustic emission (AE),
and the information of acoustic emission contains plenty of gradual damage precursory information of rock. Study on acoustic
emission prediction of compressive rupture of rock has significant meaning by using microseism(acoustic emission) monitoring
technology to prevent mine disasters such as roof falling, roof and floor water bursting, rock burst induced by rock breakage. The
acoustic emission experimental results under uniaxial compression of sandstone samples indicate that the compressive
deformation and damage evolvement process of rock can be well expressed by AE characteristics. In addition,wavelet analysis is
an important tool of signal processing, and it aims to accurate analysis, diagnosis and forecast of signal information. Wavelet
analysis is particularly suitable to process unstable signal. AE signal of rock compressive rupture is a kind of typical unstable
signal with time. According to the discrete data series of AE parameters with time obtained from the experimental tests on
sandstone samples, and through wavelet coefficient decomposition of AE energy rate and calculation, Lipschitz indexes negative
a on different scales are obtained. Further analysis indicates that the time when a first becomes negative on different scales can
accurately forecast the rock breakage, which agrees with the experimental result. It is of significant meaning for early predicting
of the breakage of rock strata.

1 Introduction

The application of wavelet analysis combines well with its theoretical research. Currently, signal processing is
an important part of science and technology work, and it aims to accurate analysis, diagnosis and forecast of
signal information. Many applications of wavelet analysis can be regarded as signal processing. For a signal that
is stable with time, an ideal processing tool is flourier analysis. But, most of the signals in practical application
are unstable, while wavelet analysis is the particularly applicable tool for unstable signal.

During mining underground, mine disasters, such as roof falling, water inrush, rock burst and coal-gas
outburst, are not isolated, but occur with much precursor information. Microseism is one of the important
precursors of rock failure and instability [1]. Small sizes of rock samples in labs are micro-object which contain
a certain amount of grain, cement, cavity, and fracture sets. AE signal is the released energy when the elements
of aggregate occur relative displacement, and its scale is relatively small. Rock samples contain aggregate with
much fracture, fault and defect, microseismic signal is also the released energy, but its scale is relatively large.
Though the size and microseismic wave energy of rock samples and rock mass are different, the theory is
similar. Experimental research of acoustic emission in lab and study on acoustic emission prediction of rock are
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of significant meaning for using microseism (acoustic emission) monitoring technology to prevent mine
disasters such as roof falling, roof and floor water bursting, rock burst etc.

AE signal parameter with time of rock compressive rupture is one kind of typical unstable discrete signal
with time. Based on the experimented discrete data series of AE energy rates with time of sandstone sample, AE
prediction analysis is carried out on rock compressive fracture with discrete wavelet processing method.

2 Experiment Equipments and Method

815.03 Electro hydraulic servo-controlled rock pressure testing system imported from USA by Shandong
University of Science and Technology was adopted as loading system in this uniaxial compression acoustic
emission test. Displacement controlling mode was adopted during the loading process with a loading velocity of
0.1mm/s. Loading wouldn’t stop until the sample came into a stage of residual deformation, and the entire
loading time was 120 seconds.

The type of AE instrument is AE-400B, and the probe is single component geophone, central resonant
frequency is 120 KHz, optical preamplifier gain is 40 db, main amplifier gain is 40db, threshold voltage is
adjusted as 1.0 v, and the interval of AE events is set as 3 ms. The AE signal picked by probe through
preamplifier and main amplifier is treated into AE parameters (ringing count, ringing counting rate, energy
accumulation, energy rate, etc).

The sandstone was taken from the roof of No.3 coal seam of Xinhe Colliery. The rock blocks were
immediately sealed and transported to laboratory after acquired from underground. According to test
specifications of rock mechanics, samples were machined into cylindrical standard specimens with diameter of
50mm and height of 100mm.

Before experiment, the acoustic emission sensor is coupled on the specimen. Ensuring coupling effect, a
layer of grease was wiped on the contact region of probe and specimen, and the probe should be fixed by using
adhesive tape. In addition, the acoustic emission detector should be as far as possible from the specimen top and
bottom ends in order to decrease end effect.

3 Results Analysis on Rock Compressive Rupture Acoustic Emission Test

Using former method, acoustic emission test was carried out with sandstone sample of Xinhe No.3 coal roof
under uniaxial compression, the results was shown as Figure 1

There are many acoustic emission parameters [2], AE rate and energy rate are chosen to analyze the AE
characteristics of sample under compression in this paper. AE rate is the ringing counts in unit time, and is also
called ringing count rate CNT (N/S). AE rate reflectes the frequency of AE, AE signal range as well, so it is
concerned with AE energy. AE energy count rate ENE is the energy summation of the whole events in unit time,
it is in direct proportion to the square of amplitude of events. It reflectes the intensity of AE, for short, energy
rate ENE (mV).
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Figure 1 Test results of acoustic emission under uniaxial compressive condition of sandstone sample of Xinhe No.3 coal roof
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From the AE test results of uniaxial compression on rock sample, the compression failure evolvement of
rock sample can be simplified to the following 5 stages as Figure 2
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Figure 2 Evolution process of deformation and failure under uniaxial compressive test of rock samples

(1) Stage OA—densification stage. Rock interior generally contains defects, such as pores, fractures,
beddings and joints, they are densified to close under loadings. Showed on the stress and strain curve, stage OA
presented as upward concave, and strain rate is greater than stress rate. Rough wall surface in rock sample will
appear deformation and fracture when the pores and fractures are densified under loading. So the acoustic

emission is caused, but the frequency and energy of it are both relatively low.

(2) Stage AB—apparent linear elastic deformation stage. This stage is similarly linear elastic and
stress-strain curve appears linear continuous. Because the stress is relatively small, and it can not produce

relatively large scale fractures, the number of AE events is little, and the energy rate is low.

(3) Stage BC—accelerating non-elastic deformation stage. After linear elastic deformation stage, rock
sample appears some new fractures whose number is much more and size is larger, which making loading
capacity of rock decrease. Rock interior accumulates enough elastic energy, in process of energy release,
deformation begins accelerate, loading increases relatively slow. Rock internal emerges amount of microcrack
confluence, transfixion and at last the rock failures and is instable. In this stage, the number of AE events

rapidly increase and the energy rates rapidly enlarge.

(4) Stage CD—fracture and development stage. After rock becoming unstable failure, the stress decreases
gradually, the deformation increases, and the fracture has been encryption and transfixion. In this time the
number of AE events become smaller and the energy rate becomes lower than the stage BC. Continue loading,
rock sample is in the process of residual crushing deformation. The AE rate and energy rate are both further

decrease.

(5) Stage DE—plastic flow stage. Rock sample reaches loosen and crush residual strength at last with the

continue development of plastic deformation. AE events disappear gradually in this stage.

Obviously, the process of compressive deformation of rock sample closely relates [3] with the evolvement
process of primary fracture pressure consolidation, new fracture emergence, extension, transfixion in rock
interior. The information of acoustic emission contains plenty of gradual damage precursory information [4] of

rock, AE prediction method of compressive rupture can be found through the process of rock AE signal.
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4  Discrete Wavelet Analysis on Compression Rupture Prediction of Rock

4.1 Wavelet analysis method

The meaning of wavelet transform[5] is that a function of named basic wavelet (also named mother wavelet) ¢
(t) shifts b and then make inner product with needed analysis signal X(t) in different scale a:

WT,(a,b) = % j X(t)g" (%)dt, a>0 W

Here, a and b are dilation and translation factors respectively, they are continuous variety.

Due to the data series obtained by experiment are discrete, a and b should choose the forms of discretion

for application convenience. Leta = aoj andb = ba(f b0 , make discrete sample. When 8,=2, dyadic orthogonal

wavelet can be obtained:
i =2"w2 t-k) ®

In practice, the discrete coefficient at every size can be easily obtained by MATLAB, and this discrete
coefficient is of significant meaning for the prediction of rock rupture.

4.2 Discrete Wavelet Processing of AE Parameters

AE energy count rate is analyzed, and main steps contain: O checking and processing data series with
MATLAB; @ transferring wavelet toolbox in MATLAB; @ analyzing parameters; @ displaying discrete

coefficient.

According to the experiment result of No.3 coal roof sandstone of Xinhe Colliery, Figure 3 shows the
extraction of wavelet coefficient of AE energy rate at different scale by wavelet toolbox in MATLAB. At
different scales, the maximum of coefficient is corresponding with rupture, while sudden change can basically
post the law of rock rupture. Using the variation of discrete coefficient before rupture of rock, the rupture of
rock can be predicted. For safety, the time that AE energy rate produce coefficient mutation earliest is adopted

as prediction time of rock rupture at different scales.
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Figure 3 Discrete wavelet coefficients of AE energy rate of sandstone sample
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4.3 AE Prediction Index on Compression Rupture of Rock Sample

Using the singularity of function, the regularity of the function can be obtained [5]. If there is discontinuity
some where or some order derivative is discontinuous, it means this function is of singularity here. The partial
variation of function can be measured by Lipschitz exponent a [6], and the bigger is Lipschitz exponent a, the
smoother is the function, and the mutation degree at the mutation point can be estimated. If 0< o < 1, it means
the mutation of this point is between polygonal function and step function; 0=0 is corresponding with step
mutation point; if —1< a <0, it means the mutation at this point is between & function and step function. The a
of mutation signal is different from that of normal signal in size. Using singular signal detecting method, make
singular signal detecting on graph at every scale in figure (b) of Figure 1. Using the law that the maximum of
wavelet transform coefficient changes with scale, the first negative o of AE energy rate at different scale can be
made out showing as table 1. Because a will change notably before rock rupture, the first negative o is adopted
as beginning time predicted. Adopting the earliest time at different scale as final predicting time, and it is well
coincident with the experiment result.

Table 1 The first minus a and its corresponding time of AE energy rate under different scales

Scale D5 D4 D3 D2 D1 Predict rupture time | Actual rupture time

Time/s 311 315 355 372 381
311 313
A-negative | -0.81 | -0.82 | -0.25 | -0.17 | -0.42

Annotation: time unit is 1/10s

It indicates that the final predicting rupture time is the result of the comparison of coefficient at different
scales, but not lying on some one scale coefficient. For safety, the earliest time is adopted as the predicted result.
The meaning of site application is to provide as early as possible time for preventing life and wealth from
disaster. It is of significant meaning for rupture prediction of coal, and it will have wide application foreground.

5 Main Conclusions

(1) The process of compressive deformation of rock samples closely relates with the evolvement process of
primary fracture pressure consolidation, new fractures emergence, extension, and transfixion in rock interior.
The information of acoustic emission contains plenty of gradual damage precursory information of rock. It is
significant to study acoustic emission prediction of rock by using microseism monitoring technology to prevent
mine disasters such as the outburst of coal and gas, rock burst, etc.

(2) Wavelet analysis is an important tool of signal processing, and it is especially suitable to process
unstable signals. AE signal of rock compression is one kind of typical unstable signal with time, and discrete
wavelet analysis is more suitable for it.

(3) According to the experimented discrete date series, through decomposition of wavelet coefficient and
calculation, negative a of Lipschitz exponent of energy rate at different scales can be obtained. Further analysis
indicates that the time when o first becomes negative on different scales we can accurately forecast the rock
breakage, which is connected with the experiment result. This is of significant meaning for early predicting of
the breakage of rock strata.
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In-mine seismic networks throughout the TauTona and Mponeng gold mines provide precise locations and
seismic source parameters of earthquakes. They also support small-scale experimental projects, including
NELSAM (Natural Earthquake Laboratory in South African Mines), which is intended to record, at close hand,
seismic rupture of a geologic fault that traverses the project region near the deepest part of TauTona. To resolve
some questions regarding the in-mine and NELSAM networks, we deployed four portable broadband seismic
stations at deep sites within TauTona and Mponeng for one week during September 2007 and recorded ground
acceleration. Moderately large earthquakes within our temporary network were recorded with sufficiently high
signal-to-noise that we were able to integrate the acceleration to ground velocity and displacement, from which
moment tensors could be determined. We resolved the questions concerning the NELSAM and in-mine
networks by using these moment tensors to calculate synthetic seismograms at various network recording sites
for comparison with the ground motion recorded at the same locations. We also used the peak velocity of the S
wave pulse, corrected for attenuation with distance, to estimate the maximum slip within the rupture zone of an
earthquake. We then combined the maximum slip and seismic moment with results from laboratory friction
experiments to estimate maximum slip rates within the same high-slip patches of the rupture zone. For the four
largest earthquakes recorded within our network, all with magnitudes near 2, these inferred maximum slips
range from 4 to 27 mm and the corresponding maximum slip rates range from 1 to 6 m/s. These results, in
conjunction with information from previous ground motion studies, indicate that underground support should
be capable of withstanding peak ground velocities of at least 5 m/s.

1 Introduction

The NELSAM project is an international effort intended to investigate earthquake rupture in the near-field. The
main study area of the NELSAM project is focused on a region several hundred meters in extent near the deepest
portion of the TauTona mine, about 80 km west of Johannesburg, and is instrumented with borehole
accelerometers, geophones and other instrumentation. Because the NELSAM project [16] relies on the in-mine
seismic network [14] to provide precise hypocenters and seismic source parameters at low magnitude thresholds,
it is important to have confidence in this information. To address some questions concerning both the NELSAM
and in-mine networks, including system response, transducer orientation, and component polarity, we deployed
four broadband field stations, on loan from IRIS/PASSCAL, at depths ranging from 2000 to 3600 m over a region
approximately 4 km in extent within the TauTona and Mponeng gold mines (Figure 1).

During this deployment, 18-25 September 2007, we recorded ground acceleration at 200 samples per
second. Each field system, consisting of a Reftek™ recorder, an Episensor* accelerometer, and a 12-volt battery,
was installed in an alcove with the accelerometer glued to the base surface. T066 and T120 (Figure 1la) were
located near the vertical shafts that provide access to TauTona and T118 was located in the NELSAM
experimental area near the bottom of TauTona (Figure 1). M116 was located in an alcove used by a Japanese-
German-South African project [15] near the deepest part of Mponeng. As seen in the cross section (Figure 1b),
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T066 was at a depth of 2 km and the other three broadband stations were at depths near 3.6 km. For scale, the
horizontal distance between T066 and M116 is about 4 km.

During our deployment, four nearby earthquakes of magnitude 2, designated events 3 to 6, were recorded by
the IRIS/PASSCAL stations and their locations are shown in Figure 1. In addition, we also consider an

*Use of trade names is for descriptive purposes only and does not imply endorsement by the U.S Government.
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Figure 1. (a) Map and (b) cross section (looking west) views of IRIS/PASSCAL network (filled triangles) and selected stations of the in-
mine network (empty triangles). The solid line shows the Carbon Leader Reef within TauTona whereas the dotted and dashed lines outline
the shallower Ventersdorp Contact Reef within TauTona and Mponeng, respectively. In-mine stations mpo19, taul9, etc., also provided
important seismic data for this study.

earthquake of magnitude 2.2, designated 12/12 2004, that occurred in December 2004. This earthquake, which
pre-dated our field deployment, was analyzed using the in-mine network ground motion data as corrected by
Boettcher et al. (manuscript in preparation). Event 12/12 2004, is of special interest because it was associated
with rupture within the ancient Pretorius fault zone, where slip ranging up to 25 mm was measured by Reches
et al. [16] quite close to station T118 (Figure 1).

2 IRIS/PASSCAL Seismic Data

To illustrate the data used in our analysis, we show ground velocity and displacement (Figure 2), from event 3
(Table 1, Figure 1), recorded at T118, located 1.65 km northeast of T118. The ground motions for events 3 to 6
were corrected for intrinsic and scattering attenuation using Q=200 [4, 17]. These ground motion data were
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used here to determine two parameters, Rv and M,, where R is hypocentral distance, v is the peak amplitude of
the vectorially- summed shear-wave ground velocities [7], and Mg is the seismic moment. These parameters, in
turn, yield estimates of the maximum slip and slip rate within the rupture zone of an earthquake, as will be seen.

Complete seismic moment tensors (six components) have been determined by Boettcher et al. (manuscript
in preparation) using updated versions of a technique described by McGarr [8, 9]. This entails measuring
ground displacement (e.g., right-hand column of Figure 2) at selected points for comparison with similar
measurements made on synthetic seismograms calculated for each moment tensor component. As seen in Figure
2 (right-hand column), the body-wave pulses for P and S are quite clear and simple and we also see the near-
field components including the ramps between the P and S pulses, especially evident on the radial and vertical
components. The near-field components are quite useful for constraining the moment tensor [8].

As described in more detail by Boettcher et al. (manuscript in preparation), our approach for addressing
uncertainties concerning the in-mine network was first to determine moment tensors for events 3-6, the four
largest earthquakes that were located within or adjacent to our IRIS/PASSCAL network, and then to calculate
synthetic seismograms from the moment tensor solutions at the in-mine station locations for comparison with
the seismograms actually recordgd.
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Figure 2. Ground velocity and displacement for event 3 recorded at T118. From top to bottom, the traces are radial (horizontal), transverse,
and vertical.

3 Event 12/12 2004

The analysis of this interesting earthquake required first checking polarities and orientations of the seven in-
mine stations shown in Figure 1. Then, the records of velocity at these stations for event 12/12 2004 were
integrated to obtain ground displacement from which a moment tensor was determined (Boettcher et al.,
manuscript in preparation). As is the case for many mining-induced earthquakes, this moment tensor is a
combination of deviatoric (shear-faulting) and implosive deformation, associated with nearby stope collapse [8].
Ground velocity from event 12/12 2004, recorded at taul9, is shown in the left-hand column of Figure 3 where
we see fairly simple body-wave pulses. The ground displacement and the synthetic seismograms of
displacement from the moment-tensor solution, are shown in the right-hand column. The fit at this station is
good in that the synthetics replicate most of the main features of the ground displacement. The moment tensor,
based on ground displacement recorded at the seven in-mine stations shown in Figure 1, was well constrained.
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Similarly, the ground motion parameter Rv was measured from the S-wave velocity pulses at these in-mine
stations including those shown in the left column of Figure 3 for taul9.
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Figure 3 Ground velocity in the left-hand column and displacement in the right-hand column as recorded at in-mine station tau19
with synthetic displacements (red) calculated from the moment tensor solution for event 12/12 2004.

In the next section we apply a technique for relating the maximum slip Dax Within the rupture zone of an
earthquake to the peak velocity parameter Rv. In the case of 12/12 2004, the maximum slip measured in the
Pretorius fault zone of 25 mm will be compared with that inferred from the median peak velocity parameter for
this earthquake.

4 Dpai and Rv
McGarr [7] developed a simple relationship between the peak velocity parameter Rv and the maximum slip
within the rupture zone of an earthquake Dpay, Rv=0.124BD ., Where B is the shear wave speed. More recently,

McGarr et al. [13] updated this relation to be more consistent with the observed spectral character of ground
motion, as well as the most commonly-used radiation factor, to obtain

Rv =0.087/D,,,, @
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and found that D, estimated using equation (1) is consistent with Dy, measured directly within fault zones
exhumed underground. To demonstrate this, we consider the data listed in Table 1 and illustrated in Figure 4.
Table 1 has been adapted from Table 1 of McGarr et al. [13] and augmented by adding parameters reported by
McGarr [10] for four earthquakes for which both the seismic moments and the peak velocity parameters have
been reported. These four earthquakes were selected from a larger set reported in [10] on the basis that they
were large enough and located sufficiently far from the stopes that effects of anelastic and scattering attenuation
are unlikely to have affected the peak velocity amplitudes significantly; it was not feasible to apply a correction
for the effects of Q to these older data.

There are two earthquakes listed in Table 1 for which both Rv and D, are listed. For event 1040939, Dynax
estimated using equation (1) is 0.23 m, which agrees well with the maximum slip of 0.2 m measured
underground shortly after this earthquake [1]. Rv for event 12/12 2004 yielded a maximum slip of 16 mm,

Table 1. Peak velocity parameters, maximum slips, and maximum slip rates

Event Mo, N-m* Rv, m%/s Dynax, MM Dynax, M/S Reference
Event 3 4.4x10% 8.54 27.3* 6.3 McGarr et al. [13]
Event 4 1.8x10" 3.05 9.7* 2.0 McGarr et al. [13]
Event 5 5.4x10" 1.35 4.3* 1.1 McGarr et al. [13]
Event 6 4.0x10% 3.06 9.8* 1.4 McGarr et al. [13]
1040939 4.7x10% 72.5 230* 200" 47 McGarr [7]

12/12 2004 2.3x10% 4,98** 15.9* 25 3.8 Reches et al. [16]
1989Brand 7.9x10% - 370 - Dor et al. [3]
1982Welk 1.8x10' 410 Dor et al. [3]
1992Welk 1.26x10% 150" Dor et al. [3]
1999Welk 5.0x10' 440% Dor et al. [3]
Wessel. Ft. 1.x10% 500" Brummeﬁa]nd Rorke
1986 2Shaft 1.26x10% 200% Br“mmezf]”d Rorke
3141709 1.5x10" 3.24 10.3* 25 McGarr [10]
3231839 4.06x10% 9.0 28.7* 7.0 McGarr [10]
3241529 4.18x10% 11.1 35.4* 95 McGarr [10]
0331352 2.1x10* 4.44 14.2% 3.4 McGarr [10]
Adjusted lab 4.4x10% 5.2 5.2 Lockner[zi_)r}d Okubo

* Seismic moment tensors for events 3 to 6 and 12/12 2004 were determined by Boettcher et al. (in preparation). The deviatoric components
of these solutions are listed here. (See also [8].

*Estimated using equation (1).

** From McGarr et al. [13].

#Underground measurements of slip.

from equation (1) whereas the maximum slip measured in the rupture zone, as noted before, was 25 mm [16].

All of the maximum slip data listed in Table 1, either measured directly or inferred using equation (1), are
plotted in Figure 4. These results are distributed about the line Dya=10"%M,"*, which is the regression fit to a
much larger set of maximum slip data for earthquakes with magnitudes as high as 7.9 [11]. Also shown in
Figure 4 is the maximum slip of 5.24 mm for a laboratory stick-slip event and adjusted, as will be described in
the next section, to be on the regression line just mentioned. This stick-slip event is event 9 from the study of
Lockner and Okubo [5] and is the median result from 15 experiments.
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Figure 4. Maximum slips within the rupture zones of the mining-induced earthquakes and laboratory stick-slip event 9 (adjusted)
listed in Table 1. The diamonds represent maximum slips measured within the rupture zone and the filled circles represent those
inferred using equation (1). The equation Dy,=10M,*® from [11], is represented by the solid line.
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5 Maximum Slip Rate

Following McGarr et al. [13], we start by considering the experiment that yielded the lab result in Figure 4,
stick-slip event 9 reported by Lockner and Okubo [5]. For this experiment, the slip is 93x10° m. The lab set-
up has an unloading stiffness of 3.3 MPa/mm and so to match this experimental stiffness to a more realistic
earthquake fault, we replace the laboratory fault, which is 2 m long and 0.4 m wide, by a buried circular shear
crack of radius r=10.4 m [19, 12]. Thus, our laboratory earthquake, adjusted for stiffness, has a seismic
moment Me=Gnr’Dpa= 7.9x10° N-m and the same final slip, 93 microns; for the granite sample, the modulus
of rigidity is G=2.5x10* MPa [5].
The rise time T for the slip, in one of these laboratory events, to increase from zero to its final value is always
close to 2 ms; T is controlled by the stiffness and mass of the laboratory system. McGarr et al. [13] represented
the slip rate of the lab events as an isosceles triangle with a base T=2 ms and height equal to the maximum slip
rate. Thus, for any laboratory experiment, we assume
: 2D
Dmax = T )
where D is the final slip and T=2 ms. (Laboratory slip is represented as D, instead of Dy, because it is
homogeneous over the fault surface, in contrast to the maximum slip in an earthquake rupture zone.)

In Figure 4, we have adjusted event 9, the laboratory earthquake to be on the regression line
Dima=10%M* [11] by maintaining the same stiffness and increasing the slip from 93x10° m to 5.2x10° m
and the seismic moment from 7.9x10%® N-m to 4.4x10'® N-m. Because we have maintained the same stiffness
during this adjustment, T remains close to 2 ms and so the maximum slip rate, from equation (2), is 5.2 m/s.
Any point on the line passing through the laboratory result in Figure 4 represents an earthquake with the same
maximum slip rate [13].

Toestimate D, for any of the earthquakes represented in Figure 4, we note that each point in this figure
can be used to determine C in the following function

D_ . =CM 01/3 3)

max
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Once the regression line, equation (3), is determined for a given earthquake, we can adjust laboratory event 9 by
increasing its slip until it plots on the line. This procedure yields the adjusted slip, which then can be converted
to the maximum slip rate using equation (2); these results are listed in Table 1 and plotted in Figure 5, where we
see that the maximum slip rate is independent of earthquake magnitude or moment.
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Figure 5. Maximum slip rate as a function of seismic moment for laboratory stick-slip events, mining induced earthquakes, and from slip
models developed for major earthquakes [12]. The lab slip rates near the left edge were reported by Lockner et al. [6] and were adjusted to
seismogenic loading stresses as described by McGarr and Fletcher [12]; the lab slip rate further to the right, event 9, is the median adjusted
result of 15 experiments from Lockner and Okubo [5]. Of the mining-induced earthquakes listed in Table 1, only those with Dp.x estimated
from Rv are represented here because estimates of this parameter from exhumed fault zones are much more uncertain. Adapted from Figure
6 of McGarr and Fletcher [12].

6 Conclusions

Peak ground velocities adjacent to mining-induced ruptures correlate well with underground damage inasmuch
as the stope support is often designed to be able to withstand a specified rate of stope closure without failing
[18]. To a good approximation, the peak ground velocity next to a slipping fault is half the maximum slip rate.
Thus, our results (Table 1, Figure 5) indicate that underground support in the vicinity of mining-induced
earthquakes should be capable of withstanding at least 5 m/s without failing. This maximum ground velocity is
independent of earthquake moment or magnitude, but the region that might be subjected to this maximum
velocity increases with magnitude. Interestingly, the maximum slip rates of the mining-induced earthquakes
cover much the same range as was found for major tectonic earthquakes (Figure 5).

Maximum slip is another important predictor of underground damage. For instance, if a rupture with a
maximum slip of 0.2 m, or more, intersects a vertical shaft, then the resulting misalignment might put the shaft
out of operation. In contrast to near-fault peak velocity, which is independent of magnitude, the
maximum slip (Figure 4) scales robustly as the cube root of the seismic moment. Thus, maximum slip due to
small magnitude earthquakes is generally of little consequence whereas for events of magnitude of 3 and greater,
the maximum slip may be an important factor in the resulting damage.
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Physical concepts of strong seismic event forecasting based on laboratory experiments and earthquake
seismology investigations are considered. High concentration of events, seismic gaps and seismicity migration
can be used as forerunners of strong seismic events. A parameter, which characterises the possibility of weak
events interacting and forming a strong seismic event is introduced. The case study of strong event with radiated
energy 10”" J which was forecasted in real time mode by analysing only seismic data is considered.

1 Introduction

Rockbursts and collapses forecasting is an old and complicated problem, which is in many mines To solve this
problem it is productive to use idea about self-similarity of the seismic/failure process in the earth's crust/rocks
on different scales from micro-level to strong earthquakes [2, 4, 9-11], which is very popular now. It reveals the
possibility to estimate seismic hazard in mines with application of methods which are designed in seismology as
well as using of regularities determined in laboratory experiments.

2 Physical Principals of Seismic Hazard Estimation

The basis for strong seismic events forecasting (they can correspond to collapses, rockbursts etc) is rock failure
physical concepts, which were established as a result of laboratory experiments and earthquake seismology
investigations [5, 6, 8, 9, 16]:

Failure is a process, which is developed in space and time on different scale levels.
There is a similarity of failure process on different scale levels.
Each strong seismic event corresponds to large scale failure of rock mass prepared by smaller events.

An experimental studies of the rock failure process on the microscopic and macroscopic levels showed that
this process may be subdivided in two main stages [4, 5, 14]. It allows to develop a two-stage model of rock
fracture [4].

According to this model, the accumulation of non-interacting cracks (or rock’s flaws or defects) | rank at
specific locations in the rock volume due to inhomogeneities and stress fields is considered as the first stage of
the failure process (see Figure 1a). Further, as the process of failure develops in time, concentration of cracks in
some location reach the critical threshold level that leads to a nucleation of a failure process (Figure 1b) and
interaction of cracks with joining and propagation (Figure 1c). As a result, flaws/cracks of the next scale level
(I + 1 rank) are generated. This is the second stage of the failure process. Then cracks of | + 1 rank will form
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cracks | + 2 rank and so on. The transition between stages in considered volume occur when the concentration
parameter

D, (V/N)" (1)

K: =
L, 2.L/N

(ratio of average distance between cracks estimation D,y to its average size Ly, V is considered volume of rock
and N is number of cracks in it) will be less a critical value x,. For rock fracture x, = 2.5...10 [4, 12, 15].
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Figure 1 A two-stage model of rock fracture: a) the first stage — accumulation of non-interacting cracks, b,c) the second stage — formation of
area with high concentration of cracks (b) and development of fracture, caused by interaction of these cracks (c)

According to the two stage model there is a common physical mechanism of failure process on different
scale levels. It leads to similarity of rock failure process on different levels. As a result the basic statements of
the two stage model of solid fracture, which originally was based on laboratory experiments with different
materials (metals, polymer and so on), are valid for specimen fracture as well as for seismic event preparation
[1,9, 12, 15]. Moreover the two stage model is very similar with avalanche-unstable fissuring model, which is
well known in seismology [7], and concentration parameter is used for earthquakes forecasting [12, 15].

Additional important forerunners of strong seismic events are “seismic gaps” of the first and second type
(areas with anomaly low seismic activity) and migration of seismicity [8]. They are actively used in seismology.
The seismic gap of the first type is an inactive area, which is surrounded by areas with strong seismic events
(with collapses). In this case it can be a barrier between active areas and be under high stress. The failure of this
area can leads to strong seismic events occurrence accompanied by joining of adjacent active areas.

Redistribution of stress cased by collapse or failure development can be a reason of seismic event migration
with collapse of the correspondent area. Determination of such trends can allow to forecast the place of future
collapse.

Seismic gap of the second type is area with temporary lack of events. It is necessary to accumulate energy
for final failure of this area. Often such area is delineated by active areas which form a “circular structure”,
which shows contour of the future collapse.

3 Modified Concentration Criterion of Solids Fracture Used in Zhezkazgan Mines

The concentration criterion of solids fracture [4] is used as a basic principal to forecast collapses. It is based
on the analysis of spatial distribution of seismic events and takes into account the scale of each event.

On Zhezkazgan mines the modified concentration criterion is used [2]. The rule of dangerous areas
delineation can be easily demonstrated graphically (see Figure 2). Let’s associate each event with a sphere
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having diameter equal L-k, (k, is a constant), roughly it corresponds to area of event influence. An intersection

of these areas for some events means that potentially they can interact with each other with joining and
formation event of the next scale level. The group of such events should be considered as potentially high
dangerous. They can be a cause for strong seismic event arising. To estimate hazard of cracks joining the
dimensionless parameter k was introduced [2], it is ratio of distance between centers of cracks (between
hypocenters of corresponded events) to their average lengths. This parameter is calculated for each pair of
seismic events with indexes i and j:

K=2.J06 =X )2+ (% =Y +(Z -2 )P AL + L) (2)
where X, Y, Z — are coordinates of registered seismic events, caused by crack occurrence with linear size L,
which is calculated from radiated energy E:
log;o L(M) = 1/3-log;o E(J) - 0.3. 3)
Decreasing of parameter k (increasing of cracks/defects concentration) down to threshold value x, leads to

occurrence of crack of the next scale level, which can initiate collapse. The theoretical value for k., is 3 [4], but
for real conditions k, = 5...10.

Figure 2 Formation of a dangerous area from areas of influence of seismic events

To delineate areas with high hazard of collapses seismic events for previous years are back analyzed. For
calculation of the parameter k events with radiated energy E > E, are considered as events with E = E . It
allows to avoid excessive decreasing of the join parameter Kk in the area of strong seismic event. As a rule
Emax ® 100 Eiy... 1000 E i, [2]. Chains of events with k < k, united to areas corresponded to high dangerous of
collapses. Analysis of seismic activity in Zhezkazgan mines allows to establish that zones with k, =8
corresponds to potentially dangerous areas and with k, =5 — to critical (unstable) ones or to destroyed ones.

Thus for Zhezkazgan mines, which its grey sandstones and red rocks (fine grained sandstones, siltstones and
claystones) the threshold value of join parameter is k, ~ 5...8.

Each strong seismic event is prepared by smaller events, their radiated energy can be down 3 decimal order
less energy of the corresponded strong event [2]. Therefore to forecast strong events with radiated energy E the
seismic network should reliably register all event with radiated energy more then E/1000.

Moreover analysis of expression (2) shows that to guarantee that error of parameter Kk determination will not
exceed 50% it is necessary: to determine coordinates X, Y, Z with error which does not exceed double size of the
crack L (it is about 10 m for weak events); to determine radiated seismic energy E, which is used for calculation
of L, with error, which does not exceed 300%.

The seismic monitoring systems currently used in Zhezkazgan mine allows to determine these parameters
with such precision not in all cases. It reduces the effectiveness of the parameter k application. This problem
should be solved after installation of additional sensors and final attenuation of a new seismic system (ISS
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International Ltd), which was installed in 2007. Earlier the SDSC seismic system produced by Elgeo Ltd
(Kazakhstan) was operated [3].

4  Case Study

Lets consider a forecasting of one of the strongest event, registered on Zhezkazgan mines. It occurs at 17
November 2005 and has radiated energy 10”'J. The forecasting was realized in real time mode, and only
seismic monitoring information was used.

The room-and-pillar method is used in Zhezkazgan copper mines. Typical depth of mining is -300...-140 m.
After many decades of mining the overall extraction volume has reached a value of about 180 million m’, which
is supported by tens of thousands of rib and inter cavern pillars. Progressive increasing of number of destroyed
pillars, increasing of number of collapses correspond to worsening of geomechanical conditions. It is caused by
increasing of number of excavated beds and decreasing of supporting massif area. Since 1990-s qualitative
changes of geomechanical conditions have taken place: some local unstable areas with destroyed pillars have
started to unite and form extensive unstable regions and collapses. These processes were accompanied by strong
seismic events and air blows in excavations.

The room-and-pillar method for 7 overlapped mined levels was used in considered area. This area is
characterized by big number of unstable and caving rooms. This leads to formation of two collapses with
significant movements of surface (solid contours on Figures 3, 4). The left/west collapse has started to form
from 1979 and then it was significantly developed in 2000, 2003 and 2005. Each development was
accompanied by increasing of seismic activity. The right collapse was formed in 1992. Contours of the
collapses at the beginning of 2005 are shown on Figures 3 and 4 by gray solid line, further developments are
shown by gray dotted lines with date indication.

The forecasted event occur between these collapses, when distance between them reach value comparable
with linear size of the forecasted strong event. The area between these collapses can be considered as a seismic
gap of the first type.

The spatial-temporal and energy/scale distribution of seismicity registered prior to the strong event
occurrence is shown on Figure 3. Only reliably registered events with radiated energy more then E, = 10> J
are shown. Analysis of Figure 3 demonstrates that the initial moment for preparation of this strong event was
14.03.2005 when another strong event with radiated energy 10°' J occurs. During next five days some new
seismic events were registered. Each this event is shown on Figure 3 as circles with crosses in the center. Two
of these events were between two collapses, where seismic events were not registered before (Figure 3). One
and half week later seismicity moved to east with activation of west part of left collapse and occurrence of
additional events between collapses. These events are shown on Figure 3 as filled circles. Note that seismic
activity between collapses in this moment had circle shape without events in the center (on Figure 3 a dash-dot
contour corresponds to this area). The forecasted event occurred in this area later. It was considered as a gap
area of second type. Moreover the left and the right of this gap area two areas with high value of parameter
were formed. They correspond to dotted contours on Figure 3, x, =5, Eu=100-Ey, = 10%J. Thus the
following conclusion was made up: the formation of seismic gap of the first type between two collapses is
finished. As a result the forecast of high danger in this area has been done and mining has been stopped, the
collapse occurs at 17" November 2005.

The forecasted event is shown on Figure 4 as the circle with maximum diameter. At the same figure all
registered events before and after it are shown. The active stage of the collapse correspondent to the strong
event lasts about one week. As a result four rooms was fallen, significant movements of surface was occur, it
leads to uniting of the nearest collapses. The movement areas involve a road and a heating main to shaft 65.
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Figure 4 The forecasted strong event and seismic activity before and after it

5 Conclusions

Application of rock similarity concept allows effectively estimate seismic hazard in mines with using of
methods which are designed in seismology as well as of regularities determined in laboratory experiments with
application. Practice of seismic monitoring in Zhezkazgan mines (Kazakhstan) shows that most part of collapses
can be forecasted month before it occurrence.
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Micro seismic monitoring is the only established way to continuously and remotely monitor cave back progress in
block cave mining. A seismic monitoring system represents a substantial capital investment. To maximise the return
on this investment, it is important to have a clear understanding of how the system is going to be implemented and
managed. A plan for this management should be in place before commissioning of the system.

The return on investment in a seismic monitoring system can be framed by information on the performance of the
cave and assessment of potentially damaging or harmful rock mass response to mining.

This paper addresses the requirements of a system design, and the requirements of the subsequent management of the
commissioning process. This includes aspects such as hardware redundancy and the experience of project managers.
Following this, attention should be paid to the ongoing management of the seismic system. While advances in
automatic processing have been made, a careful gap analysis needs to be performed to determine whether the results
of automatic processing is at a sufficiently high confidence level to be used in day to day cave management. This
paper discusses the results of a study of automatic processing and points out factors and potential pitfalls to be
considered when assessing the locations of seismic events.

Effective continuous seismic monitoring requires considerable commitments in terms of maintenance and human
resources. This paper highlights and quantifies these commitments.

1 Introduction

Block caving as a mass mining method has been in existence for over a century. It’s main economic benefit is
the ability to access deeper sections of low grade ore bodies. Block caving has been used in kimberlite (and
more recently lamprolite eg Argyle) and porphyry and skarn type deposits for their favourable geometries and
geological environments. Limitations to block caving are based on geotechnical conditions of the rockmass (eg.
Cavability). There are limitations are determined in the feasibility studies in terms of economic recovery and
operational safety (Chen 2000). A block cave program requires a large upfront investment and effective
monitoring of the caving process is essential to maximise both safety and return on investment.

Seismic monitoring is the only established way to continuously and remotely monitor a block cave. The
overall cost of a seismic monitoring system can be substantial where the hardware and software, labour and
communications infrastructure are all accounted for.

The management of a seismic system is a key element in the design of the seismic system, and should be set
in place before the commissioning of the system.
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2 Investment
2.1 Hardware and Software

The large upfront cost of the hardware and software alone is considerable. Depending on the density and extent
of the seismic system, thousands of meters of cable, several units of instruments and support hardware will be
acquired. The easiest way to reduce the cost of an installation is to keep external labour to a minimum, which
means that careful planning into the installation needs to take place. Accounting for lead times decreases the
amount of stand-down time for contractors and consultants.

The investment also extends to the software that runs the seismic system. There are different methods of
Run Time Engine, which can be placed on Linux or Windows platforms. Both systems can have technical
implications further down the track, and should be identified by local IT and support staff.

2.2 Communications and Cabling

Thousands of meters of copper and Fibre Optic cables will be purchased that will carry power to sensors and
data along the lines. These cables act as the lifeblood and nervous system of a Seismic Monitoring System.
Arrangements to avoid areas of potential extra damage (beyond simple aging of the cables) should be sought to
improve overall performance of the seismic system.

2.3 Holes and Installation of Sensors.

There is consideration to the time costs in the planning of a seismic system. The location of sensors in their
optimum arrangement may result in holes having to be drilled around site. Cost savings at the expense of the
use of existing holes can result in a drop in sensitivity of the seismic system. Also, checks and test of
equipment done on site will reduce the potential risk of loss of a hole when sensors have been finally installed.

3 Requirements of a Seismic System Design

A seismic monitoring system is designed to detect seismicity. Seismicity is a result of changes in stress in a
rock mass. It can indicate the cave back progress and response to drawing of the muck pile. Management of
this asset is important to maximise return on investment of infrastructure.

The seismic monitoring system design can be broken into two basic parts or concepts. The first and most
identifiable is the physical system, including the sensor arrangement design, hardware and software. The
second is the management system, including the installation commissioning and monitoring of the system.
Experience has shown that of no matter how good the hardware is, optimum performance and availability
requires active system management and preventative maintenance.

4 Considerations to Seismic System Design
4.1 Physical Components of a Seismic System.

The basic outline of a seismic system is simply sensors attached to a seismometer, which in turn transmits
seismic data to a central point for analysis.

Hardware includes seismometers, cables, communications infrastructure (copper/fibre-optic hard lines and
radio); power provisions are critical. These considerations are important in the way the system will function,
and continual operability of the seismic system.

4.2 Sensor Location.

Sensor locations are fundamental of the seismic system design, as there are optimum geometries and layouts to
consider (Courier, et al. 2009). These play a large role in the overall sensitivity of the system to seismicity and
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location accuracy. The desired outputs of the system and area of interest must be clearly established a before
geometric design is performed.

4.3 Communications Infrastructure.

In all instances, timing is a critical signal for communications. It is an essential element to micro seismic
location models and parameters.

Radio has been established in the past as a method of communications, but until recently has been limited
due to exceptional high cost. Surface seismometers linked by radio had to have a individual pair, with one radio
at the central database point namely the appointed office building, and another out at the seismometer. The use
of TCP/IP protocols has lead to cheaper and more accessible radio instrumentation to be used, at a price for data
security measurements. However, TCP/IP protocols don’t carry timing, so timing on surface can be achieved
through adaptation of GPS signals.

Underground communications currently still requires hard line support. This is achieved through either
copper cables or Fibre Optic communication protocols. This can has exposure to aging effects (ie. Damage and
corrosion). Experience shows that a system can operate for around 5-6 years before aging of the hardware
becomes an issue with reliability of communications. The ability to swap out the communications components
easily should be noted in the design.

4.4 Power

Power supply is an important aspect to the design. Power availability dictates availability for underground
locations of seismometers. Surface mounted seismometers can have power provided by solar or wind
generation, but these sources can be limited in extreme environmental conditions. Batteries should also be used
for

4.5 Suppliers and Seismometers.

The choice of a hardware and software supplier should be made with respect to the availability (around the
clock) for technical support, including the time it takes mobilise someone to site. The availability of the
supplier to site can have profound effects on the overall operation of the seismic system. Ensuring required
remote access is a primary concern to clients and contractors alike. Restrictive access to the seismic monitoring
system can lead to large down times for the system, ultimately decreasing the recoverability of cost for a
seismic system.

4.6 Redundancies

Redundancies for the seismic system are designed to prevent catastrophic failure to sections and the seismic
system overall. Redundancies in the system will also include obtaining extra sensors, seismometers and RTES.
Having stock of extra critical components to a seismic system is useful due to aging and strengthens
preventative maintenance.

Redundancies also come out of reconsideration of areas of the block cave which may have become under
review due to a decline in caving and production. If extensions to caves and fracturing programs come into
light, extra components being readily available mean that lead times for equipment become less significant.

The redundancies extend to having a duplicate run time engine: One would be used to operate the run time
engine; with the other as a duplicate but to also be used for remote access, process data and produce information
sets for analysis and backup data. This ensures that due to disk failure, computer malfunction and ageing can be
compensated for. These machines should be stored in separate locations on site to prevent a single catastrophic
loss in a building.
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Uninterrupted Power Sources (UPS), and batteries should also be sought for all equipment requiring power
(Seismometers, RTE, GPS, Radio). Power outages are fairly common place in mining environments, both on
surface and underground. The use of these products can reduce the amount of time a seismic system may be
down due to power failure. The UPS units can also come with configurations to prevent power surges.

Maintenance and support personnel are also important. During installation, to have onsite staff gaining
familiarity with operating and maintaining the seismic monitoring system will have large benefits down the
track of the project. The dependency and significance of incident for suppliers by an operation can also be
reduced with suitably trained onsite staff.

5 Logistics of a Seismic System:

Effective cave propagation management is the reason for a seismic system installation. The effective
management of the installation is the first step to management of the seismic system. Encouraging client
participation should be regarded as good practice, as it results in efficient maintenance of the system in the long
term. It also means that issues, in particular, around mine activities in terms of inductions, site access, etc, are
overcome because of client involvement.

5.1 Management Method of the Seismic System

The management system is also part of the seismic system design. It requires careful thought into the logistics,
the ongoing maintenance, data processing, production and distribution of outputs. Good management systems
will involve contractor-client relationship handling, technical assistance and serviceability.

A program of installation should be presented as this will quickly identify potential hang-ups on staff
movements and requirements, remote access, site access and product delivery. Remote access is one of the first
steps to be established and can involve a lot of paper work from several different departments, not mention the
configuration and testing. Significant lead times can be accounted for, and manipulated to ensure and
synchronous arrival of stock to site.

Testing of equipment onsite is another aspect to management. Equipment must be ensured in working
order before final installation. Oversight of this can be costly in terms downtime for the system, and use of
resources. For example, not inspecting and ensuring the integrity of a sensor cable risks the sensor becoming
useless when grout has been inserted

5.2 Installation Management

Installation of the system is best achieved with a solid management system set in place before the installation
starts. A well discussed management system before the installation will ensure that there is a minimum of
pitfalls with supplier (parts and run time engine) to owner relationships and speed at which equipment can be
emplaced on site.

The management of the seismic system as the second part of the seismic system design, includes the
assembly time and commitments by supplier staff and client staff. Mine environments are more effectively
overcome when access and delivery is assisted by the client or representative. The speed is greatly increased
with support and drive comes from both the suppliers and the client. This is important to realise that the seismic
systems are the property of the client. Therefore direct maintenance and support should be encouraged to be
upheld by the client.

It’s not always the case, as often with staff movements between suppliers and clients, intellectual property
as a concept of the equipment and relationship often go with the staff. The management system should address
procedures either lacking or existing within either party.
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6 Intellectual Experience of Managers: Client and Consultant

Various reasons affect the seismicity of a block cave. Production changes can account for seismicity a major
proportion of the time. Large drawing of ore, leading to cave propagation will no doubt have an effect on
seismicity. But so can system performance. An increase in the system sensitivity can increase the amount of
seismicity seen in analysis, as a faulty sensor or seismometer can reduce the amount of seismicity seen in
analysis. Recording the system performances is just as valuable to the understanding seismic response, as
production.

And in this respect, the management of software is also critical. Changes in processing software can have
consequences of a different local magnitude calculation, which will affect historical comparisons. For example,
a catalogue of 700,000 events over the life of a block cave requires a lot of time intervention for reprocessing,
even by batch mode.

Part of active seismic monitoring requires the continual production of data and deliverables of analysis.
Adequate coverage through up-to-date seismic data processing is a significant contribution for seismic hazard
management. Assurances through auto-processing techniques can not always accurately convey seismic data.
There is a lot of reliance on data handling from the monitoring software, whether it be that the data is handled at
the seismometer or the central run time engine itself, not until manual interaction with the system can results be
accurately displayed.

Typically, seismic events occur in the rock mass monitored, and the seismic energy transmitted as seismic
waves manipulate the sensor. The movement within the sensor is recorded by the seismometer, and is recorded
into an Events Database. Analysis of a database shows that within this dataset, cultural and electrical noise,
blasts, and single seismic events are presented. The quality of the waveforms is an important aspect in
determining into exactly what category the data pertains to.

Human pattern recognition is (currently) better equipped in determining whether seismic data is noise,
blasts or seismic events. Automatic processing can mix up actual seismic events for noise, and noise for actual
seismic events.

7 Case Study of Automatic Processing Compared to Manual Processing.
7.1 Introduction

A small case study is presented here, from Northparkes Mines, where daily manual processing was conducted at
the time of data collection, due to high activity. Several sets of seismic data were extracted before manual
processing had occurred on the events. As a result the data sets were over a few hours at a time, in between
periods of manual processing. The total number of automatically processed events was 611 seismic events. A
comparison of manual and automatically accepted events was conducted by Trifu et al. (2007) using data from
Ridgeway Mine gathered by an ESG system, during undercutting sequence in 2002. Trifu et al (2007) however
did not directly compare the two approaches.

In the context of this analysis, at the time of collection of this data set, Northparkes was a block cave, and had a
more modern ISS system than compared to 2002. This example is not a comparison between the two system
datasets.

7.2 Method

The comparison of accepted events between data sets; let A be events from automatic processing and B be the
events accepted from manual processing. A summary is presented in Table 1.  Statistical analyses of actual
differences were carried out between the automatic and manual locations and respective magnitudes. Active
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cave management employs location accuracy less than 15 m due to issues such as cave back location and
tracking.

Accepted events under manual processing had specific guidelines involving maximum location errors and
criteria for event parameters given magnitudes. Events were distributed in magnitude bins.

Distributions of location errors for these events were constructed for given accepted events.

Table 1: Summary of comparison of automatically and manually accepted events

Condition of events Number of events
Accepted by automatic processing. 266
Accepted by manual processing. 197
Overlap in accepted events. 174

7.3 Results.

The differences in manual locations and magnitudes can be seen in Figure 1, summarised in .There is some
bias seen in location towards a north-easterly direction, there is probably bias also in magnitude bins. There also
appears to be slight overestimation of magnitude in the automatically processed events in comparison. Normal
distribution of the differences was not tested.

Table 2: Differences in location and local magnitude estimates: Automatic processing less manual processing

Quantity Mean Difference (m) Standard Deviation (m)
Easting 9.4 43.7
Northing 46.3 1254
RL 1.4 139.8
Local Magnitude 0.1 0.2

The distribution of location errors were constructed for the events accepted by both processing
methodologies (automatic and manual), and for events that were accepted by each methodologies (automatic
and manual). Uncertainties came to be as large as 100m for automatically accepted events.
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Figure 1: Comparison between automatically processed and manually processed seismic event locations (a) and distributions of differences
in 5m bins (b) - ISS system, Northparkes Mines.
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Figure 2: Comparison between automatically processed and manually processed seismic local magnitudes (a) and distributions of
differences in calculated magnitude in magnitude 0.1 bins (b) - ISS system, Northparkes Mines.
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Figure 3: Event location for automatically processed (solid red) and manually processed seismic events (blue) for events accepted by both
methodologies.
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Figure 4: Event location error for all automatically processed (red) and all manually processed seismic events (blue).

Figure 5: Cumulative event location error for all automatically (red) and all manually processed seismic events (blue).

8 Conclusions

Micro seismic monitoring is the only established way to continuously and remotely monitor cave back progress
in block cave mining. Effective continuous seismic monitoring requires considerable commitments in terms of
maintenance and human resources.

To maximise the return on the investment of a seismic monitoring system, it is important to have a clear
understanding of the system that has been implemented and how it is managed. A plan for this management
should be in place before commissioning of the system.

The requirements of a system design and the requirements of the subsequent management of the commissioning
process include aspects such as hardware redundancy and the experience of project managers. Following this,
attention should be paid to the ongoing management of the seismic system. While advances in automatic
processing have been made, a careful gap analysis needs to be performed to determine whether the results of
automatic processing is at a sufficiently high confidence level to be used in day to day cave management.
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In October 2006 a serious accident happened in Berezniki-1 mine of the world’s second largest
Verkhnekamskoye potash deposit. The integrity of the waterproof stratum which separates mine workings from
aquifers was broken and an uncontrolled flooding of the mine had begun. The accident resulted in the
appearance of several potential problems associated with karst processes in the rock mass above the mine, i.e.
hazardous subsidence of the earth’s surface and formation of a sinkhole. The exact position of the water inflow
zone was unknown due the inaccessibility of the excavations within the problematic part of the mine. This
aggravated the situation seriously. The applied complex of geophysical and geotechnical methods made it
possible to localize the inflow zone, to estimate the size of the expected sinkhole and to monitor its
development in time. Seismic monitoring played an essential role in these investigations. This paper
summarizes the details of the seismological observations in Berezniki-1 mine and the main results thereof.

1 Introduction

1.1 Features of Mining in the Verkhnekamskoye Potash Deposit

The Verkhnekamskoye potash deposit is situated in the northern part of Perm region (Russia) and comprises of
seven minefields six of which were in development in 2006. Productive layers in sylvinite and carnallite zones
(figure 1) are 140-420 m below the earth’s surface. The room-and-pillar mining method is used in all mines.

The main requirement for safe mining in the Verkhnekamskoye deposit is the keeping of integrity of the
waterproof stratum. This stratum consists of salt-clay rocks which are laid above the productive layers (figure 1)
and prevent them against solving by weakly mineralized water or brines from the upper horizons. Penetration of
the brines through the waterproof stratum may cause unavoidable mine flooding and forming of a karst
depression or sinkhole on the surface.

Such situation had already taken place in the Verkhnekamsoye deposit previously - in Berezniki-3 mine in
1986 (figure 2).

1.2 An Emergency Situation in Berezniki-1 Mine in 2006

On 18 October 2006 a loss of integrity of the waterproof stratum and penetration of brines from upper layers to
the mining excavations were identified according to indirect indicators (dynamics and chemical composition of
brines in mine) in the western part of Berezniki-1 mine (figure 3). This area was mined out in the sixties-
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seventies and most of the excavations there were partially backfilled or collapsed which restricted the access to
the area. For this reason the place of brines inflow was unknown within the area of 800x1000 m size (see
‘Initial position of brine inflow zone’ in figure 3). The problem of localizing the inflow zone was solved
promptly by applying a complex of surface geophysical and geotechnical methods (including seismological
observations). As the result, a 400x500 m so-called risk zone was contoured (figure 3).
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A federal railway which is the only mean of freight transportation for several large industrial enterprises in
the towns of Berezniki and Solikamsk happen to pass through the risk zone. An alternative (reserve) railroad
was quickly built just outside the boundary of the risk zone in the beginning of 2007. Nevertheless, the task of
controlling any possible karst processes within the risk zone remains high on the agenda. As the result a set of
geotechnical techniques (active surface seismic surveys, borehole and surface hydrodynamical and
hydrochemical observations, land-surveying) was applied in the monitoring mode within the risk area and its
surroundings.

From October 2006 to July 2007 the karst processes had no visible manifestations. However, the several
techniques pointed to significant variations of the controlled characteristics and properties (i.e. gradual decrease
of seismic wave velocity for different horizons within the risk area, anomalous subsidence (with rates up to 270
mm/month) in the eastern part of the risk zone, formation of local areas with high concentration of methane in
soils).

At 3 PM of 28 July 2007 a sinkhole had appeared on the earth’s surface 150 m to south-west from the
center of the risk zone. The initial size of the sinkhole was 55 x 80 m (figure 4a). A huge gas and rock blowout
had happened next morning (figure 4b).

During the following several months the sinkhole had actively grown mostly in the northern and north-
eastern directions toward the federal railway (figure 5). The growth decelerated significantly during the winter
months, but nevertheless the eastern slope of the sinkhole reached the old federal railway in December. During
February and April 2008, a short-time increase in the rate of the sinkhole expansion was noted in the eastern
and southeastern directions.
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At the end of 2008 the flooding of Berezniki-1 mine was completed and the growth of the sinkhole virtually
stopped. Its size had stabilized at approximately 440x320 m.

Figure 4 A sinkhole appearance at 28 July 2007 (a) and gas blowout at 29 July 2007 (b)

Fural railway =~

Federal raillway

Figure 5 Evolution of the sinkhole
2. Seismic Monitoring Systems in Berezniki-1 Mine

2.1 Regional Seismic Network

A regional seismic network was in operation in Berezniki-1 mine since 1998. The network consisted of 6
underground and 1 surface vertical geophones installed 1-2 km apart from each other (figure 3). The network
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allowed to reliably detect all events with seismic energy above 1000 J within the whole area of the mine (about
50 km?) (table 1).

Table 1. Characteristics of the regional and the local seismic networks used in Berezniki-1 mine

Characteristics Regional network Local network
Controlled area, km? 50 0.5
Average distance between sensors, m 1000-2000 150
Minimal seismic energy of events, J 1000 10
Frequency range, Hz 0.5-100 10-1000

The system registered several dozens of events per year. The largest ones had seismic energy below 10° J.
The analysis of the source mechanisms showed that most of the events could be associated with rock falls from
roof of the excavations. More detailed information and main results of the routine seismic monitoring in the
mines of the Verkhnekamskoye potash deposit could be found in [2].

The regional seismic network of Berezniki-1 mine has been functional until 28 October 2006, when the
mine-wide power supply system was switched off and the access to the mine was restricted.

It was the termination of the regional monitoring and the need of more detailed seismic information which
initiated the organization of local seismic monitoring in the risk zone.

2.2 Temporary and Permanent Local Networks

The first variant of local seismic system was based on temporary arrays: 1 central triaxial sensor and 3 uniaxial
ones installed in a circle of 100-200 m radius. This system may monitor an area several hundred meters in
diameter. Arrays of this kind are also known as SNS (Seismic Navigation System) [5]. They provide much
better sensitivity than the regional networks (table 1). Initially such temporal SNS-s were installed underground
for limited periods of time (several days) in several areas of the mine.

After restricting access to the mine and closing down of the regional network the only possible way to
obtain information about seismic activity was by commissioning the SNS on the earth’s surface. Monitoring
with it was organized in short time. The first SNS (on the western boundary of the risk zone) started operation
on 29 October, the second one (inside the risk zone) — on 2 November 2006.

In spite of their advantages, the use of the temporal SNS-s was not optimal. On the one hand, surface sites
were under influence of intensive seismic and electrical noise due to havy traffic and numerous mechanisms
operating near the risk zone. On the other hand, the installed system didn’t allow acquiring and processing the
data in real time or close to it. To overcome these obstacles a permanent local seismic network based on ISSI
hardware and software was promptly installed. The network included 8 vertical geophones deployed in
boreholes at the depths of 10 and 50 m and 6 geophones installed on the surface (4 vertical and 2 triaxial)
(figure 6). The signals from the sensors were processed by data acquisition units. The information from these
units was transmitted in a real time to a central site situated 1.5 km away from the risk zone. Continuous quality
control over the performance of the new system was maintained remotely from the central site and the delay in
data transmission never exceeded 1.5 min. The network was commissioned in January 2007.
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Figure 6 Permanent local seismic network near the risk zone (a — plan view, b — cross-section view).

In August 2007 four more sensors (3 vertical and 1 triaxial) were installed underground at the depth of 300
m in 800 m to northeast from the risk zone (figure 6).

3. Results of the Seismic Monitoring

3.1 Results from the Regional Monitoring

The level of seismic activity in Berezniki-1 mine was low both in 2006 and in the previous years. In 2006 most
of the seismic events were concentrated in the southern part of the mine (figure 3). There was not a single event
registered within 500 m from the risk zone in the course of regional monitoring. Therefore, we may assume that
the failure of the waterproof stratum progressed gradualy without the radiation of intensive seismic waves. It is

possible to assume that only small events (below the sensitivity threshold of the regional network, that is of
seismic energy less than 1000 J) could occur.

3.2 Seismic Data Obtained by the Local Systems and Their Processing

Several factors hampered the local seismic monitoring in the risk zone:

1) Intensive background seismic noise. Various mechanisms and equipment operating in the vicinity of the
risk zone induced stationary seismic wavefield which screened the week impulsive seismic signals
from the karst accompanied processes. Furthermore artificial surface impacts (due to demounting of
buildings, etc.) generated impulsive seismic signals which were quite similar to and thus difficult to
distinguish from the signals initiated inside the rock mass under monitoring.

2) Non-optimal layout of the sites. The network covered the risk area in horizontal plane rather well. But
due to safety reasons (to exclude interlayer flows of brines and groundwater) the maximum allowed
depth of the sensor’s boreholes was limited by 50 m. As the result, the extent of the system in vertical
direction was much smaller than in horizontal plane. Only installation of four additional sensors in
mining excavations in August 2007 improved the vertical resolution of the system (figure 6)

3) Significant heterogeneity of the rock mass. Results of the active seismic surveys show considerable
gradient of P waves velocities in vertical direction — from 1500 m/s near the earth surface up to 4200
m/s in the salt rocks at the depth 300 m. This strongly distorts seismic waves as they propagate through
the rock mass and complicates registered signals. Besides, the sinkhole appeared in the later stages of
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the monitoring and manifested itself as an essential 3D heterogeneity which produced additional
difficulties for the processing of the seismic data.

From October 2006 till May 2008 the monitoring systems had registered more than 10 000 seismic events
which could be associated with karst processes in the risk zone. It was efficient to divide those seismic events in
two groups:

1) Events of the 1% type distinguished by clear arrivals of P waves and relatively high frequency content
(30-60 Hz) (figure 7a). The arrivals of S wave are hardly identifiable event for tri-axial sensors. We
associate this kind of events with fracturing at the level of mining openings or in the consolidated part
of the overlaying rock mass.

2) Events of the 2™ type characterized by low frequency (5-20 Hz) long-duration (several seconds) signals
without clear arrivals (figure 7b). We associate this sort of events with fracturing in the soft part of the
rock mass (slopes of the sinkhole, near-surface layers) or rockfalls from roof and walls of karst cave(s).

A not karst- or mining-related origin of these events is not excluded in some cases, i.e. they may be
caused by failures in foundations of surface buildings due to their extensive deformation.
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Figure 7 Examples of registered in the risk zone seismic events of the 1% (a) and 2™ (b) type

The described classification of the events is not strict — sometimes events possessing the features of both
types were observed.

The major problem during the first months of monitoring in the risk zone was obtaining reliable locations
of the events’ sources. Neither the algorithms used in routine regional monitoring in mines of the
Verkhnekamskoye deposit nor the ISS standard location techniques provided acceptable estimates of
coordinates of the sources (especially for events of the 2" type). Special location algorithms were implemented
to overcome these difficulties.

To locate events with clear P-wave arrivals a Nelder-Mead simplex algorithm initially developed and
applied in seismic monitoring in potash mines of Canada [3] was adapted for our specific needs. The original
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Nelder-Mead simplex algorithm is applicable to arbitrary medium models, but for the risk area a model in the
form of horizontal layered half-space was chosen. Our modification of the basic variant of the algorithm
consists in adding the capability to take into account variations for both wave arrivals and velocities of layers in
the model. It is supposed, that all variations are normally distributed. As the result of Monte Carlo simulations,
possible deviations of the velocities and the arrivals were transformed into deviations of source position and
origin time.

Figure 8 shows results of location for the 1% type event whose waveforms were displayed in figure 7a. It
could be seen that the variations of the arrivals and velocities of the model have resulted in ellipsoidal cloud of
possible source positions. As the spatial distribution of sites used in the location is close to horizontal, the
vertical location error is 3 times worse than horizontal one.
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Figure 8 Result of location of the 1% type event: plan view (a), cross-sectional view (b)

For events of the 2™ type a so—called Correlation location algorithm was developed. Analysis of the
waveforms of this type of events has revealed that the low frequency waves (3-8 Hz) are correlated between
different sites. The relatively long wavelength of such waves (300-600 m) results in a week dependence of their
kinematic and dynamic properties from lateral heterogeneities of the rockmass. These features make it possible
to test any point of space as a potential source position of the event by the following steps:

1) Introduction of phase shifts into waveforms of every site according to their position relative to the tested
point

2) Calculation of a cross-semblance coefficient R of all phase shifted waveforms in low frequency range (3-
8 Hz).

The probable position(s) of the source could by found from the maximum of R over a spatial grid. Example
of application of the Correlation algorithm for the event shown in figure 7b is presented in figure 9. The global
maximum of R at 100 m east from site S8z indicates the epicenter of the event.

The Correlation algorithm provides only horizontal coordinates of the source because the low frequency
part of the waveforms is generally formed by surface waves and their phase characteristics don’t contain
information about depth of the source.

In the course of the monitoring in the risk zone a gradual decrease in the location accuracy of the
Correlation algorithm was observed. At some stage the growing sinkhole (figure 5b-d) started to essentially
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disturb even waves with wavelengths 300-600 m. This worsened the semblance of the low frequency part of the
waveforms. In order to overcome this obstacle not only the phases but also the amplitudes of low frequency
waves were utilized in the calculation of the cross-semblance coefficient R. Similar location approaches are
used in volcano seismology [4].
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Figure 9 Location of events shown at figure 7b with correlative algorithm

3.3 Results of Observations with Local Temporary Seismic Systems

On October 2006 only 3 of the registered seismic events were reliably located. Their epicenters with location
error bars estimated using the Nelder-Mead simplex algorithm are shown in figure 10. The depth of the sources
was in the 150-300 m range. Therefore, they were associated with fracturing in a consolidated rock mass above
of the mining excavations.

These results were obtained within a 10 days period after discovering the loss of integrity of the waterproof
stratum in the mine. The positions of the sources were in general agreement with the anomalous rock mass
properties (velocities of P waves) and rock mass behavior (intensive subsidence) as revealed by other
techniques. This made it possible to localize the area of the waterproof stratum desintegration and to identify the
zone of expected karst processes (the risk zone).

3.4 Results from the Observations with the Local Permanent Network

Until the appearance of the sinkhole, the level of seismic activity in the risk zone was low: on average just
several events mainly of the 2™ type occurred daily. For most of them it was difficult to identify arrivals of
seismic waves and to apply Nelder-Mead simplex algorithm. The Correlation algorithm generally didn’t
produce stable results too. At the end only 14 events were reliably located (figure 11). The location error for the
rest of the events was too large (more than 100 m in a horizontal direction).

Most of located events were of the 1% type. Their sources were generally within the risk zone, close to its
western part. The depth of the sources was more than 140 m.
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Three events had been ascribed to the 2" type and one to the mixed type. Two events had occurred out of
the risk zone and one of them, which had happened 13 June 2007 at 18:16:23 had its source on the earth’s

surface. So the later event was associated with foundation destruction of a building.
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Figure 10 Result of location of seismic events occurred during 10 days of monitoring in October 2006
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Figure 11 Result of location of seismic events in the risk zone occurred before 22 July 2007
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Anomalous seismic activities have been detected during the two weeks before the formation of the sinkhole.
The anomalies took the form of swarms of events of the 2™ type with huge rate (100 and more events per hour)
and overall duration up to several hours (figure 12). Initially it was assumed that all these events are associated
with fracturing in near-surface layers (having depth less then 100 m) or with structural damage of foundations
of buildings situated in the risk zone. The post processing of the events using Correlation algorithm made it
possible to determine their locations more precisely. All of them had occurred in the south-western part of the
risk zone (figure 13) where the sinkhole was formed initially.
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Figure 12 Time history of seismic activity in the risk zone from 16 to 22 July 2007
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Figure 13 Seismic activity in the risk zone from 16 to 22 July 2007

During the 5 days before the appearance of the sinkhole the rate of the seismic activity was low (figure 14).
At 2 PM of 28 July the seismicity increased sharply (figure 14). Most of events in this swarm were of the 2™
type. At 3:30 PM the sinkhole was visually discovered (figure 4a). Next day (29 July) the seismic activity had
risen again and this burst was accompanied by a blowout of gas and rocks from the sinkhole (figure 4b).

Therefore at this stage it had become obvious that bursts of seismicity (especially events of the 2™ type)
preceded by a period from several minutes to hours the onset of the sinkhole development. This fact has forced
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us to switch over to around-the-clock monitoring to ensure an immediate response to any bursts of seismic
activity in the risk area. Triggering of 10 events on eight sensors within 10 minutes was set up as an alarm
criterion. When this criterion was met the emergency services of the mine and railway station (which manage
train operations in the vicinity of the risk area) were notified.

The alarm criterion was met 10 times in August and September 2007 and every time the duration of the
alarm condition was less then 8 hours. Almost every alarm was followed by an acceleration of the sinkhole
growth sometimes accompanied by blowout or emission of gas.
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Figure 14 Time history of seismic activity in the risk zone from 23 to 29 July 2007

Both the intensity and the frequency of the seismic activity bursts decreased in September 2007. From
October 2007 till the end of 2008 the alarm criterion was never met. In total, the level of seismic activity in the
risk zone gradually decreased. In the first half of 2008 the average rate of seismicity was 20-40 events per day
(i.e. 10 times lower then in August and September of 2007). In the end of 2008 the rate was several events per
day.

The event location results revealed a space-time correlation of seismicity and direction of the sinkhole
growth. More than once the sinkhole ‘responeded’ to the grouping of seismic sources in clusters by a directional
expansion. For instance, in the beginning of August 2007, the events were clustered near the eastern slope of the
sinkhole. And in the following weeks this was followed by an accelerated growth of the sinkhole eastward
(figure 15-16). Then the sources migrated eastward and again the sinkhole followed them.

Analysis of several samples of such space-time correlations has revealed that the time delay between the
clustering of seismicity and the directional sinkhole growth can be from several days to 2 weeks.

4  Conclusion

The presented results of both regional and local seismic monitoring in Berezniki-1 mine make it possible to
draw several general conclusions concerning a matter of seismological investigation of karst processes in potash
mines of the Verkhnekamskoye deposit.

First of all, the loss of integrity of the waterproof stratum may develop aseismically.

The regional seismic network was in operation in Berezniki-1 mine approximately 8 years before the
emergency situation in October 2006. The network provided sensitivity of 1000 J over the whole mine and it
didn’t fix any events within the distance of 500 m from the future risk zone. These facts allow us to conclude
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that the disintegration in the waterproof stratum went quasi-statically, without dynamic processes of more than
1000 J radiated seismic energy.

Secondly, the seismic activity which accompanies karst cave(s) development processes and the formation
and growth of sinkhole(s) could vary in scales greatly.

During the “pre-sinkhole’ stage of local monitoring in the risk zone (October 2006 — July 2007) the level of
seismicity was extremely low. Only 14 events were recorded with waveforms of sufficiently good quality for
the purpose of location. Nevertheless, even such limited piece of information was valuable. The spatial
distribution of the sources indicated the area of probable appearance of a sinkhole. Dramatic bursts of seismicity
were observed two weeks before appearance of the sinkhole. Several tens or even hundreds events were

registered per hour at that time.
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Figure 16 Seismic activity in the risk zone from 22 to 29 August 2007

1001



The seismicity had clearly pronounced intermittent character during the ‘sinkhole’ stage. Periods of relative
quiescence (several events per hour) alternated with intervals of bursts of seismicity (several hundreds of events
per hour). The seismic activity correlated both in time and in space with the visible development in and around
the sinkhole, viz. collapses of its slopes, blowouts and emissions of gases.

Finally, the complexity of seismic source processes and rock mass properties require improvements in
standard techniques of seismic data processing.

Both extension in time of some source processes (collapses of rocks from the floor or wall of karst caves)
and heterogeneity of the rock mass (significant gradient of velocities in vertical direction) result in complication
of observed seismic signals. Only P wave arrivals could be identified for some seismic events (i.e. events of the
1% type). Other events (so called 2" type events) don’t have distinguishable arrivals at all. The algorithm which
utilizes ray tracing in layered half space and takes into account inaccuracy of both arrival of seismic waves and
parameters of velocity model may be efficient for location of events of the 1% type. The algorithm of location
based on amplitude and phase characteristics of low frequency surface waves could be useful to cope with
events of the 2™ type.

The acquired experience of seismic monitoring of karst processes in Berezniki-1 mine is of considerable
practical value. According to numerical modeling of solution processes in the mine an intensive dissolving of
carnallite pillars is expected in several areas, one of which is within the populated part of Berezniki town. An
intensive deformation of the undermined strata was predicted for these areas which may result in hazardous
subsidence of the earth’s surface. A variety of geotechnical methods was employed in the monitoring of rock
mass deformation and for identifying potential karst processes within the new risk zones. During the summer of
2008 a seismic monitoring system based on 12 tri-axial borehole sites was commissioned in one of the most
hazardous zones. The practical skills obtained during monitoring of the old risk zone are applied now when
processing and interpreting seismic monitoring data of new system.
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In this paper, the mechanism of the self-similarity of the Gutenburg — Richter relation is studied through a km-scale
in-situ experimental investigation. The study is completed by using the complete mine seismic monitoring data from a
coal mine over a period of 38 years, in combination with field in-situ stress measurement and mine operation data. It
is found that the magnitude — frequency or Gutenburg — Richter relation at the mine site exhibits a “two-peak” curved
distribution characteristic, which can be explained by the combination of mining-induced seismicities that are directly
and indirectly correlated to mining activities. Overall, the self-similarity of the Gutenburg — Richter relation is
satisfied. The linearization trend at the high magnitude end is considered to be proportionally influenced by the in-situ
stress. An in-situ stress controlled pace-time sequence of the dynamic response of rocks is introduced to explain the
linearization trend at the high magnitude end and the mechanism of the accuracy in predicting large possible seismic
events. In addition, it is confirmed that the b value is an indicator of the rock fracturing sequence and the change of its
mechanical behavior. Finally, the application of the approach to rockburst risk assessment and evaluation of the rock
mass behavior after mining is also discussed.

1 Introduction

Gutenberg and Richter (1941) have found the following log-log relationship between magnitude and frequency
by studying seismic activity characteristics ' ((1) is normally known as the G-R law):

IlgN =a-bm ©)

Where m is the magnitude; N (> m) is the frequency has a magnitude that is greater than or equal to m; N
(=m) is frequency that the magnitude is equal to m; constant a is the level of seismic activity; constant b is the
property relation of the numbers of seismic events.

Afterward a great deal similar research work, such as laboratory, earthquake and mining-induced
seismicity (and/or rock burst), indicates that “G-R” relation has universality **. While it was found that the
magnitude—frequency is a not strict logarithm linear relation but a curve with downward bends at the two ends
in most cases. After speculating, the deviation at the low magnitude end may stem from incomplete information;
the deviation at the high magnitude end indicates that the missing magnitudes will possibly be replenished in
the future. Therefore, any earthquake deviating from this relationship and shortage is likely to be filled in the
future. Specifically, there is an obvious significance in predicting the largest seismic event that has not yet
occurred When N =1, m = a /b in (1) ®™. However, the space-time scale of predicting possible seismic events
in the future still is most relied upon through judgment on experience for the greater part, and its mechanism is
unclear.

Our job is to study the reason for the nonlinear relationship in G-R, the space-time scale of prediction and
mechanism of the accuracy in predicting large possible seismic events; as well as their application in Mine
Safety through a km-scale rocks fracturing in-situ experimental investigation, based on the complete mine
seismic monitoring data from a coal mine over a period of 38 years.
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2 Research Background and Seismic Monitoring

In this paper, the surface projection area of the coalfield is about 10 km”. The main mining coal is located in the
south wing of the North-dipping syncline fold, and the total seam thickness is 0.6~110.5m. The mine uses the
downlink subsection-slice mining method, mining segment high is 50m, the largest depth is at the -830m level
(910 m below surface).

At the mine site, the first mining-induced rockburst happened when the mining depth was about -225m level
(300 m below surface, the elevation of the ground surface is +80m). From the mining depth was -430m level,
the modern microseism equipments had been used for continuous monitoring of mining-induced seismicity at
the mine site since 1968. A single observation that was 3~4km apart from main mining area was laid in earlier
period, the analog short-period seismographs, such as VKG, 573, DD-1,768 and so on, were also used. Digital
equipments, JC-V100 and V104, were added in June 2000, these sampling rates are 50sps and 100sps, and the
frequency ranges corresponding to that are 0~20Hz and 0~60Hz, respectively. Six sub-networks constituted a
seismic network. Two kinds of equipments' working cycle was 1 s, the sensors had a frequency range of 1-20
Hz.

In order to ensure the completeness and comparability of mine seismic monitoring data, we asked specific
people using the unified method to re-determine and recheck all the seismic events that were recorded on paper.
The result showed that the lowest limit magnitude of the seismic events that could be monitored was M, = -0.9,
because the amplification of monitoring equipments was different at different time, the limit of the lowest
monitoring ability was M_=-0.3 at all period of time. Although the system factors of the loss of low magnitude
events have already been excluded basically, the mine microseism data M_ <0 has been left in analysis to
reduce the possibility of accidental loss of that.

2 The General Characteristics of G-R Relation

The statistical function relation of frequency N ( n) and magnitude M ( Mp) has been deduced by studying a
total of 93,773 mine seismic events (M >0) that have been recorded over the last 38 years (from 1969 to 2006),
initial magnitude My= 0, magnitude increment AM = 0.1 (Fig.1: M= 0).

IlgN(=m)=4.495-1.038m r’=0.936 M, =0 ()
4.0 T 4.0
nalog
3.0 3.0
- _ 42001-2006
= = ] Digital
= 2.0 =z 2.0
= = 1
1.0 1.0
00 ] T T T T I T T T T I T T T T I T T Di':l I T T O‘O
0.0 1.0 2.0 3.0 4.0 0.0 1.0 2.0 3.0 4.0
M/ ML M/ M
Figure 1 Magnitude-frequency relation Figure 2 Comparison of the mining-induced
of mining-induced seismicity from seismicity recorded by different monitoring
1969 to 2006 equipments

Thus, we have known the G-R relation at the mine site for three aspects:
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First, it is found that the mine seismic G-R relation shows a “two-peak” curved distribution characteristic.
The statistic tendency for year by year is similar with it (Fig is omitted), and the magnitude of inflection point in
two “the peak™ approximately is about M;2.0. In order to explain the distribution characteristic has nothing to
do with monitoring equipments, the monitoring result of analog equipment is used from 1969 to 2000, the
digital equipment's monitoring data is used in 2001 ~ 2006 (Fig. 2), and two kinds of equipments are both used
to contrast over the period from June 2000 to May 2001, the difference of data has not been discovered.

The statistics shows, with different time scale, because of the downward trend at the low magnitude end,
causing the slope of the straight line (value b) becomes smaller, the result seems exaggerated in predicting the
loss seismic events. After statistical selection, mine seismic monitoring data at the low magnitude end was
discarded, initial magnitude My=0.6, magnitude increment AM = 0.1 (Fig.1:My =0.6), which May be
appropriate to reduce the exaggerated possibility and improve the quality of fitting. By means of statistics fitting
to the mine seismic monitoring data over a period of 38 years, we obtained the equation:

lgN(=m)=4.895-1.194m 1> =0.963 M, =0.6 (3

Second, the downward trend at the high magnitude end of the natural earthquakes indicates the loss seismic
magnitudes have the possibility to complement from now on. If the mining activities are no longer carried on
towards the position that is beneficial to induce the release of strong energy, the frequency of small energy
release events will reduce, but still unceasingly accumulate, which causes the curving no longer tending straight
but further increasing the curvature. If we just use statistics rule to forecast the largest loss seismic magnitude in
the future without considering the mining activities and the geological environment, the future danger of mine
microseism will be exaggerated. Thus, only noting statistical significance of G-R relation cannot reflect the
modulating action of future mining activities for the G-R the relation.

Third, we are not clear what kind of time window should be used and how long the loss seismic magnitude
should be forecasted in the future, so it is the question of time scale and its mechanism. Before we used many
kinds of time scale to attempt and compare with actual extreme magnitude, when r*= 0.65, the average absolute
deviation is 0.3, the relevance is the best. The choice of time scale and the position that seismic events will
happen in the future belong to the experience to judge, its mechanism is not clear .

3 Characteristics of G-R Relation in Pace-time Sequence Controlled by In-situ Stress

The pace-time sequence that the natural earthquakes and mining-induced seismicities comply with has been one
of important scientific questions to explore in this field. We attempt establish one kind of pace-time sequence
based on constitutive relation, and we take mining actions of the same in-situ stress magnitude and the dynamic
response of rocks (mine microseism) as the same pace-time set, which is called"an in-situ stress controlled pace-
time set of the dynamic response of rocks", and the mine microseism actions are explored in pace-time set based
on the in-situ stress magnitude.

A systematic study on the stress field of the mine site indicates that, stress boundary conditions of the
mining area is basic in stability, the buried depth of rocks at the mine site can be used as the measure of average
in-situ stress magnitude '”. The results of situ stress measurement with stress relief method at the mine site
show that maximum and minimum principal stress close to the level direction, the medium principal stress
closes to the vertical direction ') There is a linear relationship between the principal stress and the buried
depth of rocks, the relationship between the maximum principal stress 0, (MPa) and the buried depth H (m) as
follows:

o, =0.0305 +0.0408H 4)

There is a total of 8 pace-time sets of the in-situ stress magnitude(Tablel) according to the complete mine
seismic monitoring data(-430 m ~ -830 m at the level).
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We have the G — R relationship spectrum based on the in-situ stress magnitude (Fig.3: My = 0.6), with mine
seismic events that happen around smaller than or equal to the in-situ stress magnitude.

Tablel Zoning of rockburst according to in-situ stress magnitude

Mining stage 1 2 3 4 5 6 7 8
Depth (m) 510 585 620 660 710 760 860 910
o, (MPa) 20.84 23.90 25.33 26.96 29.00 31.04 35.12 37.16
4.0
3.0
] 1200 —
= J ] M
Z 20 — . ]
o0 . 800 —
4 : -
4 ~ -
1 =2 i
1.0 - 400 —
0'0 0 | TTT | TTT | TTT | TTT | TTT | TTT |
1.0 2.0 3.0 4.0 0 4 8 12 16 20 24
M /M, T/h

The figure marked the straight line correspond Figure 4 Distribution of accumulated

to the in-situ stress magnitude in table 1 seismic events for 0<ML<1.5

Figure 3 G — R relationship spectrum based on 61

According to the G-R relationship spectrum of figure 3, we obtain the largest loss seismic magnitude,
which is examined by the extreme seismic magnitude that occurs actually in a high stress intensity, the
correlation coefficient r* = 0.895, the average absolute deviation is 0.1, to be find the accuracy of prediction is
improved significantly.

With the regression method, we obtain the relationship(the formula (5)) between the maximum principal
stress 6; (MPa) and the largest loss seismic magnitude for the future based on the G-R relationship spectrum
of figure 3, which reflects the extermal energy release is considered to be proportionally influenced by the in-
situ stress.

M =5.534-1g0, -4.915 17 =091 5

The practice proves the accuracy in predicting extreme seismic magnitude with the self-similarity of G-R is
high in"the in-situ stress controlled pace-time sequence". Its essence is, under the condition of mining intensity
remain unchanged, using mine microseism that happen at lower stress to predict next extreme seismic events
that will happen during the mining at the stress intensity increased by stress gradient, rather than a certain
period of time designated by experience. The space site that the extreme seismic events happen is closely
related to the high-stress zone. The in-situ stress controls the evolutionary trend of the G-R relation and the
accuracy in predicting large possible seismic events under mining intensity remain unchanged.
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4 Mechanism Discussion
(1) The “two-peak” curved distribution is the result of the combination of two mining-induced seismicities.

From1969 to 1985, the mine takes mining operation system of three consecutive eight-hour, which has
stronger comparability. Above the complete mine seismic frequency over a period of 17 years has been put
into at 24-hour time axis, and its distribution of accumulated frequency shows that, at 24 hours, distribution of
0<M;<1.5 mine seismic activities is uneven, and there are three significant differences stages(Fig. 4). There is
very strong correlation between such cycle regularity and the mining activities: 8:00 ~ 15:59 of every day
recovering the coal wall of 6m wide that is left after bursting mining by the front of two teams, the
microseismicity of the mine is the lowest as without blasting and initial disturbance to the original coal body;
16:00 ~ 23:59 after goaf filling of front two teams with two hours, then starting to blast at the original coal body,
and mine seismic frequency begins to increase; 0:00 ~ 7:59 continuing blasting at the original coal body, and
mining seismic frequency reaches the peak of the day. At the same time, M;>1.5 the high-magnitude mining-
induced seismicities are not directly related to the mining activities (Fig. 5). There is a combination of mining-
induced seismicities that are directly and indirectly correlated to mining activities among all mine seismic

events []2].
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Figure 5 Distribution of accumulated seismic events for ML>1.5 Figuret Distribution of b value

(2) The reason for nonlinearity of G-R relation

Figure 1 and figure 3 show the apparent non-linear characteristics of G-R relation, the non-linear
characteristics at the low magnitude end of G-R relation. If there are the problems of inadequate monitoring
capability in the early result of single observation, but the latter digital monitoring networks can exclude the
factors of the leakage of monitoring data. We can speculate that, there may be “frequency band saturation” of
micro-fracture observation in the frequency band of monitoring system.

At the high magnitude end, if the mining activities continue to next high stress intensity according to
gradient increment of in-situ stress, the large loss seismic events tend to be filled, and the curve of G-R will tend
to linearization. If the mining activities turn to the less than or equal to the in-situ stress intensity of exploitation
in the past, the nonlinear of G-R relation at the high magnitude end will tend to maintain, the large loss mining
microseism will no longer happen. Even if the intensity of exploitation increases, the number of small and
medium-sized mining microseism will only increase, the loss extreme mining microseism will not occur. The
linear approach of G-R relation at the high magnitude end is mainly influenced by the in-situ stress.

(3) In-situ stress controlled trend of development and evolution of the G-R relation
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The G-R relationship spectrum based on in-situ stress magnitude in Figure 3 shows that, with the increase
of the in-situ stress magnitude, the fitting straight lines move to the high magnitude end successively, although
the slopes of the straight lines (b value) do not exactly correspond, they do not intersect at the first quadrant.
The intercepts at y-axis (a value, the mining seismicities) and at x-axis (the loss magnitudes) increase with the
in-situ stress monotonously. The G-R relation, as well as the mining seismicities and the loss seismic magnitude
are considered to be proportionally influenced by the in-situ stress; the in-situ stress magnitude controls the
trend of development and evolution of the G-R relation. The space position that the extreme mining microseism
happens in the future, is closely related to high-stress zone. The pace-time scale of prediction in G-R relation
conforms to an in-situ stress controlled pace-time sequence in this paper, and the mechanism is explained from
the constitutive relation.

(4) The b value is an indicator of the rock fracturing sequence and its change

Figure 6 shows that the eight stages of the in-situ stress from weak to strong at the mine site, the b value at
the upper 710m depth (o, = 29MPa) increases monotonously, decreases monotonously at the upper 710m depth,
the depth of 710m is the inflection point of maximum. The above phenomenon conforms to physical
explanation of the literature [2, 3].

According to the self-similarity analysis of rock breaking, the literature [13] deduces that the structure of
fracture has the fractal dimension characteristics; the b value is the half of fractal dimension d, the distribution
between the frequency and magnitude is a self-similar system; the d value can be determined by b value.
According to literature [14], the study of acoustic emission experiment shows that, the change of b value is
directly related to stress conditions, the b value increases in the beginning of pressure, and drops at the stage of
subcritical crack growth, and decreases sharply at the stage of rupture nucleation, which reflects the evolution of
rock failure from disorder to order. The numerical simulation of literature [15] also obtains the same cognizance.
There are many similar studies, they are confirmed that the b value is an indicator of the rock fracturing
sequence and its evolution.

The evolution of the b value indicates that, the disorder of rock fracture is stronger at low confining
pressure, and rock failure gradually turns to the order at high confining pressure. The 710 m depth is the critical
depth that the rock fracturing sequence of the mine happens to change substantively.

Coincidentally, the initial critical depth of the interactional-type disaster between rockburst and gas energy,
the rocks’ apparent constitutive relation of a km-scale established based on the maximum principle stress and
relative Benioff strain, and mining dynamics numerical experiments displayed fault dynamics and stress field
property happen to change substantively, happen to change substantively, the critical depth is concentrated at
about 700m depth!'®. They meet by chance seems it’s not accidental, they may together prove that the
mechanical behavior of rocks at the depth of 700m happens to change substantively from the linear to non-
linear. The survey reveals that various dynamic disasters at the mine site are abnormal at this depth and
conventional measures for reducing and control dynamic disasters are failed. From those we infer that the depth
of about 700m, the maximum principal stress is about 29MPa, may be the critical depth of "Deep Mining" that
is widely discussed currently. The ratio (oy/6.) for the maximum principal stress of this depth with the
uniaxial compressive strength of the coal body and the oil shales of main roof, as well as the hornblende gneiss
of main floor, are 3.6, 0.6 and 0.2 respectively. It is likely the coal body reaches the critical parameter 6,/6.=3.6
and that plays a leading role, the rocks of roof and floor are caused by the domino effect after the destruction
and instability of the coal body.

5 Engineering Applications

(1) Rockburst risk assessment
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Using the G-R prediction method based on in-situ stress controlled pace-time sequence in quarter 3, we
may judge the general trend of mine microseism risk under various stress magnitude with the formula (5). If
mining continues under the condition that the mining depth is -880m level and the largest principal stress
magnitude is about 39MPa, possible future magnitude of the extreme will be M= 3.9. But when the tectonic
stress strengthens or the partial abutment pressure concentrates in the region, the comparative magnitude mine
microseism will possibly happen, so long as the maximum principal stress of the mining site achieves about
39MPa, and may not reach the depth of - 880m level. After a next high stress magnitude environment's extreme
magnitude occurs, the formula (5) need to be re-calculated with the recent data, and revised unceasingly. If the
mining depth was no longer deep from now on, the extreme magnitude that corresponds with each in-situ stress
magnitude environment will happen according to formula (5).

(2) Judging the change of rock mass mechanical behavior

Using the method of calculating b value based on the "in-situ stress controlled pace-time sequence of the
dynamic response of rocks" in 4(4), in combination with other dynamic response index of rocks after mining,
which expected to become a way of evaluating the rock mass behavior's evolution and variation after mining,
and provide the scientific criteria to take appropriate measures of underground pressure's mitigation and control
for the mining engineering at the right moment.

6 Conclusion and Discussion

(1) The mechanism of the self-similarity of the Gutenberg - Richter relation is studied by a km-scale in-situ
experimental investigation. G-R relation at the mine site shows a “two-peak” curved distribution characteristic,
which can be explained by the combination of mining-induced seismicity that is directly and indirectly
correlated to mining activities. Overall, the self-similarity of the Gutenberg-Richter relation is satisfied. The
linearization trend at the high magnitude end is considered to be proportionally influenced by the in-situ stress.

(2) "An in-situ stress controlled pace-time sequence of the dynamic response of rocks", which is
introduced by the in-situ stress and the mining activities that correspond with it, as well as the dynamic response
of rocks (mine microseism); reflects the fracturing sequence of rocks based on the constitutive relation.

(3) The G-R relation, as well as the mine seismicity and the seismic magnitude missing are considered to
be proportionally influenced by the in-situ stress. The in-situ stress controls the evolutionary trend of the G-R
relation and the accuracy in predicting large possible seismic events, and the mechanism is explained from the
constitutive relation. Whether the missing magnitude of the G - R relation at the high magnitude end can be
filled, it is not decided by the time system of humans, but by the in-situ stress controlled time system; which
conforms to the Kaiser Effect of rock with a memory. This realization also has significance for the G - R
relation to the application in natural earthquakes.

(4) There is a good application for the approach of rockburst risk assessment after mining and evaluation
of the rocks behavior. If the mode of action and intensity of stress field surrounding the mining area can be
measured and considered to the local stress field of mine, as well as disproportion for the local tectonic stress
and support pressure of the mine, the result of prediction will be more accurate and is expected to have
universal significance.
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The algorithms of source location can be classified into four classes in terms of required solved parameters
theoretically: firstly, velocity structure is given, and locations of microseismic sources and time of microseismic
occurrence are identified on basis of arrival time recorded; secondly, given locations of microseismic sources,
velocity structure and time of microseismic occurrence are solved in terms of arrival time; thirdly, velocity structure
and locations of microseismic sources are inversed based on the time difference of sensor-pairs; lastly, velocity
structure, locations of microseismic sources and time of microseismic occurrence are recognized together based on
arrival time. The effect of sensor array geometry on the four algorithms of source location is studied systematacially.
Studies show that velocity of convergence is faster and precision of convergence is higher in ranges of sensor array
than out of sensor array for the first algorithm; if only sensors can receive microseismic signals, the solution is unique
and sensor locations are unlimited theoretically for the second conditions; the same association characteristics are
found for the last two algorithms by theoretical analysis and the necessary condition that the association occurs,

is ALk IV = AWk . So to improve precision of source location, the different algorithms should adopt different

strategy for acquiring good sensor array geometry.

1 Introduction

Many studies, such as assessment of excavation damaged [1], quantification of rock mass damage and zone [2],
source location algorithm [3,4], optimization of sensor array geometry [5,6] and prediction of rockburst [7], are
carried out based on acoustic emission/microseismic (AE/MS) signals. It is generally accepted that not only
microseismic signals reception is affected, but also velocity and precision of convergence and location result for
different algorithms of source location are influenced at different degrees by sensor array geometry. So it is very
important for these studies based on AE/MS signals to select an appropriate sensor array in space. If sensor
array geometry is better, a great of useful microseismic signals can be monitored and source location can be
solved quickly and precisely vice versa.

The algorithms of source location can be classified into 4 classes in terms of required solved parameters:
firstly, velocity structure is given, and locations of microseismic sources and time of microseismic occurrence
are identified on basis of arrival time recorded; secondly, given locations of microseismic sources, velocity
structure and time of microseismic occurrence are solved in terms of arrival time; thirdly, velocity structure and
locations of microseismic sources are inversed based on the time difference of sensor-pairs; lastly, velocity
structure, locations of microseismic sources and time of microseismic occurrence are recognized together based
on arrival time. Ge M.[3-5] studied deeply effect of sensor array geometry on the first source location
algorithms, including all kinds of non-iterative methods and iterative methods and thought that velocity of
convergence is faster and precision of convergence is higher in ranges of sensor array than out of sensor array,
that if the sensors are placed in an arch, the location accuracy will be best in the foci area and decrease as
sources move away. In fact, as velocity structure is given for this algorithm, if sum of distance is little enough
from microseismic source location to all sensor locations, the precision of source location is high enough. Effect
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of sensor array geometry on the later three other algorithms is studied rarely. The empirical method or semi
empirical method is overwhelming for them. It is different that different schemes of sensor placement which are
designed by different engineers receive signals, sensors’ capability for monitoring microseismic signals can’t be
utilized completely sometimes, it is difficult that a good sensor array is formed and prediction of shock bump is
affected greatly. So it is very necessary to study deeply performance and characteristic of the four source
location algorithms and analyze effect of sensor array geometry on them.

2 Source Location Theory

Arrival time monitored is main information used for identifying source location. Generally, sum of squares of
residues between monitoring arrival time and calculating arrival time is regard as the goal for recognizing
hypocenter parameters. The formula for calculating arrival time of the NO. K sensor can be described as
formula (1),

R (R R s S OO

t, v

()

Where, t is time of microseismic occurrence, (X, Y,,Z,) is coordinates of the NO. K sensor, (X, Y, Z) is
location of microseismic source, V is equivalent to velocity of elastic wave in different medium.
So the arrival time difference of sensor-pairs (the NO. K+1 sensor and NO. K sensor) can be calculated by

formula (2),
L.,—-Lo AL
At =t —t == — = )
\ \Y
In which, L,,;and L, is the distance from the NO. K+1 sensor and the NO. K sensor to microseismic source

respectively.

The goal function is illuminated as formula (3) based on residual sum of squares of calculated and
monitored difference of arrival time between two neighbor sensors,

" AL
Q=Y [AW, - —]? 3)
k=1

Here, AW, is difference of monitoring arrival time of the NO. K+1 sensor and the NO. K sensor; If K is equal

ton, AW, isequal to W, =W, , n is number of sensors.

The goal function is as following based on sum of squares of residues between monitoring arrival time and
calculating arrival time,

Q:Zn:[wk_tk]z 4

In which, W, is monitoring time, t, is calculating time coming from formula (1), n is number of sensors.
If Vand (x. y. 2z) are given in advance, then t can be solve by formula (4) as following,
L L
2w =
\Y

t=t (4)
n
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3 Four Source Location Algorithms

As the goal is different and surrounding conditions is different, sometimes the velocity structure is known,
sometimes microseismic location is clear, sometimes time of microseismic occurrence can be obtained and
sometimes all variables can’t be tested. So the different algorithms must be adopted under different conditions.
The algorithms of source location can be classified into 4 classes in terms of required solved parameters as
following:

1) Firstly, velocity structure is given in advance by testing in lab or in situ, and locations of microseismic
sources and time of microseismic occurrence are identified on basis of arrival time recorded. This algorithm is
pop in field of microseismic monitoring and location. If velocity structure is provided correctly, accuracy of
source location is high and velocity of source location is fast vice versa. In fact, as rock material is a complex
geological medium including a great deal of microcrack, joint and faults, its velocity is variables in different
direction and in different zone. It is difficult to ascertain propagation velocity of elastic wave accurately so that
accuracy of source location is very high impossibly.

2) Secondly, given locations of microseismic sources, velocity structure and time of microseismic
occurrence are solved in terms of arrival time. The algorithm is often used for testing wave velocity of material.

3) Thirdly, velocity structure and locations of microseismic sources are inversed based on the time
difference of sensor-pairs, then time of microseismic occurrence is solve by formula (5).

4) Lastly, velocity structure, locations of microseismic sources and time of microseismic occurrence are
recognized together based on arrival time.

4  Effect of Sensor Array Geometry on Different Source Location Algorithms

Suppose that there is a cuboid consisting of homogeneousis rock material, coordinates of its 8 pop-points are
A(0,0,0), B(1000,0,0), C(1000,1000,0), D(0,1000,0), E(0,0,1000), F(1000,0,1000), G(1000,1000,1000) and
H(0,1000,1000) respectively, 8 sensors are placed in each pop-point of the cuboid, propagation velocity of
elastic wave is 5.7 m/ms in this medium, there live five microseismic sources which are O(500,500,500),
P(0,500,500), Q(323.2,500,676.8), R(300,900,550) and S(600, 1700,2400) respectively in/near the cuboid and
all length unit is meter, as shown in figure 1.
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Figure 1 Distribution of Sensors and microseismic sources

4.1 The First Class Source Location Algorithm

Suppose that velocity is 5.7m/ms and arrival time can be acquired accurately, identifying locations of
microseismic sources and time of microseismic occurrence, which is acquired by an improved version of PSO
described in literature [8], is shown as table 1. The conclusion that locations of microseismic sources and time
of microseismic occurrence are identified quickly and precisely, can be drawn from table 1. In fact, as complex
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of rock material, propagation velocity of elastic wave is different in different direction and in different zone. In
addition, mining art also affects propagation velocity of elastic wave, so it is difficult to obtain the velocity
structure that elastic wave propagates in rock material correctly. If there is a very little error between real
velocity and given velocity, the decrease of location accuracy is very great, especially in z-direction generally.

Table 1 Location accuracy and velocity of the first class source location algorithm

Location
Microseism source Occurrence time/ms | Iteration times | Tolerance
x/m y/m zIm
o Real 500.0 | 500.0 | 500.0 100.0
Calculated | 500.0 | 500.0 | 500.0 100.0 88 3.3e-022
b Real 0.0 500.0 | 500.0 100.0
Calculated 0.0 500.0 | 500.0 100.0 55 6.0e-011
Real 323.2 | 500.0 | 676.8 100.0
Q Calculated | 323.2 | 500.0 | 676.8 100.0 65 6.7e-011
R Real 300.0 | 900.0 | 550.0 100.0
Calculated | 300.0 | 900.0 | 550.0 100.0 69 8.1e-011
S Real 600.0 | 1700.0 | 2400.0 100.0
Calculated | 600.0 | 1700.0 | 2400.0 100.0 14038 1.0e-09
Note: “---” means that this item doesn’t lie.

Suppose velocity is regarded as 5.757 m/ms, that is there is a 0.01 error from real velocity, location result
for microseismic source Q. R. S as indicated in table 2. Effect of velocity structure on microseismic sources
in different zone is different and velocity of convergence is faster and precision of convergence is higher in
ranges of sensor array(for microseismic sources R and Q) than out of sensor array(for microseismic source S).
If the sensors are placed in an arch, the location accuracy will be best in the foci area and decrease as sources
move away. In fact, we find that as velocity structure is given for this algorithm, if sum of distance is little
enough from microseismic source location to all sensor locations, the precision of source location is high
enough. So monitor object had better lie in range good sensor array.

Table 2 Location result of the first class source location algorithm as velocity = 5.757m/ms

Microseism source R Microseism source Q Microseism source S
Occurrence </m /m 2im Occurrence x/m m 2im Occurrence w/m /m 2im
time /ms y time /ms y time /ms y
Real 100.0 300.0 900.0 550.0 100.0 323.2 500.0 676.8 100.0 600.0 1700.0 2400.0
Calculated 101.3 297.9 904.6 550.5 101.5 3214 500 678.6 81.9 606.6 17744 25114
Absolute
error 1.3 2.1 4.6 0.5 15 1.8 0 1.8 18.1 6.6 74.4 111.4
Relative
error /% 1.3 0.7 0.5 0.08 15 0.6 0 0.3 18.1 11 4.4 4.6

4.2 The Second Class Source Location Algorithm

For this algorithm, the source position is known in advance. From formula (1) and (4), we can see t and velocity
can be solved, only if signal is accepted by the two sensors. The solution is unique and sensor locations are
unlimited theoretically when sensor can receive microseismic signals. The relation of microseismic occurrence
time and location accuracy is illustrated as figure 2.The algorithm is often used for testing wave velocity of
material.
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Figure 2 Relation of microseismic occurrence time and location accuracy

4.3 The Third and Fourth Class Source Location Algorithm

The formula (3) regarded as goal function, velocity structure and locations of microseismic sources are inversed
based on the time difference of sensor-pairs firstly, then time of microseismic occurrence is solve by formula (5)
in the third source location algorithm. While, the formula (4) is goal function in the fourth source location
algorithm, velocity structure, time of microseismic occurrence and locations of microseismic sources are
recognized together based on arrival time. They both have 3 variables requiring to be solved, only order in
which the variables are solved is different. So they are same in essence.

Only if AL, and V meet the following relations, Q is equal to zero forever, as deducted from formula (3).
A
T"k=AWk, k=12L,n (6)

So this implies that x. y. z coordinates and velocity is associated with each other. But a great deal of
numerical calculation shows formula (6) is necessary condition for association of V and (x- y. z) coordinate.

600
500 -
400 - —e— Microseismic source P
300
200
100

0 ‘ ‘ ‘ ‘
100 0 5 10 15 20
200 £

-300 -

—e— Microseismic source O

t/ ms

Vimms®
Figure 3 Association of velocity and time of microseismic occurrence for two special location

In particular, when k is equal to 1,2,...n, AL, and AW, are both zero, that is the distance is same from

microseismic source to all sensors and monitored arrival time for all sensor is the same. If V is zero, then Q is
equal to zero forever. The microseismic source O is used as an example for illustrating it. Suppose V is increase
by 2.0m/ms interval from 1.7m/ms to 19.7m/ms, all microseismic positions can converge to real point (500
m,500 m, 500 m) and Q is equal to zero in formula (3). But time of microseismic occurrence can’t converge to
real value, it has its law with increase of velocity, as shown figure 3.

Suppose signal of microseismic source P is monitored by 8 sensors. In order to study association of coordinates
and velocity, velocity increases from 1.7m/ms to 19.7m/ms by 2.0m/ms interval. When Q is equal to zero in
formula (3), y and z coordinates of microseismic source P both converge to real value, while x coordinate shows
its evolution law with increase of velocity, as indicated in figure 4 and the relation of velocity and time is shown
as figure 3. Location position for microseismic source P is different point on the PO line. So we can draw that
when microseismic source lies on the intersecting line of plane of symmetry of sensors, the coordinate value
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along the intersecting line is associated with velocity and occurrence time and position of source location is
uncertain. These conclusion can be used to other intersecting line of plane of symmetry of sensors.

1000

S R e

5 10 20 25

=< -1000

-2000 -

-3000 -

v/mms™*

Figure 4 Association of velocity and x coordinate of microseismic source P

5 Conclusions

For the first source location algorithm, velocity of convergence is faster and precision of convergence is higher
in ranges of sensor array than out of sensor array; for the second, The solution is unique and sensor locations are
unlimited theoretically; for the third and the fourth, the same association characteristics are found and the

necessary condition which the association occurs is AL, /V = AW, . So it had better that microseismic source

is in range of sensor array geometry and the necessary condition is satisfied simultaneously.
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Based on the characteristics of geology map of mine, this paper studied the fault model construction with fault curves
on series of geology maps. Firstly, under AutoCAD environment, reference points of fault curves on geology maps of
mine are read and these points and their coordinates are saved into database according to some rules. Secondly, based
on the reference points saved in database and given constraints, building triangulation network for fault with
Delaunay Triangulation Algorithm. At last, the TIN of fault will be constructed after the operations of cutting,
geometrical coherence and topologic coherence. Based on the data from one gold mine of China, this model was
validated and the function of 3D display of faults was also realized. It provided supports for deposit development,

mining preparation and the selection of mining methods.

1 Introduction

Some complicated geological structures exist in underground ore deposit, for example, some fractures, faults
and caves have a large influence on the development and cut of ore deposits and the selection of mining
methods. It is necessary to know the distribution of geological structures and their influence zone in ore deposit
before beginning development and mining. Also, it is the key factor to carrying out efficient mining activities
and reducing the mining cost. Fault is a kind of fracture structure in the rock which has obviously relative
displacement, and it is the most important and common kind of geological structure [1]. The research of 3D data
models and 3D displays of fauls is the important part of the research of 3D visualization for mines.

At present, the focuses of domestic and overseas research to 3D data models of fault are the following 5
aspects:

(1)Taking the fault as the stratum unit border during the stratum modeling, thus the stratum model which

contains faults can be expressed correctly [2][3].

(2)Based on section data, which cut across the fault and other data, constructing a mathematical model of

the fault with the methods of Chevron construction[4-6], inclined shear construction[7] and thefault-bend fold
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theory[8], thus the computer simulation of faults can be realized.

(3)Fault surface generation technologies based on contour lines[9].

(4)Simulation with one or several planes [10][11]. Taking known azimuth and obliquity of fault surface as
a precondition, this method constructs the plane equation for fault surface with two broken dots (the fall
between the two broken dots can’t be approximately perpendicular to the horizontal) on fault surface, and
simulating the fault with one or several planes based on the known data.

(5)Based on the conception of “one surface with three layers”, the fault surface is divided into the obverse
layer, the inverse layer and the middle layer, and the fault surface can be expressed with the data structure based
on volume, surface, ring, edge and node [12].

The fault model constructed with the methods mentioned above can simulate the 3D shape of the fault
existing in stratum, and it can express the relationship between faults and the stratum appropriately. However, it
can’t simulate the spatial relationship for all kinds of spatial modeling objects in geological and mining
engineering, for example, the relations among orebody, tunnels and faults. And it’s difficult to simulate the fault
with complicated shapes [13] with these methods. Some methods mentioned above indirectly realize the
visualization of faults with the 3D simulation of stratum unit and the fault model hasn’t been really constructed.

Geology maps are familiar in mining engineering and most of them are drawn with AutoCAD. These
geology maps correspond with the levels and sublevels of the mine. In these geology maps, the faults are
expressed as some curves. These curves contain some spatial and geometrical information of faults. In some
cases, the fault can be treated as a surface in Euclidean space without thickness[14]. If these curves in geology
maps of different level or sublevel of mine are linked according to some spatial rules, the 3D spatial model of
faults can be formed. Based on this theory, this paper brings forward a method to construct 3D spatial model for
fault with geology maps of mine.

2 The Theory of Fault Modeling Based on Geology Maps

The geology maps of mine contain curves which were formed by the intersection of geology plane and
faults. One fault can forms several curves in different geology plane, as figure 1 and figure 2 showed.
These curves are constituted by a series of reference points. The fault surface can be formed by the means
of linking these reference points of adjacent curves formed by one fault in different geology maps.

/
[~
—
Figure 1 Fault curves on geology map Figure 2 Fault surface with the linking of fault curves on each layer
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3 Fault Drawing Method Based on TIN

According to the characteristics of fault curves in geology map, the shape of fault in Euclidean space can be
expressed by TIN (Triangulated Irregular Network). The method which carried out Delaunay Triangulation
Algorithm based on the reference points constituting the fault curves in the geological map is an efficient way to
construct TIN for faults.

3.1 The definition of Triangulation Algorithm
For a set V of points in 2D real number field, edge e was constituted by the points in points set as the endpoint
and e was contained in a set E. Then one triangulation T=(V,E)of set V is a plane G, and this plane fulfills the
following conditions:

(1)Except the endpoints, there are no other points in the edges of plane G;

(2)There are no intersectant edges;

(3)All the surfaces in plane G are triangle surface and the set of all triangle surfaces is the convex hull of
set V.

3.2 Definition of Delaunay Triangulation Algorithm

(1)Delaunay edge: suppose one edge e(point a, point b are endpoints) in set E, if e fulfill the following
conditions, edge e can be called Delaunay edge: If a circle passing through point a and point b doesn't contain
any other points in set V in its interior, then the segment connecting the two points is an edge of a Delaunay
triangulation of the given points.

(2)Delaunay triangulation: if one triangulation T of set V merely contains Delaunay edges, this
triangulation can be called Delaunay triangulation.

3.3 Rules in Delaunay Triangulation Algorithm
There two important rules must be fulfilled:

(1)Delaunay triangulation network is uniquely and a circle circumscribing any Delaunay triangle does not
contain any other input points in its interior, as figure 3 shows;

(2)In the plane, the Delaunay triangulation maximizes the minimum angle. Compared to any other
triangulation of the points, the smallest angle in the Delaunay triangulation is at least as large as the smallest
angle in any other, as figure 4 shows. However, the Delaunay triangulation does not necessarily minimize the
maximum angle.

D

Figure 3 Circumcircle of Delaunay Triangulation Figure 4 Quadrangle constructed by adjacent Delaunay Triangulations
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3.4 The construction of TIN model of faults based on geology map
The azimuth of faults can be expressed by fault curves in geology map, and other factors can be learned from
the fault curves made by the same faults in several geology maps. The relations of faults and geology plane are
also expressed by fault curves and the intersectional relations among several faults on same stratum can be get
directly from geology maps.
The modeling objects of fault based on TIN can be divided into the followings:
(1)Point: contained in fault curves formed by fault and geology plane;
(2)Edge of Triangulated triangle: formed by linking the corresponding points in adjacent geological plane;
(3)Triangulated Triangle: formed by linking one point in one geology plane with other two points in
adjacent geology plane or linking two points in one geology plane with one point in adjacent geology plane;
(4)Fault surface: formed by several triangles among which two triangles are connected by one common
edge.

3.5 Constraint of realizing Delaunay Triangulation Algorithm for reference points of fault curves

The reference points in several fault curves formed by one fault with several geology planes are point-sets in 3D
field. The Topologic inconsistency will appear if the Delaunay triangulation is carried out without setting
constraints during the course of constructing 3D model for faults with geology map of mine. As figure 5 shows,
the part of broken line shouldn’t be triangulated. So, some constraints must be set before carrying out d
Delaunay Triangulation Algorithm.

Constructing 3D TIN model of faults based on the triangulation of reference points in fault curves must
follow the rules of Delaunay Triangulation Algorithm and some constraints also need to be fulfilled as
followings:

(1)Constraints for geology plane: all geology planes are parallel in 3D field;

(2)Constraints for fault curves: the fault curves formed by one fault with different geology plane are
disconnected;

(3)Constraints for reference points in fault curve: the reference points in same fault curve of the same
geology plane formed by one fault can’t be triangulated.

Figure5. Topologic inconsistency caused by the absence of constraints setting

3.6 The algorithmic flow of constructing TIN for fault

Generally speaking, a series of reference points provided by geology maps express the fault structural
characteristics and the spatial shape indirectly. Aimed at constructing 3D model of faults, some mathematical
models must be built based on these reference points and some mathematical transform and some discrete
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operations must be carried out. Based on the constraints mentioned above, this paper constructs the fault TIN
through the following process, as figure 6 shows:

(1)Data collection: the purpose of data collection is dispersing the fault curves and the method is reading
the coordinates of reference points from geology map of each level and sublevel. The value of x coordinate and
the y coordinate can be read directly, the value of z coordinate is equal to the elevation of the geology map;

(2)Data save: save the coordinate values of reference points to database according to some rules sorted by
the name of faults;

(3)Data interpolation: If some reference points in fault curve are sparse, some skinny triangles will appear.
To ensure the reliability of the shape simulation of faults, linear interpolation operations to reference points
must be carried out;

(4)Carrying out Delaunay Triangulation: forming Delaunay triangles with linking one reference point(or
two reference points) on one geology map with two reference points(or one reference point) following the rules
of Delaunay Triangulation Algorithm, circulate this operation until the triangulation is finished;

(5)The treatments of cutting, geometrical coherence and topologic coherence to triangulated triangle
network of fault, and then the TIN of fault have been constructed.

Drata Collection of Reforence Points |
L]
| Fault Thatabase |
¥
| Drata Pretreat |
]

31 Field Points -+

L]

|||-.|_x'||||_:l: the closest
three points belong to
sume geology plune

Can it be Trisnpukaed

| Carry out Dielaunay wriargulated |
| TIM ot Fault |

L]
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coherence and topologic coherence

¥

| AT Mozl oo Fanle |

Figure 6 Fault TIN algorithmic flow chart based on geological layout plan of mine
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4 Instance Validating

As one subsystem of B/S mode based 3D visualization system for mine developed by author, with Java
language and combined with JOGL, taking Netbeans as development tool, the fault modeling and 3D display
functions have been realized based on the geology maps from one gold mine of China. There are 5 big faults
distributing in geology maps of -210~-380 level. The distribution of faults in -300 level was showed as an
example. These 5 faults are taken as modeling and 3D display objects.
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F3
F1

= @ o

Figure 7 Fault layout plan of one gold mine -300m section
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Figure 9 Combinational display of fault surface Figure 10 Integrated display of orebody and faults

There two 3D display modes for faults: line-frame and surface. The line-frame model is the TIN of faults
formed by Delaunay triangulation based on reference points on fault curves. Under this mode, the spatial shape
and relations of reference points and fault curves can be showed properly. The coherence of spatial Topologic
relation and geometrical relation of the triangulated Delaunay triangle can also be checked based on line-frame
model of fault. The surface model of fault can be formed through some operations based on line-frame model.
The surface display mode aimed at discovering the spatial shape and the distribution of faults. The results of
line-frame display mode and surface display mode are showed in figure 8 and figure 9. To develop the
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application of fault 3D display, the display mode can also be divided into single fault display, fault
combinational display and integrated display of faults and other objects in geological and mining engineering.
The combinational display mode can shows the relations among these 5 faults and each fault is dyed with
different colors. The integrated display mode realized the function of displaying faults and orebody in one
window. Under this mode, the relations of faults and orebody can be discovered thus provide evidences for
mine design and the selection of mining method. The result of integrated display is showed in figure 10.

5 Conclusions

According to the characteristics of the geology map, this paper brings forward a 3D modeling method for faults
with fault curves expressed by geology maps. Compared with other modeling methods of faults, it can reduce
the calculation of spatial topologic relations for the objects existing in geology and mining engineering during
the construction of fault model, thus the fault modeling flow can be simplified. After the setting of constraints
for Delaunay triangulation and the operations of cutting, geometrical coherence and topologic coherence, the
formed fault model can show the 3D shape, the distribution, the relations of the faults and the relations of faults
and orebodies properly.
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The tectonic activities are much stronger in areas of South-to-North Water Transfer West Route project with
complicated engineering geological conditions. It is most important to study in-situ stress for the project design.
In terms of the measurement values of in-situ stress, the model, which describes the relationship between in-situ
stress and the depth, can be set up, and regression equation can be obtained. Uniform experimental design was
adopted, with only two infinite drill measurements being taken on in-situ stress; all possible factors considered,
the most optimal regression equation can be reached in terms of the least variance. According to the
characteristics of high in-situ stress, comparisons have been made between engineering rock grading and the
Russenes method, Hoek method, and the optimal method for rock burst and assessment have been presented.

1 Introduction

The South-to-North Water Transfer West Route project is the most important infrastructure to relieve the
drought of Northern China. The engineering site lies in the north east of the Qinghai-Tibet Plateau, in which
new tectonic activities are very strong, and engineering geological conditions are complicated. In-situ stress is
one of the important problems of engineering geologies, and is crucial to engineering design. The Makehe river
to Akehe river section, one portion of the South-to-North Water Transfer West Route project, belongs to
Maerqu~Akehe in engineering geology!'!. There is sandstone with slate interbeds on the engineering site, with
block texture, the angle between the tunnel route and tectonic route is 50°~60°; and the tunnel crosses a regional
active fault. There are two drill holes for measurement of in-situ stress in the passage of Makehe~Akehe, which
measures the distribution of the in-situ stress in the depth of 200m~500m. To study the engineering geological
conditions and rockburst, the distribution of in-situ stress will be studied by regression analysis, through
uniform experimental design to search for the most optimal equation. According to characteristics of high in-
situ stress, comparisons have been done between engineering rock mass grading and the Russenes method.
Hoek method and the optimal method for rock burst and assessment have been presented.
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2 Analysis of Measurement of In-situ Stress

The maximum horizontal principle stress is 12.0MPa~25.82MPa, which changes dramatically, and it came from
the route drill hole XLZK14 and XLZK15, and the minimum horizontal principal stress is 8.0MPa~15.82MPa,
which is mainly 9.0MPa~11.3MPa, and it changes little; and the wvertical principal stress lies in
5MPa~11.12MPa, which change least!'l. The three principal stresses increase with rock depth. The vertical
principal stress is proportional to overlying rock thickness; the maximum horizontal stress and minimum
horizontal one are proportional to overlying rock depths at drill hole XLZK15, however, the maximum
horizontal stress and minimum horizontal one are not proportional to thickness at drill hole XLZK14. Poor
integrity, and low strength rocks have been discovered by drill hole, as illustrated in figure 1. It shows the
maximum principal stress and the minimum one of in-situ stress are high in the integrity, high strength site, vice

versa.
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Figure 1(a) distribution of in-situ at drill hole XLZK 14 Figure 1(b) distribution of in-situ at drill hole XLZK15

3 Uniform Experiment Analysis

Uniform experiment design is brought out by Wang yuan and Fang Kaitai in 1978. There are x factors, and
there are n levels each factor, and only n time experiment will be selected. So it can reduce experiment times,
and control all possible experiment !, In-situ stress field have been studied in literature *~”
have been gotten.

, and good results

There are 10 route drill holes and 5 dam site drill holes for measurement in-situ stress of south to north
water transfer west route project. The regression equation can be gotten between the maximum and minimum
horizontal stress and rock depths, o, = 0.0306X + 6.3804, given in figure 2"\, In term of statistical analysis
of measurement of in-situ stresses, they are proportional to rock overlying depths in engineering site, and ratio
with depths resembles like vertical stress one. So the distribution of in-situ stress is assumed to be linear in the
engineering site.

S, =Ah+B,
S, =A,h+B, (1)
S, = A,h
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Where, A1,A2,A3,B1,B2-constant, h-elevation difference from the earth crust to calculation point, S1,S2,S3-the
horizontal maximum, minimum horizontal stress and vertical one.

According to data of two drill holes, regression equation needed to be modified, through uniform
experiment design, and made upper limit and lower one of model parameters Al, A2, A3,B1, B2, and fixed ten
levels, given in Tablel. Refer to uniform design schedule table, and get to 10 sample, given in Table 2.

30
stress/MPa
25 ¢ ‘
20 . o 9?2 .
PSR 4
15 ¢
10
y =0.0306x + 6.3804
* R =0.7765
5 F @
depth/m
0
0 50 100 150 200 250 300 350 400 450 500
Figure2 regression equation of in-situ stress data of 10 drill hole
Table 1 level of sample Table 2 uniform design scheme
level Al B1 A2 B2 A3 level Al Bl A2 B2 A3
1 0.027 6.20 0.025 0.10 0.024 1 0.027 6.30 0.028 0.30 0.025
2 0.028 6.25 0.026 0.15 0.024 2 0.028 6.45 0.032 0.55 0.025
3 0.029 6.30 0.027 0.20 0.024 3 0.029 6.60 0.025 0.25 0.024
4 0.030 6.35 0.028 0.25 0.024 4 0.030 6.20 0.029 0.50 0.024
5 0.031 6.40 0.029 0.30 0.024 5 0.031 6.35 0.033 0.20 0.024
6 0.032 6.45 0.030 0.35 0.025 6 0.032 6.50 0.026 0.45 0.025
7 0.033 6.50 0.031 0.40 0.025 7 0.033 6.65 0.030 0.15 0.025
8 0.034 6.55 0.032 0.45 0.025 8 0.034 6.25 0.034 0.40 0.025
9 0.035 6.60 0.033 0.50 0.025 9 0.035 6.40 0.027 0.10 0.024
10 0.036 6.65 0.034 0.55 0.025 10 0.036 6.55 0.031 0.35 0.024

Standard deviation of each item is calculated by the following equation,
1 3.n -
C=—2.2.(5-5) )
i=l j=1

Where, S Sij -measurement value and calculation value; n-measurement times each drill hole. So

ij >
result of calculation can be gotten, the result of XLZK14 is given in table3, and the result of XLZK15 is given
in table 4.
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Table3 calculation of XLZK 14

level Al Bl A2 B2 A3 deviation
1 0.027 6.30 | 0.028 0.30 0.0253 11.099
2 0.028 6.45 0.032 0.55 0.0251 13.243
3 0.029 6.60 | 0.025 0.25 0.0249 11.756
4 0.030 6.20 | 0.029 0.50 0.0247 10.475
5 0.031 6.35 0.033 0.20 0.0245 13.709
6 0.032 6.50 | 0.026 0.45 0.0254 11.952
7 0.033 6.65 0.030 0.15 0.0252 13.407
8 0.034 6.25 0.034 0.40 0.0250 18.245
9 0.035 6.40 | 0.027 0.10 0.0248 15.386
10 0.036 6.55 0.031 0.35 0.0246 18.792

Table4 calculation of XLZK15

level Al B1 A2 B2 A3 deviation

0.027 6.30 0.028 0.30 0.025 33.097

2 0.028 6.45 0.032 0.55 0.025 23.387
3 0.029 6.60 0.025 0.25 0.024 31.707
4 0.030 6.20 0.029 0.50 0.024 23.468
5 0.031 6.35 0.033 0.20 0.024 17.039
6 0.032 6.50 0.026 0.45 0.025 9.655
7 0.033 6.65 0.030 0.15 0.025 15.106

8 0.034 6.25 0.034 0.40 0.025 11.208

9 0.035 6.40 0.027 0.10 0.024 18.644

10 0.036 6.55 0.031 0.35 0.024 9.877

Contrast between measurement value and calculation one was being listed in table 5

Table5 Contrast between measurement value and calculation one of XLZK 14, XLZK15

Number and depth S1 S2 S3
XLZK 14/ measurement 13.42 8.33 5.69
227.40 calculation 13.78 6.36 5.77
XLZK 14/ measurement 23.71 14.28 11.1
444.87 calculation 20.74 12.07 113
XLZK15/ measurement 17.64 10.71 7.55
301.79 calculation 16.16 8.30 7.67
XLZK15/ measurement 20.76 12.60 8.55
341.96 calculation 17.47 9.34 8.69
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According to measurement values of XLLZK 14 and XLZK135, standard deviation at NO.6 is least, so
distribution of principle stress confirm the law:
S, =0.032h +6.50

S, =0.026h +0.45 3)
S, =0.0254h

4 Rockburst Forecast

Rockburst is a common geological hazard in high stress engineering site. There are several method of analysis
of ruockburst, eg. strength theory, stiffness theory, energy theory and failure theory ect. Rock burst have been
assessed by engineering rock mass rating method, Russenes method and Hoek method.

4.1 Russenes method
In Russenes method, rockburst intensity figure are set up in term of relation between maximum tangential stress
O, and point load strength Is. Is should be changed in uniaxial compressive strength Rc, and rockburst would
be assessed by rockburst intensity figure. The rule is:

0,/R,<020  no rock burst

020<0,/R,<0.30 weak rockburst

030< 0, /R, <0.55 mediate rockburst

o,/R, =055 strong rockburst

4.2 Hoek method
0.34 slight sidewall failure

o, 0.42 serious sidewall failur (1)
R 0.56 reinforceme nt supported
0.70 serious rockburst

Tunnels which will be caved are assumed to be circle, according to measurement value of in-situ stress near
the tunnel elevation and compressive strength value of rock mass in the route(Rc=70MPa), so stress values at
NE 73° in the axial direction of tunnel see table 6, and result of rockburst can be gotten by four kinds of

method, see table 7. And 6, 0, 0, canbe calculated by the equation:

max

oy +o, 0,-0
o, =—H—"h_ZH “heos2a,o, =
2 2

where oy, 6, —the maximum and minimum measurement of in-situ stress, a-angle between oy and tunnel axial direction,

o, +0, O, -0
H_“hi"H “heos2a,o

max

=30,0,.

o,- selfweight stress.

Table6 basic data for forecasting rockburst

XLZK14 XLZK15
t | axial
unnet axia Classification of rock mass sandstone sandstone
direction
Maximum depth 441m 291m
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Uniaxial compressive strength R, 70MPa 70MPa
Axial stress oL 15.21MPa 11.30MPa
NE730 Maximum tangential stress Gy 21.60MPa 17.05MPa
Maximum in-situ Stress Gmax 53.77MPa 43.54MPa
Table 7 result of rockburst
Tur.mel gx1al Rock mass rating | Russenes method Hoek method
direction
3.06<<4 0.77>0.55 0.77>0.7
XLZK14 E73° )
NE73 rockburst Strong rockburst Serious rockburst
3.97<4 0.62>0.55 0.62>0.7
XLZK15 NE73° )
rockburst Strong rockburst Serious rockburt

5 Conclusions

1. The regression equation can be obtained by uniform experimental design from Akehe to Makehe with two
drill holes; according to the regression equation of in-situ distribution by all measurement of drill hole in South-
to-North Water Transfer west route project. It shows in-situ stress increases with overlying rock depths.

S, =0.032 h+6.50

S, =0.026 h+0.45

S, =0.0254 h

2. In this route, there is rockburst, sometimes strong ones by the Rock mass rating method, Russenes method
and Hoek method.

3. Distribution of in-situ stress is complicated, which is influenced by much geological conditions; therefore a
lot of attention should be given in engineering design.
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Abstract: In the temporary Channel Construction of Daping Subway Station in the first metro line of Chongging, the
methods of supporting roof with I-steel and broking rock with FengGao to knock down the existing Shallow-buried
and soft-rock tunnel are adopted. Step by step circular excavation with some core soils left and artificial non-blasting
excavation methods are adopted in the new construction of the tunnel. It is seen from field monitoring that the surface
settling curve follows certain pattern, and the settlement is generally larger at places near the tunnel’s middle line. In
weak and soft stratum, it is important to control the subsidence which is caused by the excavation of face and the
second half cross section of the tunnel. When the right construction methods are used, the deformation of ground
surface can be controlled, and reference is provided to similar projects in the future.

1 Foreword

With the newly built urban subways in our country; gradually, shallow-buried and mining methods have
become more widely used in the construction of subway tunnels because of the economic and flexible nature of
construction. When the stratum material is excavated at the shallow depth, the stratigraphy stress field adjusts
with the cavity formation to the depths of the invading stratigraphic replacement. This is described by the
moving of stratum material macroscopically and will spread to the surface due to construction, and land
subsidence will come into being. Excessive ground settlement and stratigraphic replacement will endanger of
the integrity of ground-level structures, and the safety of construction®™?. Study on surface the deformation
caused by excavation of the tunnel with shallow-buried mining methods is essential. Therefore, because of the
characteristics of the new tunnel with the existing intersection to the Channel Construction of Daping Subway
Station, shallow-buried rock with poor conditions makes research a necessity. The "New Austrian Tunneling
Method" has three requirements for construction: monitoring and measurement of the deformation, stability and
mechanical status of the support structure, judgment of support parameters, and the feasibility of construction
methods®.

In this paper, monitoring results of two key cross-sections (kO +36, kO +50) were selected as the focus of
analysis. The laws of deformation of ground surface are observed, while the methods of supporting roof with
I-steel and breaking rock with FengGao to knock down the existing shallow-buried and soft-rock tunnel are
adopted. The methods of circular excavation are carried out step by step, while some core soils are left and
artificial non-blasting excavation is adopted in the new construction tunnel. The deformation of the ground
surface can be controlled through synthesizing the period supports and protections measures of pouring the
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thick liquid into rock with ductile in advance. This reference is provided for similar projects in the future.

2 Introduction to the Project

The entrance of the original light rail station on the 2nd line is used for the temporary Channel Construction of
the Daping Subway Station .The temporary Channel Construction is 185.44 meters long constructed along the
eastern Daping primary school and is used to carry ballast or transport materials and equipment. The tunnel
vault is covered by 4-6 m depth of soil for the junction of entrance road, and 1-7m of loose soil for the surface,
and with mudstone and sandstone underlying. There is poor groundwater, humid rock, and about 0.5m soil of
grade IV vault which prone to collapse. The bedrock has two groups of fissures with block structure, and its
saturated compressive strength of sandy mudstone is 6.4Mpa. It’s a kind of shallow-buried tunnel with
integrated rockmass and grade IV wall rock.

There is a drainage box culvert whose bottom 2.06m away from the vault in KO +028; on the left side of
the tunnel in KO +033.02 is the 10th residence Lane 1 in Daping Center Street. The tunnel shortest distances
from the northwest corner of the residence line 1.33m, in KO +030 the same on the left there are two DN100
aslant tunnels with cast iron pipes which provide water, Pipelines elevation should be confirmed by drugging
ditch at the scene. There is the new secondary lining region made by two DN300 aslant branch holes with
concrete drainage pipes whose bottom 2.5m away from the vault approximately on the right side of the tunnel.
The characteristics of this tunnel is its small cross-section, shallow buried depth, and 33.75m2 (4.5m x 7.5m) of
the average cross-section excavation. Poor stability of surrounding rock, hard and tight construction are also its
characteristics. The plane map of intersection paragraph is shown in Figure.l.
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Figure 1 The plane map of intersection paragraph
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Station. The Channel Construction of the 2nd line is used in kO +0.00 ~ kO +021.52 completely. With the
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method of enlarged excavation in k0+021.52~ k0+031.707, it must be done after the removal of existing
sidewalk construction on the 2nd line of the secondary lining. The methods of supporting roof with I-steel and
broking rock with FengGao to knock down the existing tunnel are adopted. It must be controlled in 0.4m for per
circle footage. The k0+031.707~k0+185.44 is a part of new construction tunnel , the methods of circular
excavation step by step while some core soils are left and artificial non-blasting excavation are adopted in the
k0+031.707~k0+082.00.The per circle footage of k0+031.707~k0+082.00 should be controlled in 1.2m. The
methods of fully-cross-section excavation and technique of controlling earthquake. noise and blast are adopted
in the rest construction of k0+031.707~k0+185.44 whose per circle footage should be controlled in 1.5m. The
principles of " advanced pipe . strict Grouting. short excavation. strong support. early into a ring. diligent
measurement. close lining followed" must be followed in the methods of circular excavation step by step while
some core soils are left, and in ensuring the quality and safety of construction for premise.

3 Monitoring Results and Analysis

Monitoring is one of the three requirements for construction of "New Austrian Tunneling Method" .Rule of
rock deformation , stability and mechanical status of the support structure will be mastered through measuring.
and also the support parameters and construction methods will be judged that it is reasonably or not. The
following measuring items are mainly adopted in this paragraph of the tunnel at the process of construction:
Observation of geological and support situation , Convergence of surrounding displacement, settlement of vault
and ground surface etc.The measurement points’ arrangement of inside convergence and ground surface
settlement are shown in Figure 2.

Measuring point of pile

Surface line

% s Benchmark pile

QUT[107U90 [ouun]

Figure 2 The measurement points’ arrangement of inside convergence

and ground surface settlement

3.1 Vault Settlement

According to the geological conditions and engineering requirements, two monitoring sections were placed in
the entrance of shallow-buried tunnel ,they are k0+28 and k0+36 Separately. One of them k0 +28 is placed on
steel beams which Locate at the door frame of the existing tunnel. The other section KO +36 laid at the entrance
of the new tunnel , these two sections are placed at the junction department of the existing tunnel and the new
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tunnel which has a certain degree of representativeness. Curve of Vault settlement-time relation are shown in
Figure 3 and Figure 4.
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Figure 3 The curve between vault settlement and time of k0+28
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Figure 4 The curve between vault settlement and time of k0+36

We can see from Figure 3, the maximum value of vault’s subsidence volume in the cross section k0+28
appears on December 2, 2007, is about 1.83mm, afterward the adjacent formation tends to be in stability. vault
settlement appeared obvious rebound situation on November 22,and the biggest value of bounce achieves
3.78mm,it is precisely at this time of the construction process from the existing tunnel to the new tunnel with
step method. The steel beam which led to the door frame appeared in the short-term rebound situation, because
of blasting and soil beside the door frame was excavated. It is clearly that this cross-section vault settlement
gradually stabilize at after one month from the whole curve. In the temporary Channel Construction of the 2nd
light rail , the settlement of vault can be controlled while these methods of grouting reinforcing surface soil ,
digging the existing tunnel with artificial excavation and supporting roof with I-steel are used.

We can see from Figure 4, the maximum value of vault settlement in the cross section k0+36 appeared
about December 20, 2007, is about 3.33 mm, The total subsidence quantity is 3.14mm, afterward the adjacent
formation tends to be in Stability. It is clear that vault settlement reached 3mm less than a week from the whole
curve, it is noted that rock has a faster rate to be stability. But it appears repeated fluctuations between some
situation, because of effects of blasting, the short-term rebound effect of unloading appears at the surrounding
rock.

3.2 Ground surface settlement

The entrance of the temporary Channel Construction of Daping Subway Station is shallow-buried, the greatest
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depth does not exceed 10m, there are intensive pipeline underground and many buildings on the surface of
ground. Two cross-sections are placed at which near the 10th Housing of Lane 1 Center Street in Daping. There
are 7 measuring points each Section, section mileage is k0+36 and k0+50 separately. When measured piles are
emplaced, attention that test piles should be arranged every 3 ~ 5m, and keep them in the same section, the
benchmark pile should be located outside the whole sphere of influence of the tunnel, at the same time
attention should be paid for each Measurement of pile’s protection. Cross-sections’ time history curves of
every pile’s total settlement and two sections’ time history curves of middle pile’s settlement are shown in
respectively Figure 5 and Figure 6 below.

Medium pile pile number
1 2 3 1 5 6 7
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Figure .5 Two sections’ time history curves of every pile’s total settlement
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Figure 6 Two sections’ time history curves of middle pile’s settlement

From Figure 5 it is clear that the general trend of two sections’ surface subsidence are or less the same, the
shape like a funnel, both of which occurred in the largest settlement on the 4th test pile location, that is, the
tunnel centerline location, the final settlement of k0+36 is 3.82mm, and the final settlement of k0+50 is
2.63mm,don’t exceed regulatory requirements (surface subsidence should be controlled at less than 30mm). The
main impact of regional of tunnel excavation is about 18m far away from the tunnel’s axis, which has a larger
sphere of influence. Area of subsidence trough of cross-sections kO+36 and k0 +50 accounted for the total area
of subsidence trough are approximately 90.6% and 85.7%.

In weak and soft stratum, it is key to control the subsidence which is caused by the excavation of face and
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the second half cross section of the tunnel. At this stage, the value of subsidence and sedimentation rate of
measuring piles of tunnel’s axis are a little larger. The amount of surface subsidence of kO +36 and kO +50 are
2.89mm 1.95mm respectively, while working face and the second half of the cross-section passing through
and accounted for 36.1% and 54.2% of the total surface settlement.

It can be seen From Figure 6,on January 16, 2008, the largest value of surface subsidence of cross-section
k0 +36 reached to 5.33mm, the largest value of surface subsidence of cross-section kO +50 reached to 5.41mm.
With the passage of time and working face moving forward, the settlement of two cross-sections’ measuring
points have been basically stable in time.

4 Conclusion

(1) For the characteristics of shallow-depth and poor conditions to the rock, the new tunnel with the existing
intersection to special sections of the Channel Construction of Daping Subway Station, methods of a supporting
roof with I-steel and breaking rock with FengGao to knock down the existing tunnel are adopted. The methods
of circular excavation are performed step by step while some core soils are left and artificial non-blasting
excavation is adopted in the new construction tunnel. Synthesizing the period supports with protections
measures of pouring the thick liquid into rock with ductile in advance and I-steel arch centering, the surface and
building's subsidence are effectively controlled. The security and time of construction are guaranteed, the good
economic efficiency and the social efficiency are obtained, and will provide the reference for the similar
projects.

(2) It is obtained from monitoring the results of the surface settling curve, generally the closer the distance of
tunnel’s middle line, the bigger subsidence quantity is. In weak and soft stratum, it is important to control the
subsidence which is caused by the excavation of the face and the second half cross section of the tunnel.
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The Huize Lead & Zinc mine is a deep km mine in Yunan chihong Zn & Ge Co.,LTD. in China with mining of the
eighth orebody. The basic problems of this deep hard rock mine were high underground stress and development of the
fault structure. After summarizing the geological conditions of this mine, the characteristics of rockburst such as rock
core disking and rock formation spalling were described and the basic rules of rockburst were elucidated by the field
investigation. The rockburst types and intensity classifications were progressed to the surrounding rock of eighth
orebody, and the medium to intense rockburst trend was defined for 1451m to 1261m levels in the eighth orebody.
The influencing factors of rockburst including the initial rock stress, geological structure and mining depth were
considered for analysis for causes and mechanisms of rockburst in this mine.

1 Introduction

Rockburst is a geological disaster of dynamic instability in the hard and brittle rock mass, which was located a
state of high underground stress in the excavation of underground works. It produces changes in the surrounding
rock stress and abrupt release of the elastic strain energy stored in the rockmass; producing the bursting,
loosening, shooting, and throwing phenomena of rock blocks. This elastic strain energy of deformation stored in
the accumulated rockmass and generated over a long time due to the movement of the earth’s crust. Presently,
with the increasing depth of mines in the world, there are many deep underground engineering sites where the
surrounding rock are under high in-site stress and the threat of rockburst to underground safety mining tends is
greatly increasingly. The problem of rockburst in deep hard rock has not been solved completely, although
scholars at home and abroad have made tremendous progress in the occurrence, mechanism and monitoring of
rockburst. Rockburst is a very complicated phenomenon of dynamic equilibrium loss and these difficult

problems in rockburst need to be urgently solved [1-7].

The eighth orebody of the Huize Lead & Zinc mine is a rare, rich large-sized multimetal orebody in Yunan
chihong Zn & Ge Co., LTD. in China. The characteristics of the orebody are tremendous geological reserves,
high ore grade, and rare multimetals; such as germanium, silver, and cadmium. The geological conditions of the
orebody are complicated, including the presence of water, deepness, fragmentary and difficult together, which
hasn’t precedent in China. The distance is only 900 meters from Niulaijiang River, causing the accident of mine
water invasion in case that the rocklayer was broken by mine activity. The depth of orebody is 1280 meters
from the ground in the mine, which is one of deepest metal mines in China and is under high in-site stress
because of the deep mine and Yunnan-Kweichow Plateau. Rockburst occured locally in the mine, the threat of

rockburst to mining safety production tends to be greatly increasing.
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2 Geology of the Study Area

The mining area is located at the southwestern edge of the Yangtze metaplatform, and at the northeastern end of
the thrust structure zone of the Kuangshanchang—1Jinniuchang anticline on the eastern edge of the northeastern
fold beam in Yunnan (Figure 1). The developing northeastern folds, faults, along-faults and near-faults in the
mine area are favorable to spatial distribution of mineral deposits. The structure of mine area was patterned
toward the northeast-southwest direction, which was characterized firstly by schuppen structure, and secondly

by the northwestern-southeastern structure.

The geology of this study mine was described as in Ref. [1]. Briefly, the strata is divided from upper to
lower, i.e. (1) Maping formation of upper Carboniferous(C3m):purple and grayish purple argillaceous striped
breccia limestone with purple mud stone; (2) Weining formation of middle Carboniferous(C2w):grey
middle-thick layer-like limestone with oolitic limestone; (3) Baizuo formation of lower
Carboniferous(C1b):grayish white, ecru and pinkish red middle-coarse-grained dolomite with light grey
limestone; (4) Datang formation of lower Carboniferous(Cld):grey crypto-crystal limestone, a layer of 0.3 -
3.5m brown black fine siltstone and purple mud stone on bottom; (5) Third member of Zaige formation of upper
Devonian(D3zg3):grey crypto-crystal limestone and yellowish white, pinkish red middle-grained dolomite.
Qilinchang orebody occurred in the middle-lower of Baizuo formation of lower Carboniferous, whose strike
was N12° - 25°E, dip direction was SE and dip angle was 54° - 65°.
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Figure 1 Geological structure of mining area in Huize Lead-Zinc Mine

3 Characteristics of Rockburst

3.1 The Phenomenon of Rock Core Disking

The rock core from geology exploration bore is the most basal information to find out the characteristic of
rockmass mechanics. Rock core disking is the phenomenon that the rock core is broken into ‘disk’ in the
process of drilling, marks the production of brittle rupture and different unloading drilling, indicates obviously
the state of high in-site stress, and are caused by the multiple mechanisms of tension, relaxation and stress

release. Early in 1960s, this phenomenon is seen in the igneous rock area, but it can be seen in the hard
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metamorphic rock and sedimentary rock too [8-9]. Thereafter, the rock core disking phenomenon was found in
the construction of water power stations at Ertan, Lubuge and Laxiwa, including in Jinchuang mining area in
China.

At the eighth orebody in Huize lead-zinc mine, the different extent of rock core disking phenomenon in all
strata was observed in the process of drilling exploration of engineering geology. By analyzing the site drilling
data, the rock core disking phenomena are characterized by (1) Wide distribution but small size. The disking
phenomenon was found in most holes along the strike of orebody. There are generally two or three locations in
a boring; every rock disking is about 20 cm, which means the disking was not serious; (2) Thin thickness. It is
about 0.5 - 2cm, 0.2 - 0.3cm for the thinnest and about 1cm in general; (3) One type of rock cores are unbroken
into disk. On the surface of this rock core, there was some ring zones which were clear and obvious and were
composed of staggered fine tooth-like fissures with about 0.5mm (max).This type of rock cores can be separated
into disk along fissures, and then recovered to its original. (4) Two types in morphology: one was irregular, the

other was flat and smooth, whose surfaces were fresh and without any disseminated mark.

Rock disk produced in drilling and rock-core disked morphology are shown in Figure 2.

Figure 2 Rock core disk produced in boring

3.2 Phenomenon of Schistose Scaling on Sidewalls inTunnel

Figure 3 Schistose scaling on sidewalls in tunnel
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The depth of the eighth orebody excavated is more than 1 000 m. There are different degree phenomenon of
schistose scaling on sidewalls in across vein and main haulage way at 1391m and 1331m levels (Figure 3), the
phenomena of scaling are characterized by: (1) The scaling generally occurred in the ‘shoulder *wall of tunnel.
(2) The phenomenon of schistose scaling in hanging wall is less severe than footwall. (3) The phenomenon of
schistose scaling in surrounding rock of the deep tunnel is less severe than shallow. (4) Schistose scaling is plate
like sliver, the thickness is 0.5 - 20cm, the direction of schistose scaling is toward the vertical axes of tunnel,

and spreading along the tunnel axes, the length is from several meters to dozens.

4. Types and Intensity Classification of Rockburst

The prediction and control of rockburst is based on the types and intensity classification of rockburst. The
classification basis is the characteristics of the elastic strain energy storing and release, or the pattern of stress
activity. At present; it hasn’t been acquired consensus in study fields. Based on the results of investigation on
site, types and intensity classification of rockburst were studied and analyzed for grasp the basis on occurring
rockburst in the eighth orebody, so as to adopt a measure of rockburst prevention. Firstly, rockburst was defined
as a break loosening type according to an extent of rock fracture; Secondly, it was defined as small size (0.5 -
10m long) and large size (10 - 20m long) according to rockburst range; Thirdly, based on the failure pattern of
rockmass where rockburst occurred, it was defined as a schistose scaling type. Lastly, according to the genesis
of high in-situ stress and the direction of maximal principal stress in rockmass where rockburst occurred, it was

defined as a hybrid stress type.

The study status is summed up at home and abroad [10-11]. The intensity classifications of rockburst were

divided into slight, medium, intense and severe, as shown in Table 1.

The method of stress was taken from Barton to distinguish a and B in Norway, which is one of most simple
methods [12]:

a:Rc/o_l} o

=R /o,
Where R is uniaxial compressive strength (MPa), R; is uniaxial tensile strength (MPa), o is the maximum

principal stress (MPa).

The distinguished method:
10{cx £)0.66 No rockburst
S<a<10 0.33(f<0.66 Slight rockburst
25<a<5 0.16<£<033  Medium rockburst
a<25 £ <0.16 Intense rockburst

Based on results obtained from tests and calculation, parameters of the eight orebody related to rockburst

are shown in Table 2.
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Table 1 Rockburst intensity classification

Medium rockburst

Intense rockburst

Severe rockburst

Rockburst
intensity Slight rockburst
classification
The surface of wall rock
has the phenomena of
burst stratum disjunctum
and stripping, collateral
Main basis rupturing sound.

Rockburst occurred
fragmentary and
disconnected,
engineering was weak

influence.

The surface of wall rock has
the severe phenomena of burst
stratum disjunctum and
stripping, collateral shooting
and clear bursting sound,
duration period of time, depth
of rockburst reachs to 1m.
Medium rockburst has a
certain extent influence to

engineering.

Intense burst ejected
from wall rock like
‘shoot’. Rockburst has
continuity and develop
depth of wall rock, and
depth of rockburst
reachs to 2m. Intense
rockburst has a largely
extent influence to

engineering.

Severe rockburst can cause
severe burst ejecting even
throwing destroys; collateral
tremendous bursting sound,
rockburst occurs abruptly.
Rockburst has continuity and
develop depth of wall rock;
Severe rockburst has a severe
extent influence to

engineering, even destruct it.

Table2 rock mechanics parameters and rockburst proneness indexes of the eighth orebody rockmass

Rock characters

Indexes Remarks
C3m C2w Clb Cld
rock mechanics Rc(MPa) 56 74 53 65
parameters Rt(MPa) 3 2.7 1.7 2.7
R./o, 233 3.08 221 2705
1451m Level Rt /O-l 0.125 0.112 0.707 0.112 800m depth
Rockburst Intense Medium Intense Medium
proneness rockburst rockburst rockburst rockburst
R./o, 178 235 1.68 2.06
Rt /O'1 0.095 0.086 0.054 0.086 1060m
1261m Level
Rockburst Intense Intense Intense Intense depth
proneness rockburst rockburst rockburst rockburst

Note: Rock mechanics parameters were obtained on MTS from laboratory.

The previous results have shown that there is possibility of rockburst indeed in strata, under the action of

in-situ stress, in the mining area. This is the in-situ condition making rockburst occur.

5 Occurance and Mechanisms of Rockburst

5.1 Occurance of Rockburst

It was known that there are many factors influencing the rockburst occurring, such as rock brittleness, rock

strength, water ratio of rock, depth of engineering, geological structure, size and direction of in-situ stress field,

etc. By analyzing, the following were thought of as the main factors on rockburst occurring in the eighth

orebody.
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5.1.1 Effects of Geological Structure, Rockmass Structure, Rock Property on Rockburst

Generally, under horizontal in-situ stress, the brittle and compact rockmass are easy to be ruptured into rock
block, which obtain the stress to some extent to make rockbursts release abruptly. In usual case, rock whose
uniaxial compressive strength (Rc) is > 60 MPa tends to rockburst. Direct roof of the eighth orebody is C;b rock
strata, and floor is C;d rock strata, every rock is hard and intact, is tested that uniaxial compress stress is about
60MPa, and RQD is in exceed of 70 percent. Rock spalling was found in the ‘shoulder’ sidewall of tunnel under

the condition of high in-site stress.

5.1.2 Effect of In-Situ Stress Field on Rockburst

The elastic strain energy is stored in rock under in-site stress. Engineering was excavated under high stress,
whose stress in rockmass can reach 2~3 times higher than initial in-site stress. The maximal in-site stress in
1391m and 1261m levels were obtained in tests, is 25.5MPa and 31.5MPa, respectively. Method of stress was
used to distinguish the high stress zone, R; /o =2~2.6 was considered as great stress zone where intense
rockburst frequently occurred. The results showed that the eight orebody had the proneness from the medium

rockburst to intense rockburst.

5.1.3 Effect of Depth on Rockburst

About the source location, rockburst occurred at the depth deeper than 700 m, and it can be found at shallow
and medium depth in high stress field. For example, rockburst occurred at 200~400m in coals in Europe,
180~400m in metal mine in Russia, and at 150m in Kolar mine in India [13-15]. In this mine, the depth of

engineering is 1 060m at 1 261m level in the eighth orebody, which indicated the intense rockburst proneness.

5.2 Mechanisms of Rockburst

With the excavating of the tunnel, rockmass of the tunnel locates under the state of uniaxial or low confining
pressure, which occurred spalling at ‘shoulder’ by horizontal in-site stress. According to the results of uniaxial
compression test of rock, it can be known that the fracture of rock specimen in the state of brittle failure was
divided into two patterns: One is tensile crack, which is characterized by the parallel of crack plane to the acting
direction of main stress; the other is the inclined shearing plane. Their failure characteristics were corresponding

to those of both split-loosening type and tensile-shear shooting type rockburst.

In the mining area, the site investigation showed that the tensile crack was the main failure mode for the
rockmass of hanging wall under the condition of in-situ stress level. The failure characteristic of rockburst was a
brittle and unstable split failure, which occurred under the condition of higher stress level. Obviously, the brittle
failure of host rock was a deciding factor for the characteristics of rockburst failure. The results can be used as
an important geological basis to predict and prevent rockburst in the process of drift excavating in the mining

arca.

6 Conclusions

According to the experimental results combined with the geological investigations on site, the medium
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rockburst or intense rockburst proneness exists at the levels of mining at 1331m and 1391m. The stress

concentration at rock wall increases with the mining activity around engineering. Therefore, in mining design,

the mining method, stopping sequence and stopping structural parameters should be considered adequately to

avoid the high stress concentration and prevent a large-size rockburst. The conclusions provide the genesis and

mechanisms of rockburst in deep hard mines, and offer a basis for large scale rockburst prevention.
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SAFECOMINE INTRINSICALLY SAFE SYSTEM FOR MONITORING OF HAZARDS IN
MINES RELATED TO DISTURBANCE OF THE STRATA AND ENVIRONMENT
EQUILIBRIUM

ZBIGNIEW ISAKOW
Department of Geophysical Systems, Research and Development Centre for Electrical Engineering and
Automation in Mining — EMAG, Katowice, Poland

A structure and operating of SAFECOMINE - intrinsically safe system for monitoring of risk in mines, related
to disturbance of the strata and environment equilibrium have been described. The system has a modular
structure and consists of several cooperating sub-systems: seismo-acoustic ARES-5/E, seismic ARAMIS M/E,
GEOTOMOV/E and seismic at surface ARP 2000 P/E. The sub-systems record current physical parameters
(velocity and acceleration) of spatial vibration field of the strata. The excitation of spatial vibration field can be
resulted by the group of natural events connected with fracture of the strata, like: bumps accompanied by
vibrations as well as by subsidence on surface. The information recorded by the measurement network consisted
of sub-systems placed on the area of one or more mines can be integrated in time by the use of time markers
generated by GPS clock. The system controls risk on the area of mine with special attention to longwalls. By
the use of seismic, seismo-acoustic and small diameter borehole-drilling methods the system allows for
comprehensive assessment of rock bumps risk in areas of workings. The system allows for determination of the
stress concentration area in front of the longwall by the use of attenuation-tomography methods, where the
shearer is used as a source of imaging wave. Passive tomography and natural seismic events are the second
method used by the system for determination of the stress concentration area in front of the longwall. The parts
of the system operating in the areas hazarded by methane explosion are intrinsically safe and can be supplied
remotely from the surface. Such solution allows the system to keep its metrological functions at any conditions,
independently of the underground power-net state. Several dozen of sub-systems from SAFECOMINE were
implemented in many Polish mines, some in China and Russia and few in Ukraine.

1 Introduction

Intrinsically safe seismic and seismo-acoustic systems developed and produced by EMAG Centre are widely
used in the Polish coal and copper mines.

In the South-African and Australian gold, diamond, and copper mines, as well as in many other locations,
the ISSI Ltd of South Africa [S] and Hyperion Seismic Monitoring System designed by Engineering
Seismology Group Canada INC are being utilized. Chen, Gray, and Hudyma [1] used the hyperion system to
monitor mining seismicity and research the rock mass response to gold mining under high stress conditions.
These systems have good technical parameters and great dynamics, but do not fulfil the intrinsic safety demands
of long transmission lines or they don’t allow central supply from the surface.

The author was a leader of the Eureka project E!3355 - SAFECOMINE [4]. The project was designed to
develop and apply the new system in order to monitor and predict seismic and environmental hazards in
underground and open pit mines.

The EMAG R&D Centre for Electrical Engineering and Automation in Mining in Poland and the Institute
for Complex Managing of Natural Resources at the Russian Science Academy of Moscow were partners in the
Eureka project. In reference to the agreement on co-operation, this project was supported by the ISSI
International Ltd of Stellenbosh in South Africa and Tuzla University of Bosnia and Herzegovina.
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The SAFECOMINE system consists of many subsystems. Systems described in this article: ARES-5/E,
ARAMIS M/E, GEOTOMOV/E and ARP 2000P/E are SAFECOMINE subsystems.

2 Rock-bump hazards monitoring systems

2.1 Seismo-acoustic method control

The seismo-acoustic system ARES-5/E (Fig.1) has been developed to assess rock-bump hazards in mines, in
accordance with the principles included in the seismo-acoustic method for hazards assessment which is in force
in Polish mines. A basic task of the system is to process, by means of SP 5.28/E geophone probes (mounted on
anchors in walls of advanced galleries), the velocity of mechanical strata vibrations, and then, after
amplification and filtration in N/TSA-5.28/E transmitters, the transfer of the measured signals to the
Geophysical Centre on the surface by means of a telecommunications cable network and receiving circuits of

the OA 5/E surface station. Digital processing of obtained signals and their computer interpretation is performed
at the surface part of the system.

Processing IBM PC

MULTICOM
HE T | 8
) &
Station No 1 Station No 8
POWIERZEHOWA ARERS ‘ ARES-5/E surface station
| i e 1 | T ; | sxoasE- || |5 E
o E = R R | | M . transmission EEEEE =
7 Ix & 1 i [ [y b : e §
e, o ' sl S8 o
; [ | SLINES T F'y
where: = J’ r"’ .
Stations No 1-8 — surface stations of the I:’E;; 1; :;;’
ARES-5/E system e - [
OA-5/E — transmission receiver
NTSA-5.28/E — underground transmitter T j‘
SP-5.28/E — measuring probe T .
IBM/PC - processing computer F/ SP_S.2%/E 4 p-s xh
S1-S8 — separating light pipe links '\ i L I
L ..
Underground ~ Underground

Figure 1 Structure of seismo-acoustic system ARES-5/E.

The ARES-5/E system, including a full set of equipment for one surface station, consists of underground
equipment (SP-5.28/E type measuring probe, N/TSA-5.28/E underground transmitter) and surface equipment
(surface station of the ARES-5/E system, speaker for replay of measuring probe signals, optical fibre separating
link S, personal computer with a monitor and printer, used both as a processing unit and surface terminal).

In the ARES-5/E system, there are available up to 8 cassettes connected to one PC including the
ARES_OCENA software. Thus, the maximum number of measuring channels in the system is 64 items. The
software being applied perceives the ARES-5/E cassette modules as one 64-channel module, so the data
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recorded by particular geophones can be configured, grouped and presented on the monitor screen according to
a user’s request. Frequency of data sampling - the system parameter (default 1 minute) - may be modified, along
with the interval of refreshing other current values of calculated indexes (average values, deviations). Hour and
shift data are calculated on the basis of minute data. On the screen, both minute, hour and shift data recorded in
different ARES channels can be observed at the same time. The screen consists of windows including graphs.
The user can group the graphs, e.g. place in one window all graphs presenting the data recorded by geophones

from hazardous workings and in another one the graphs of geophones ordered by names of workings, etc. The
recorded screen configuration can be saved for future retrieving. Switching between screens (windows) is quick

and user-friendly.

The user may select and determine a way of data presentation. The example of a printout of a seismo-
acoustic activity diagram, performed for the selected time interval including marked bumps of minimum energy,

has been presented in Figure 2.

. Printout of diagrams

Geophone (1)p_Ivb_sc507

B

@Pit | Tockboad | A& Back | I Legend

[ | o]

Geophone: (1)p_IVb_sc507 for period: 10-03-2008 13:00 - 09-04-2008 13:00

3 400
3 18e+3
3200 — TRy =H - 1,783
3000 - kniewydoh 1,6 e+3
2 800 — E-wybob 15e+3
- E-niewydob Tai
e PAZW x2 y s glg
2400 — PAZN X2 / i@
2200 PAZW X3 / :? e*E
2 000 — PAZNx3 ' i |
= 10843 2
= 1800 — =
E 9,025
g 1600 | L8.0e+2™
1400 I 7.0 642
1200 60e+2
1000 : s0es2
800 H - 4,0 e+2
500 LA HITII £3.0 042
400 1 20e+2
4 1,0 8«2
200 4+
1 |
a FEs af |- EE £ g
2252222222523 222393 33238 2233382833288 3832383883
B R e L k]
R IR EE RSN R I RN SIS NSRRI REEREIERRTRRUSITIREE
goggdganganangagsssanasdsidsnadaanganassagatiziaatariz ey
SZZRaddFIdidel B2 d3 g Naddd a0 88 ad 225832 89355482 ¢
Time

Figure 2 Printout of a seismo-acoustic activity diagram for the selected time interval

Interpretation process is based

energy intensity),
PAZW
PAZN

average shift
average shift

I— Wydob average shift

on:

observation (measurements) of seismo-acoustic activity,

activity for working shifts (mining)
activity for non-working shifts (non-mining)

energy intensity for working shifts (mining)

observation (measurements) of quantity representing summarized pulse energy in a chosen period (i.e.

mining, geological and exploitation data influencing the interpretation process.

I —Niewyd average shift energy intensity for non-working shifts (non-mining)
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2.2 Microseismic method control

The ARAMIS M/E seismic system, together with the digital DTSS transmission module, permits tremor
location, determining the energy of tremors occurring in the mine as well as seismic hazard estimation.
Designed in the EMAG Centre, the DTSS intrinsically safe seismic transmission module provides the mains
supply of underground transmitters from the surface, signal digitalisation at the seismic sensor site and
transmission to the surface. A high level of registration dynamics of 110 dB, 0 150 Hz frequency band and
interference-resistant transmission provide correct, saturation-free registration of low energy (10°J), as well as
high energy signals, and identification of their characteristic phases. According to the extent of the mining area,
the system is based on seismometers or, optionally, on low frequency geophones. The equipment is intrinsically
safe and centrally powered from the surface. Digital data transmission allows triaxial transmitting (X, Y, Z) of
the ground velocity movements by a single teletransmission line. Signal sampling is performed by (24 bit)
Sigma Delta converters, providing high dynamics of conversion and recording. The system also allows
continuous, on-line registration of seismic signals with the help of a recording server. The standard software
provides registration of a single signal component per channel. An optional 3-component DTSS system requires
a non-standard software version allowing using triaxial seismic sensors (seismometers or geophones).

A schematic diagram of the ARAMIS M/E system with DTSS digital transmission module is shown in
Figure 3.

ARAMIS M/E processing server

SURFACE

DTSS

SP/DTSS

NSGA

GH
CsS/DTSS

| UNDERGROUND
Figure 3 Schematic diagram of ARAMIS M/E
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The ARAMIS MJ/E system consists of: ARAMIS M/E processing server comprising the ARAMIS WIN
software (location and energy determination) and the HESTIA software (seismic hazard evaluation),
ARAMIS M/E recording server with the ARAMIS REJ software and one (standard) or two (optional) digital
DTSS transmission modules.

Each SP/DTSS surface transmission station is fitted with: OCGA digital receivers, ST/DTSS transmission
control module with a GPS timer, mains switching module and a supply unit with a safety transformer.

The surface station functions together with SN/DTSS underground transmitting stations, each one fitted
with: SPI-70 seismometer and NSGA seismic transmitter.

Optionally, NSGA seismic transmitters can be connected to: GVu geophones (mounted vertically on a bolt
in the roof), GVd geophones (mounted vertically on a bolt in the floor), GH geophones (mounted horizontally
on a bolt), SPI-70 seismometers in a CS/DTSS box (working along the Z-axis, or X,Y axes) and a geophone
probe SG3 (mounted on anchor at a roof or a floor or in boreholes to be made in a roof or a floor.

In a standard version, the ARAMIS M/E seismic system is fitted with the ARAMIS WIN software. It
enables monitoring of seismic events in underground mines and performs the following functions:

collecting records from the register in a continuous automatic mode with an instant preliminary
processing (indicating characteristic phases of the signal, source location and energy determination),

- seismogram presentation,

- archiving records in ordered catalogues,

- opening signals stored in archives,

- convenient presentation of archive seismograms:
- smooth amplitude magnification,
- different modes of amplitude scaling,

- expanding and shortening of the time axis; smooth and rough movement along the time axis, fast
time window selecting,

- approval of settings in the operator’s mode (correction of marker positioning with respect to
characteristic signal phases, location and energy evaluation),

— presentation of an event location on a schematic mining map (with location in the operator’s mode),
- hard copying of the seismogram,

- entering and modifying sensors description,

- programming seismic recording transmitters,

- selecting program options,

- selecting data for processing (location and energy),

- interaction with other programs:

- ARP 2000 software used with the ARP 2000P/E system (linking the surface recorded data for better
location of seismic events),

- ARES_OCENA software used with the ARES-5/E system (linking recorded data for better location
of seismoakustic events),
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- ARAMIS_ WINJE software used with the ARAMIS M/E system (linking recorded data in adjacent
mines for better location of seismic events),

— HESTIA software (transmitting the event data to the global database and supplying other data, e.g.
names of workings or areas, etc.),

The HESTIA program functions are as follows (Hestia reports — Fig.4):

- automatic data collection (results of seismo-acoustic evaluation by ARES OCENA and shift deviation
values) from the systems other than ARAMIS M/E used in Polish mines (e.g. the seismo-acoustic
system ARES-5/E),

- automatic data collection (date, co-ordinates, energy of seismic events) from the ARAMIS M/E system,
- recording small-diameter drillings results,
- automatic seismic hazard assessment by means of the summary and complex methods,

- automatic seismic hazard assessment by means of the seismology method and small-diameter drillings.
Optionally, by means of the seismo-acoustic method, provided that there is an ARES system in use in
the mine,

- printing reports: daily report on seismic hazards, reports on seismic activity (huge configuration
possibility),

- entering details of the mine structure (names of seams, areas, workings co-ordinates, shift advance, etc.)
and parameters for hazard estimation (e.g. critical drillings yield value with small-diameter drilling).
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2.3 Geotomography method control

The new Polish intrinsically safe system GEOTOMO/E, developed at the EMAG under direction of the author
has been designed for monitoring relative-stress changes that occur in the coal roof and seam in front of a
longwall. Rock-mass imaging is achieved by seismic waves generated by the cutting head of a cutter-loader.
This enables the detection of zones where stress is concentrated and the identification of their occurrences and
the hazards they may induce. A seismic signal generated by the cutting head of a cutter-loader, the position of
which is monitored in the course of penetrating the imaged area, is recorded by a properly configured network
of sensors mounted in advanced galleries to provide optimal conditions for signal identification.

Signals detected by sensors installed in the coal roof and seam, after A/D conversion, are transmitted to the
GEOTOMOVJE seismic device, constructed especially for this purpose, that interfaces with the system that
monitors the coal getting process (a system that provides information on the cutter-loader position) (Fig.5). The
system has been made on the basis of the equipment of the ARAMIS M/E system and geophones GVu and GHa
including appropriate software (Figure.6).

SURFACE PART OF THE SYSTEM

IBM PC SERVER SUPERIOR IBM PC SERVER
FOR MONITORING > SERVER —> FOR IDENTIFICATION
CUTTER-LOADER PARAMETERS OF STRESS CHANGES
I |
MODEM \ RECEIVING PART OF DIGITAL TRANSMISSION \
v
% TRANSMITTERS FOR DIGITAL TRANSMISSION
o] B
e
=
M~
El
o]
COMPACT >
STATION X

CUTTER-LOADER

Figure 5 Structure of the interconnected systems for monitoring relative changes in stress and the coal getting process. (This figure is an
example of sensors in the array scheme for coal-seam geo-tomography; a scheme for coal-roof geo-tomography is not shown.)

The digital transmission of data ensures a high-quality recording and enables a reduction both of the device-
specific noise and noise generated by the telecommunication network. The interpretation of the recorded signal
is based on algorithms verified in the analysis of continuous seismic monitoring results in the course of
geological drilling. These algorithms are based principally on examination of the energy of the registered
signals.

The method presented here enables the description of the distribution of coefficients for the elastic-wave
attenuation in rock on the basis of registered decreases in average amplitudes of vibrations generated by the
cutting head of the operating longwall cutter-loader. For the purpose of determining the attenuation coefficients
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in the elementary cells, into which the monitored regions of the coal bed and roof in front of the longwall have
been divided, the inversion algorithm [2, 3] was applied, based on matrix decomposition together with the
method of solution regularisation in cases of high-level random noises.

GEOTOMOI/E system's processing computer

SURFACE e -
| . |
= R

Media Converter

SP/IDTSS Recording server
Surface station

NSGA Ynsca ¥ nNsGga ¥ UNDERGROUND

T (e o

GVu GHa
GVu GHa

Figure 6 Structure of the GEOTOMO/E system for monitoring relative changes in stress in front of a longwall.

The standard GEOTOMOV/E system for monitoring relative changes in stress consists of the following:
GVu-type geophones, GHa-type geophones, NSGA underground transmitters, SP/DTSS surface station with
digital OCGA receivers and ST transmission control module, recording server, separating network connector
with the Media Converter, and the GEOTOMOV/E system’s processing computer.

The supply of the system’s underground component is made centrally from the surface with the appropriate
intrinsically safe voltage. Such supply ensures proper operation of the geophones and transmitters, unaffected
by the incidental breakdowns in local supply network on the longwall or in close-to-longwall roads.

The intrinsically safe underground part of the system consists of seismic geophone GHa sensors installed
horizontally in the seam on anchors adapted specifically for that purpose, and seismic geophones of the GVu
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type installed vertically on anchors in the roof. Sensors are compatible with seismic NSGA transmitters. Each of
the 16 seismic transmitters is compatible with 1 GHa sensor and 1 GVu sensor.

Sets of GHa/GVu sensors, together with an NSGA transmitter, are installed in both of the advanced
galleries, symmetrically against the longwall front in 20-m intervals. Measurement points are established in
20m intervals, which, on the one hand are appropriate for coverage of the measured area, and on the other hand
are sufficient when taking into account the limit of propagation of the seismic signal generated by the working
element of a cutter-loader.

NSGA seismic transmitters serve as programmable “intelligent” underground-measurement concentrators
that facilitate control of amplification and filtration of signals, switching of amplification between measurement
channels in accord with the commands given from the surface, A/D conversion with dynamics not less than
100 dB, and digital transmission of data to the surface.

A sample result of operation of the system is shown in the Figure 7.
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Figure. 7 Map of attenuation in a coal roof on 18 January 2005 as a result of cutting of wall no. 306 with a cutter-loader within the period of
12:11 to 12:54 hour, set against the track record of a cutter-loader operating path.
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The information obtained, presented in the form of attenuation distribution changes (being approximately
inversely proportional to stress changes) in front of the getting cutter-loader, enables optimisation of the
performance of powered supports as well as selection of the most appropriate parameters of their operation,
(supportiveness). Such information also improves the work safety in the mine workings. The results of
measurements can be compared with other data, such as the value of active power consumption of a longwall
cutter-loader during cutting. Thus, data can be obtained for calculating the relationships between control of
sufficient support, relative-stress distribution within the longwall during cutting, and the energy expenditure
necessary for completion of such an operation.

Analysis of the results obtained revealed a notable correlation of zones where the effects of stress changes
(rock falls, outbursts) were manifested with the zones identified in the course of operation of the system
monitoring the attenuation changes (approximately inversely proportional to the relative changes in stress).
Such a coincidence is not accidental and positively verifies the operating system with regard to its accuracy in
determining tensed or tightened zones (marked with various shades of red) as well as de-stressed and yield
zones (marked with various shades of blue).

Verification tests for the performance correctness of the system for monitoring relative changes of stress in
a coal seam and roof in front of a longwall, carried out in operating conditions, have proved the system’s
efficient performance has been considered most promising. The results obtained are stable and indicate a trend
of occurring changes. Also it has been proved that the formation of dangerous stress waves in front of a
longwall causes rock falls and side outbursts of coal. Diversification of stress is greater in the roof than in the
coal seam, although the stress distributions are of similar character.

3 Monitoring of Hazards to the Surface by Means of Vibrations Caused by Mining Tremors

ARP 2000P/E is a digital telemetric system designed for recording and analysing low frequency vibrations of
ground and buildings situated in hazardous areas with tremor occurrence as the results of mining, tectonic or
traffic origin. Modular structure of the system facilitates creation of distributed measuring networks. Transfer of
measured data is made by means of wireless GSM network.

The system is based on two kinds of sensors: one, two and three component acceleration probes or
electrodynamic gauges — seismometers. Data concentrators assure very precise time base synchronization by
means of satellite clock GPS.

Software applied in monitoring centre works under control of operating system Windows. It provides
remote data collecting from data concentrators, storing and frequency analysis. Optionally specialized software
for automatic assessment of harmful tremor influence including different standards is available.

ARP 2000P/E consists of two parts (Fig.8): a station and an object. Elements of the station part, situated in
the surface hazard control centre, are: a computer of PC class fitted with GSM (Global System for Mobile
Communications) modem for bi-directional, digital wireless communication with object concentrators, and
software for archive, presentation and initial processing of recorded data. Elements of the object part are
concentrators of measured data. Each concentrator is fitted with a telephone modem and GPS receiver.
Optionally a portable computer — laptop may be used for transferring data from concentrators.

The parts of the system are:
- telephone modem GSM (dual band GSM modem 900/1800) of FALCOM — model Twist,

- GPS receiver with integrated antenna of GARMIN - model GPS35-LVS with “one second impulse”
output for precise time measuring,
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one component seismometric sensor (SPI-70) named “transmitting station SN/ARP” or three
component acceleration sensor type CZP3X (option),

local measured data concentrator LKP-ARP type.

b :

SEISMOMETRIC SENSOR (SPI-70) ACCELERATION SENSOR TYPE CZP3X

Figure 8 Shows ARP 2000P/E system structure with one component acceleration probes.

System assures vibration detection of mining seismic or traffic origin, synchronized recording of signals
from one, two or three component sensors (of acceleration or seismometers) displaced in unlimited wide-spread
area, digital wireless transmission of recorded data to the centre, where data are archived, and processed. The
result of data processing is the assessment of harmful vibrations influence on surface objects in relation to legal
standards.

Taking into account only telemetric functions, system provides:

recording of ground vibrations by either three component electrodynamic (velocity) or optionally
acceleration sensors, for frequency range from 0,5 — 100 Hz in many local concentrators distributed in
wide-spread area,

very precise time base synchronization by GPS in local concentrators and other recording devices
located in neighbouring objects,

recording of seismic events with great dynamics of measured signal variations; 90 dB is guaranteed by
converting circuits nearby sensors and recording circuits of local concentrators,

convenient measured signal to noise ratio,

digital transmission to local concentrator via one pair telecommunication cable and digitally formed
signal to RS-485 standard,

possibility of bus communication of maximum four sensors connected to common trunk,

detecting of significant seismic events in measuring concentrators, buffering records in SRAM
memory and initial processing of recorded data,

reliable, bi-directional, digital, wireless transmission via GSM between local concentrators and host
computer,

buffered, remotely controlled power supply of local concentrators.
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4 Summary

In the years 2004-2006 within EUREKA!3353 project, EMAG realized SAFECOMINE system for monitoring
and forecasting of risk related to disturbance of the strata and environment equilibrium designated for the
underground and open-cut plants of natural resources in mining. The effect of carried out and verified in lab and
field trials results have been implemented as prototype versions of the system.

Seismic ARAMIS M/E and seismo-acoustic ARES-5/E systems, in performance designated for Russian
market, obtained positive opinion of certifying unit in Moscow SERITUM and on the basis of certificates issued
by Russian Federation Mining Authorities have been approved to apply in Russian mines. Seismic system
ARAMIS MJE collaborating with system for monitoring of surface hazards ARP2000P/E has been approved to
apply in Chinese mines. All elaborated systems of SAFECOMINE system have been broadly implemented, also
in Polish mining plants.

In 2004-2008 new installations of EUREKA!3353 systems were performed:

- Seismic systems ARAMIS M/E in Hua Feng, Tiger (Lahutai) Mine in People’s Republic of China,
KUZBAS Union — Piervomaiskaia Mine (Russian Federation), Zasiadko Mine (Ukraine), in
JAS-MOS, Marcel, Ruduttowy-Anna, Zofiowka, Jankowice, So$nica —Makoszowy, Piast and
Bielszowice coal mines in Poland;

- Seismo-acoustic systems ARES-5/E in KUZBAS Union — Piervomaiskaia Mine (Russian Federation),
Zasiadko Mine (Ukraine), in Huating, Yambei, Huafeng Mine in People’s Republic of China in
Knurow, Kazimierz —Juliusz, Rydultowy-Anna, JAS-MOS, Staszic, Piekary, Piast, Marcel, Zofiowka,
Wesota and Jankowice coal mines in Poland;

- Seismic systems for recording of vibrations at surface ARP2000P/E installed in Hua Feng Mine in
People’s Republic of China, in Wesota, Knuréw, Staszic, Zofiowka, JAS-MOS, Kazimierz-Juliusz,
Piast, Jankowice coal mines and several in KGHM Polska Miedz O/ZG Rudna copper mine;

- Intrinsically safe GEOTOMOVE system was installed and tested in the “Bielszowice” hard coal mine.

The research and development works currently conducted on the systems aim at a program integration of the
measuring networks of the systems being in use in order to gain new opportunities of explanation of events by
compression of measuring points within especially hazardous areas (e.g. a longwall) and by diversification of
their placement in the space (in particular vertical). This will allow more accurate location and a broad use of a
passive tomography to determine the points of stress concentration.
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SCALING LAWS AND THEIR IMPLICATIONS FOR RE-ENTRY PROTOCOL
DEVELOPMENT

JAVIER-A. VALLEJOS and STEPHEN-D. MCKINNON
Department of Mining Engineering, Queen’s University
Kingston ON K7L3N6, Canada

The statistical properties of empirical scaling relations, such as the modified Omori’s law n(t)=K(c+t)® for the
temporal decay of aftershocks following a main event and Béth’s law Am for the magnitude of the largest aftershock
are examined for mining-induced aftershock sequences in a number of mines in Ontario, Canada. We focus our
attention on significant statistical correlations of seismic parameters for re-entry protocol development after blasts and
large events. The Omori’s law parameters along with their error assessment are estimated using the maximum
likelihood method and considering only the time interval that satisfy power-law behaviour (c=0). The sites analysed
presented normally distributed p values, ranging from 0.4 to 1.6. The parameter K can be satisfactorily expressed as
K=N nour, Where x is well represented by a log-normally distributed variable with parameters g and o, and Ny poyr i8
the measured number of events occurring during the first hour after the main event. We found that y and o are in a
well constrained range with mean values of 0.334+0.060 and 0.146+0.043, respectively. Using Monte Carlo
simulation, isoprobability curves are derived for estimating a re-entry time after a main event. Bath’s law was
evaluated for seismic moment magnitude. The results are more scattered due to the limitations of microseismic
monitoring systems to appropriately quantify large magnitude events. However, normally distributed values of Am
were found at the three sites, with a mean value of 1.25+0.31. Mining-induced aftershock sequences present similar
scaling properties to earthquakes. The practical implications of these statistics for re-entry protocol development one
hour after a main event are: (1) a probabilistic re-entry time can be estimated; (2) the most probable largest aftershock
for a specific time window can be estimated.

1 Introduction

Prediction of the time and location of seismic events, whether they are crustal-scale earthquakes or mining
induced events, remains an unsolved problem. It has been recognized for some time now that seismicity in the
earth’s crust is a complex dynamical problem exhibiting many elements of chaotic behaviour, implying that
prediction will not be possible [2, 9]. Despite our limited understanding of the mechanisms involved, certain
characteristics of aftershocks have been recognized that enable useful decisions on tasks such as re-entry to be
made.

Aftershock characteristics of crustal-scale seismic events have been studied extensively with the objective
of understanding the basic physics of the process and for application to hazard assessment. Aftershock statistics
are attributed to a number of causes. Stress change induced by the main event clearly has some influence, either
in terms of static stress change [4, 21] or dynamic stress change [7, 12]. Other mechanisms have also been
proposed including stress corrosion [6], and damage mechanics [19]. Despite the natural variability associated
with aftershock sequences, most results are expressed in terms of scaling laws. These laws are statistical fits of
functions to observable patterns of aftershock sequences, and regardless of whether they explain the underlying
physics the patterns that they fit are valuable in terms of applications such as the development of re-entry
protocols. Two such scaling laws are

1) The modified Omori’s law [18, 22, 23] describes temporal decay rate of aftershocks after a main event.
Statistical evidence for the validity of the modified Omori’s law (MOL) applied to mining-induced
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seismicity and preliminary guidelines on how to use it for re-entry protocol development have been
proposed [24, 25]. In this study, we use aftershock statistics of the MOL in connection with Monte
Carlo simulations to establish probabilistic re-entry times.

2) Bath’s law [3] states that the difference in magnitude between the main event and the largest
aftershock is a constant, independent of the main event magnitude. In this paper we redefine Béth’s
law based on the temporal characteristics of the aftershock sequences. This result will be useful in
selecting values for parameters such as the magnitude of re-entry resetting events.

The primary purpose of this paper is to study the statistical properties of mining-induced aftershock
sequences. To accomplish this, we have applied the two scaling relations to 172 mining-induced aftershock
sequences from three different mine sites in Ontario, Canada, namely: Copper Cliff North, Kidd Creek and
Macassa. Additional results from another four mine sites are provided.

2 Data and Methods

Details of the sites analyzed, the methodology employed for identifying aftershock sequences and processing
the data, have been published elsewhere [24, 25].

3  Omori’s Law

The temporal decay rate of aftershocks is described by the modified Omori’s law [18, 22]:

K
T (c+t)’

n(t) (1)

where n(t) is the rate of occurrence of aftershocks, t is the elapsed time since the main event, C is a time offset
constant, p is a parameter that determines the speed of decay and K is an activity parameter.

3.1. Estimation of the Decay Parameters

The parameters K, ¢, p and their uncertainties AK, AC, Ap are estimated by the method of maximum
likelihood [17]. If the occurrence times t; (i=1,...,N) of the individual events are available in a target time
interval [T, Tg], the following log-likelihood function becomes available:

N
InL(K,C, p.To.Tg) = NInK - p> In(t, +¢) — KA(C, p.T,.Ty) (2)
i=1
where
In(T; +¢)—In(T, +C) for p=1 A3)
[T +0)* ~@,+0) P Ja-p)  forp=1

As a goodness of fit the Anderson-Darling statistic W*[1] is used:

A(c, psTAaTB) = {

W2=-N +ZN:(2i —D)[In(u;) + In(1 - uy,, ;)] “)

i=1

where U; is the cumulative density function after time t;, which for a MOL process is given by:

In(t, +¢)—In(T, +¢) .

In(Tg +¢)—In(T, +¢) P= (5)
(t + 0)P- T+ )P
(Tg + C)l_p —(Ta+ C)l_p

p=l
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W ?=0 indicates a perfect fit. We will assume that sequences with W <1.0 conform to a MOL [15, 16].
From the above equations the following steps are used to estimate the MOL parameters:

1) Specify a target time interval [Ta, Tg].

2) Maximize the log likelihood function.

3) Test if the proposed decay relation adequately describes the aftershock sequence (W *<1.0).

There are numerous time intervals that satisfy W ><1.0 for a given aftershock sequence. We adopt the
method proposed in [24] which attempts to estimate the maximum time interval [Ts, Tg] that follows power-law
behaviour (W *<1.0, ¢=0). Figure 1 illustrates the estimated power-law time interval, with the corresponding
MOL parameters, for a blast related aftershock sequence.
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Figure 1 Different stages for a blast related aftershock sequence

At least four different stages can be identified from figure 1.

1) t,-Ts: Initial noisy stage before the beginning of the power-law decay. Several factors may affect the decay
during this stage, such as; overlapping of seismic records that make it difficult to identify and locate the
many event [11], a complex process which the Omori equation is not able to adequately describe, or the
sequence may actually begin gradually and build to a higher rate before the onset of smooth decay [10].

2) Ts-Tue: Once the power-law decay starts, there is a characteristic point corresponding to the maximum
curvature, given by:
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3)

4)

1

2p+1 [Pt
Tmc{Kpﬂ/pp”} —c 6)

This point defines the transition from high to low event change rate [24]. This can be demonstrated by
replacing Eq. (6) in the first derivative of Eq. (1):

. :dn(TMC):_/p+2 (7)
NTuc) dt 2p+1

For the typical range of p values found in mining-induced aftershock sequences, between 0.4 to 1.6, n'(Tyc)
can range from 1.15 to 0.93. The implication is that after Ty,c the change in event rate starts to decrease at a
speed of approximately less than one.

Tuc-Te: After Tyc the power-law decay can continue until a time where the data starts to deviate from a
single MOL (W *>1.0).

Te-ty: Te defines the end of the power-law regime and a transition to a different process [24], while tn
is the last event identified by the (temporal) clustering algorithm. In figure 1, Tg is coincident with the start
of a secondary aftershock sequence.

In the following sections we present statistics for the estimated parameters K and p, and for the start Ts and end
Te times of power-law decay.

3.2. Start Ts and End Tg Times of Power-Law Decay

Figure 2 provides the population distribution of the estimated start and end time of power-law decay for seven
different mine sites. In general, the decay of mining-induced aftershock sequences starts during the first hour
after the main event (figure 2(a)). On the other hand, the end time of the power-law process may commence
over 100 hours after the mainshock, but median values range between 14 to 22 hours, which is driven by the
mining process (figure 2(b)). The Macassa site presented the largest 95% percentile as a consequence of the
large average time between large blasts.
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Figure 2 Start and end times of power-law decay for seven different mine sites
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3.3. p and K Values

Figure 3(a) presents the distribution of p values estimated for the power-law time interval at the three sites of
interest. Each distribution seems to represent site specific conditions, with higher mean p values for the Kidd
Creek and Macassa sites. In the crustal scale literature, this variability has been related to the properties of the
fault system and surrounding lithosphere [13, 14], but it is still not possible to draw conclusions about the
significant factors that affect the p value in aftershock sequences.

Theoretical and empirical correlations between the parameter K and the number of events measured during the
first hour after the main event N, p,,, were proposed [24]. K can be adequately expressed by:

K=xN 3

where « is a site specific parameter obtained by a least squares fit between K and N o, By excluding cases
with x&>1 and Ts>1, the coefficient x presented a surprisingly narrow range, between 0.25 and 0.50, with an
average of 0.35+0.07, for seven different mine sites in Ontario [25]. In order to incorporate the previously
excluded cases in the analysis we test if there is any significant distribution for representing the complete
population of &= K/N| 1o We found no significant statistical departure from a two parameter log-normal
distribution, as shown in figure 3(b). Table 2 presents the maximum likelihood estimates of the log-normal
parameters, x and o, with their corresponding Chi-square significance levels for seven different sites in Ontario.
The two parameters that best describe these distributions are in a well constrained range.
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Table 2. Estimated parameters and significance levels for a log-normal distribution representing the complete population of x

Site min k max K u c Chi-Square significance level
A 0.159 0.953 0.306 0.124 0.320
Copper Cliff North 0.149 2.189 0.382 0.214 0.764
Craig 0.131 0.401 0.289 0.123 0.655
Kidd Creek 0.115 1.015 0.414 0.202 1.000
Macassa 0.034 0.483 0.264 0.137 0.801
McCreedy East 0.142 0.545 0.290 0.104 0.965
Williams 0.232 0.761 0.394 0.121 0.952
min = 0.034 0.401 0.264 0.104 0.320
max = 0.232 2.189 0.414 0.214 1.000
mean = 0.137 0.907 0.334 0.146 0.779
S.D.= 0.059 0.612 0.060 0.043 0.238

3.4. Probabilistic Re-Entry Protocol

The well-defined distributions presented by the seismicity parameters p and x, can be incorporated into a Monte
Carlo simulation to derive probability distributions of re-entry times. By replacing Eq. (8) in (6), for a power-
law process (c=0), we obtain an expression for the time of maximum curvature as a function of the variables x
and p, and the input Ny 1,0, Isoprobability plots for Tyc as a function of N hour are obtained for the three
sites under study, as shown in figure 4. These plots are interpreted directly as the probability that Ty is lower
than a certain time t for a given N; po.. As a reference the least squares fit between Tyc and N o, are also
indicated in figure 4.

O Copper Cliff North cases O Kidd Creek cases

— — Least squares fit [25] — — Least squares fit [25]
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Twmc (hours)

0 50 100 150 200 0 50 100

Number of events first hour, N | oy
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Figure 4 Isoprobability plots for Tyc as a function of Ny for the sites under study
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Current re-entry practices are based on the requirement for the monitored parameter to return to a
previously defined background/normal level of seismicity for a specified time window, which is known as the
background time window. Based on a survey on current re-entry practice [25], mines typically use a background
time window of 2 hours, although this is a relatively arbitrary choice. Given the inherent variability of the event
decay rate displayed in figure 4, we propose a background time window as the difference in Ty for the 95%
and 50% probabilities:

ATBW = TMC%% N TMCso% (9)

4 Bath’s Law

This scaling relation states that the difference in magnitude between the main event and its largest aftershock is
approximately constant, independent of the magnitude of the main event [3]. That is:

Am =m,,. —m,, ~ const (10)

where mye and my, are the magnitude of the main event and largest aftershock, respectively. The scaling
associated with Bath’s law implies that the stress transfer responsible for the occurrence of aftershocks is a self-
similar process [20]. For crustal earthquakes this difference is typically taken to be Am=1.2. Many studies have
confirmed Bath’s law, however Am seems to differ from sequence to sequence, with large fluctuations between
0.0 and 3.0 [5, 8, 22]. In terms of re-entry protocol development, large magnitude aftershocks could occur
during the background time window. Bath’s law provides a potential method to estimate the magnitude of the
largest aftershock.

From a preliminary analysis of mining-induced aftershock sequences, it was determined that the majority of
the larger aftershocks have a tendency to occur close to the first event in the sequence. In addition, for some
sequences, the largest magnitude event was not always associated with the initiation of the sequence. These
considerations limited the direct applicability of Béth’s law to mining-induced seismicity. In order to be useful
for re-entry purposes, Béth’s law should consider the main event as the largest magnitude induced at the
beginning of the sequence and the largest aftershock at a latter stage in connection with the aftershock decay
rate. We considered the following adjustments:

1) The main event was defined as the largest magnitude event occurring during the first hour after the event
that initiated the sequence. This selection was based on the fact that 98% of the sequences analysed
presented Ts less than 1 hour (see Section 3.2). It is also necessary to have the first hour of data for
estimating Tyc.

2) The largest aftershock needs to be defined for a time period of interest after the first hour. A natural choice
is the time period after the aftershock rate has significantly decreased. This is well represented by the
maximum curvature point. A possibility is the time period Tyc-Te (see figure 1). However, some sequences
presented Tg higher than 24 hours. For re-entry purposes it is impractical to have an estimate of the
magnitude of the largest aftershock one day after the main event. It was decided that the most practical time
period for developing statistics for the largest aftershock was immediately after Tyc but before the
background time window ends, i.e., during ATgy. This is the period of greatest interest, should there be a
large aftershock event.

With these two considerations we rewrite Bith’s law as:
Am = max{m,, }-mS (1)
To demonstrate the practical application of this modified form of Béath’s law we evaluated Eq. (11) using

the seismic moment magnitude scale. The magnitude of the main event of the aftershock sequences (max{m,
houry) Tanged between -0.8 to 1.4, -0.8 to 0.7 and -0.9 to 0.8, for the Copper Cliff North, Kidd Creek and
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Macassa sites, respectively. Figure 5 presents the population distribution of the modified Am values estimated
for the three sites under consideration. Despite the fact that actual microseismic monitoring systems have
limitations for appropriately quantifying large magnitude events, Am presents the same average range of crustal
earthquakes, with mean values of 1.16+0.62, 1.51+0.58 and 1.09+0.34 for the Copper Cliff North, Kidd Creek
and Macassa sites, respectively. In terms of the Am probability distribution, by using the Anderson-Darling test
the hypothesis that Am is normally distributed at the three mines cannot by rejected for a significance level of at
least 10%.

Average Am
® Copper Cliff North 1.16+0.62

A Kidd Creek 1.51+0.58
081 & Macassa 1.09+0.34
— Fitted normal

0.6 1

0.4 1

Cumulative Probability

0.2 1

02 00 02 04 06 08 10 12 14 16 18 20 22 24

Am value

Figure 5 Sample population of Am for the three sites under study and the best fitted normal distributions

5 Conclusions

Aftershock sequences are complex in nature; nevertheless they present common statistical properties of
different systems, from crustal earthquakes to mining-induced microseismic events. These statistics are
valuable in terms of application for re-entry protocol development. In this paper we have analyzed the decay
characteristics of aftershock sequences to determine the applicability of two scaling laws to mining-induced
seismicity. The modified Omori’s law for the temporal decay of aftershocks after a main event and Béth’s law
for the magnitude of the largest aftershock. The seismicity parameters of these two scaling laws are site specific,
however, they presented particularly narrow ranges for different mine sites in Ontario. The irregularity in the
rate decay of mining-induced aftershocks sequences motivates incorporation of a background time window or
“factor of safety” to be used before re-entering the area.

The practical implications of these findings for developing a real time re-entry protocol are as follows:

(1) Following the principal event and after recording the number of seismic events during the first hour Ny yoyr,
we can estimate the value of the value of Ty for a particular curve of isoprobability. The 50% curve is
recommended. As an alternative the isoprobability curves can be used to calculate the probability that Tyc
is less or equal than t for a given Nj oy,

(2) An appropriate background time window can be defined based on the natural variability of aftershock
sequences and the level of induced seismicity during the first hour Ny oy

(3) Given the maximum magnitude event recorded during the first hour and the fact that Am is normally
distributed we can estimate the probability of occurrence of a seismic event larger than a certain magnitude
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during the proposed background time window. It can also be used directly to estimate the most probable
largest aftershock magnitude.
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There are three mine shafts over a thousand meter deep at Tangkou mine. At present, drifts at the mine site are
strongly deformed and severely damaged by deep mining. In order to study the stress state in deep mining and
design effective rock support for coal roadways, in-situ stress measurement was carried out in the middle coal
roadway at the -1030m level. In this measurement, the technique of improved hollow inclusion cells was
adopted which can accomplish complete temperature compensation. From the measurement, three-dimensional
stresses at three measuring points were obtained, and a distribution model of in-situ stress was established. The
in-situ stress distribution law of Tangkou Mine was analyzed. The measurement results show that at the depth
of 1000m, the maximum principal stress is about 30 MPa, and the stress field is mostly self-weight induced. In
local fields, the stress states are governed by the horizontal stress induced by geological structures.

1 Introduction

The Tangkou coal mine is located in the northwest of the Jining, Shandong Province. It’s the first super-vertical
shaft mine of 1000 m depth, with a production capacity designed for 3.0Mt/a. There are 3 vertical shafts with a
kilometer depth in industrial plaza. The underground rock mass is siltstone or mudstone of the Permian’s
shihezhi group, and the performance is gray-black, easy-broken and has vertical fracture growth. Due to the
high in-situ stress and softness of the rock, the roadways completed previously have been damaged heavily.
Hence, the excavations and the support of the shafts and roadways have become very difficult.

In-situ stress is the fundamental cause for the deformation of roadways and mining faces, which impacts the
stability of the surrounding rocks directly. The distribution detection of in-stiu stress is the basic premise for the
safety and stability analysis of roadways and the design of the support structure [1,2]. In order to understand the
distribution of deep field stress, the research project of stress measurement and soft roadway support in deep
mine was carried out by the research group of China University of Mining and Technology.

2 Measurement Method and Measuring Points

2.1 Measurement Method

The current in-situ stress measurement methods used commonly at home and abroad are the hydraulic
fracturing method and overcoring method [3]. The overcoring method is divided into the piezomagnetic
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overcoring method and the hollow inclusion relieved stress method. Hydraulic fracturing method is mainly used
in deep stress measurement and piezomagnetic overcoring method is mainly applied in the plane stress and
superficial measurement [4]. The hollow inclusion triaxial stress relief method has the advantage of higher
accuracy, easy installation, and high efficiency. Therefore, the method is generally used in mines, tunnels and
other underground engineering purposes, and applied in the in-situ stress measurement of Tangkou mining [5,6].

The YH3B-4 type hollow inclusion triaxial strain gauge was used in the field stress measurement. The
sensor consisted of 9 cells embedded in epoxy resin tube and 3 rosette cells separated by 120 ° and felted
around the epoxy resin tube. Each cell is embedded in the cylinder wall by the epoxy resin layer about 0.5mm
thickness. The compensation strain cell is affixed to the rear of strain gauges.

The measurement principle based on that the wall of hole is plastered with elastic ring layer in the three-
dimensional stress rock mass which is postulated as the elastic body. When the rock is drilled cutting, the
deformation energy of rock will release and the elastic restoring distortion is used for the field stress calculation.
Surrounding rock stress-strain relationship as follows:

Eé‘y. = {Kl(crx + cry) -2(1- ,uz)kz [(ax -0, )cos 20 + 2z'xy sin 249,.]}sin2 ®;
‘ 1
+ [O'Z - ,u(az +0, )]c052 ®; + 2(1+ u)k3(ryz cos®), — 7., sin,)sin 2¢, M

where g; is the strain value measured of j cell in the i strain rosette; 6;is the polar angle of i strain rosette; ¢;; is
the angle of j cell in the 7 strain rosette; K is strain cell correction factor determined by the inside radius of strain
gauge, the radius of strain cell and bore hole, rock character, the Young’s modulus and Poisson's ratio of epoxy
resin, the general take of 0.8 ~ 1.3.

2.2 Measuring Points Layout

The principle of the measuring points’ layout is:
(1) The points should generally be far away from the fault and avoid the rock fracture zone.
(2) The location should be far away from the opening boundaries as big mine cavity.

(3) The location should avoid the stress concentration zone such as the bend, fork, corner and the top of the
tunnel and cavity.

(4) The points should layout around three or more levels.

Combined with the principles and the actual production conditions, three measurement locations are chosen
in the mine (Figure 1). 1# and 3# measuring stations are located at the return airway crosscut, the roof rocks of
three up coal seam. 2# measuring stations is located at the west auxiliary transport crosscut, the floor rocks of
three up coal seam.

(1) Measuring point 1: the 1# measuring point lied in the return airway crosscut that is 71.5m far away from
the bottom of wind well. The lithologic character of packsand in the measuring station under the ground about
1030m is fine-grained and stable. The elevation of borehole is 6° and the azimuth is 12°.The direction of drill
and crosscut is nearly perpendicular. Three measurement sections were carried out the release curves and
calibration curves show that the strain cell is in good condition and the measured data are reliable.

(2) Measuring point 2: the 2# measuring point is located at the top of the west auxiliary transport crosscut
roadway that is 702m far away from the fifth intersection. The borehole under the ground about 1028 m with the
azimuth 193° and elevation 16°. The rack mass in the area is gray, tight and integral.
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(3) Measuring point 3: the 3# measuring point is located at the return airway crosscut that is 560.5m far
away from the bottom of wind well. The azimuth of borehole is 11° and elevation is 14°.The drilling hole at -
1028m level and there rock mass is integral and stable.
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Figure 1 Schematic location map of ground stress observation points
3 Field Stress Measurement

3.1 The Stress Relief Test

The measuring hole was drilled by special tools. During the stress relief process, the distortion data was
recorded by the KDJY-2 portable static resistance strain surveying instrument that produced by China
University of Mining and Technology, and the stress curve was drawn synchronously. The strain value was
collected every 10~20mm according to lithology and the relieving speed, and the strain change of the non-
stress-affected zone, stress elastically release zone and strain stabilization zone was clear at a glance. The
relieved depth was generally 420~500 mm and the time was controlled to limit in 40~50 minutes in the stress
relieved measurement.
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0 100 200 300 400 500 600
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Figure 2 Curves of in - situ stress relief process for 1# point
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The most important aspect is to ensure the pasting quality between the measuring cells and the wall of hole.
The wall of drill hole required to be clean, smooth and integrative, and the diameter is strictly controlled. Only
if strain cell stuck on rock wall firmly, the strain data can reflect the elastic recovery characteristics of rock
accurately. From the stress relieved curves, the work status of strain cell can be checked and the reliability of
measured data can be determined.
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Figure 3 Curves of in - situ stress relief process for 2# point
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Figure 4 Curves of in - situ stress relief process for 3# point

3.2 Measuring Result
(1) Stress Relieved Test Results

The stress relieved test was carried out individually in the three stations, and the stress relieved curves and
calibration curves were obtained. The vast majority of those have typical variety regulation which indicates the
work status of strain cell in the gauge is normal. For more than six unknown stress components in the strain
observed values, the method of least squares is applied to gain the best target [7].

The varieties of strain response along the relieving process are portrayed in Figures 2~4. These strain data
are in general smaller before the drill depth meet the measurement section (strain gauge location) in which some
cells obtain negative values. These can be interpreted as the result of stress transfer for trepanning, equal to
"excavation effect." Measurement sections are a vital demarcation boundary in the curves. When the drill depth
is close to that, parts of curves change toward contrary direction and the maximum is obtained in the position
that drill head passes that. After the drill depth exceed the section a certain distance, the strain is gradually
stabilized and the final stable value is the basis for field stress calculation. However, the strain value tend to
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decrease in the curves after the relieved depth exceeds measurement sections, mainly because the joint and
crack in the rock haven’t become cracked in the drill head pass moment [8].

The joint and crack opened gradually with the increase of drill depth and the deformation that the sell
sensed gradually decreased for the rock’s ability to drive strain gauge wear off. Therefore, appropriate strain
data used for field stress calculation are consistent with the strain values that drill depth is just over
measurement section. Those are drawn as the signs of obvious decline in the curves.

(2) Cores Calibration Test Results

The mechanical parameters of the rock specimens in each measuring point were determined by MTS815
electro hydraulic servo system. The test results are given in table 1.

Table 1 Elasticity constant of the rocks

. . . . . elastic modulus . . Un1ax1a.l
Measuring point Location of point lithology [GPal Poisson's ratio compressive
strength [MPa]
1# -1030m sandstone 16.9 0.21 45.23
2# -1028m sandstone 20.27 0.25 31.65
3# -1030m sandstone 36.6 0.17 153.76

(3) The Field Stress Calculation Result of Measuring Point

Combine the relative stable strain value of measuring point with the elastic modulus and Poisson's ratio of
rocks, the three-dimensional field stress results are obtained.

Table 2 Results of crustal stress measurement in mining area

Measuring o [ o3
pount value X Y Z | value X Y Z | value X Y Z
1# 31.107 | 55.91 | 34.09 | 90.16 15.03 4522 118.35 58.16 10.12 115.82 72.68 31.84
2# 27.91 79.24 | 44.24 129.2 19.9 74.16 54.656 39.76 13.35 19.31 108.4 95.58
3# 36.09 74.20 | 70.80 | 25.27 6.371 66.04 35.635 114.7 2.948 29.268 118.7 95.03

4 Main Features Analysis of Field Stress

The test results are given in table 2 and the main features of field stress in the mining area are induced as
follows:

(1) The difference between the maximum principal stress and minimum principal stress is too large. That
of 1# measuring point is 20.99 and 2# measuring point is 14.56 MPa, 3 # measuring point is 33.14 MPa.

(2) The angle of maximum principal stress with the vertical direction of 1# and 2# measuring points are
34° and 41° separately. The ratios of maximum principal stress to vertical stress component are 1.21 and 1.51.
These indicate that the area is controlled by the vertical stress, and the area is self-weight stress field.

(3)There are about 400 meters distance between the 3# and 1# measuring points. The angle between the
maximum principal stress with the vertical direction is about 70°, and the horizontal stress ox is 30.65MPa that
is more than the vertical one 8.79MPa.The ratio of maximum principal stress to vertical stress component is 4.1,
which indicate that the area is affected by tectonic stress and controlled by the horizontal stress. On the mine
development map, the area lies at the axis of the synclinal and was influenced by the renovation movement of
Neocathaysian tectonic system.

(4) Compared with other parts of china, the level of horizontal stress in the mine is slight