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8: Rockbursting

shaft (pillar A in Figure 8.3.14). The sidewall burst of pillar B east of the incline
(at 2 in Figure 8.3.14) is further evidence that stress was being transterred to the
pillars to the east of the incline shaft.

a SECTION LOOXING EAST

y

b. SECTION LOOKING NORTH

ay
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'\“{Q LEVEL CROSSCUT FRACTURES

Figure 8.3.15 Diagram showing the interpreted mechanism
of the rockbursts/rockfalls damaging the secondary
incline shaft between 32- and 33-level.

Recommendations

Similar narrow pillars were identified elsewhere in the incline shaft. As the transfer
of stress from one pillar to another is a time-dependent process, seismicity could
occur in the future, particularly if further rehabilitation work is carried out. The fol-
lowing precautions weve recommended:

1.

Identify situations where the pillar abutting the incline shaft is narrow (e.g.
between 33- and 34-level of the secondary incline shaft, marked D in Figure
8.3.14). Extensotneters roay be used to establish whether dilation of the pillar is,
in fact, taking place.

. Microseistnicity in the vicinity of the narrow pillars should be monitored.
. Inspect excavations close to the incline shaft for any fresh fractures which may

indicate a change in the state of stress.

. Inspect the shaft hangingwall for instability. Ground penetrating radar may prove

useful in identifying parting planes.

. Avoid increasing the unconfined height of the shaft pillar through barring down

the hangingwall.

. Investigate using grouts and resins to consolidate the fractured hangingwall.
. Ensure adequate temporary support is in place when cable anchors are instalted,

e.g. mine poles.

. The stability of sets in a steeply dipping excavation can be improved through the

use of ties.
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8.3.6 Synthesis Of Rockburst Investigations

Thirty-one rockburst investigations were conducted by the CSIR:Miningtek team
during the period 1994 to mid-1998. The majority of investigations took place in the
Far West Rand gold field, with several investigations in the Klerksdorp, West Rand
and East Rand gold fields. In this séction the findings of these investigations are syn-
thesized in order to highlight common themes and key issues.

a) Layout and mining sequence

Guidelines and empirical design criteria, such as those to be found in this volume and
its predecessors, are generally used for the design of excavations. During the course
of the rockburst investigations, it was found that some of these guidelines and crite-
ria have limitations which are not always appreciated by the rock engineering prac-
titioners involved, nor, in some instances, are the limitations clearly expressed in the
publications. The notes that follow for the most part endorse existing guidelines, but
in some instances reflect a slowly evolving change in knowledge and approach.
Remmants

The mining of remnants poses particular challenges (Chapters 3.5.1, 4.6.1), as these
parts of the orebody have often been left because of geological complications such
as faulting, or because of damage caused by previous rockbursts. The formation of.
remnants should be avoided wherever possible, and underhand mining trom the orig-
inal raise is often the best layout in deep sitvations. The mining of a remnant
between approaching longwall faces is inherently hazardous and must be carefully
managed. The formation of rectangular or L-shaped remnants should be avoided, as
the whole structure may fail in a single event. Rather, a triangular remnant should
be formed and mined in a direction such that the part to be mined last is closest to
the nearest large solid area, allowing the apex of the triangle to crush continuously
while being subjected to a relatively stiff loading environment.

Pillar width:height ratios

If trenching is carried out owing to a sudden change in reef elevation (e.g. faulting or.
‘rolling”), the effective unconfined height of the remnant or pillar is increased (Figure
8.3.2). Similar remarks apply to gully pillars when sidings are not used. Calculations
of the pillar dimensions usirig guidelines based solely on width:height ratio should be
treated with caution. The influence of fracturing needs to be considered.

Face orientation

The angle between a longwall and geological features such as dykes, faults, or dom-
inant joint sets must be carefully considered. Experience shows that an angle of at
least 35° between the feature and the orientation of the longwall (as well as individ-
ual panels) is desirable - Chapters 2.4, 3.4, 3.5.2.

In situ stress

The in situ stress is an important factor in designing undérground excavations, and
cannot simply be assurned to be the overburden load together with a k-ratio of 0.5 —
Chapters 1.3.1, 3.5.3. Observations or measurements need to be carried out to deter-
mine whéther any anomalous stress states exist. In some areas, significant anomalies
have been defected, with k-ratios as high as 2.0 making shallow dipping structures
more susceptible to shear.

Shape of stope face

Panel length and lead/lags require trade-offs between practical production constraints
and the theoretical ideal — Chapters 2.4, 3.4. A long straight face should be avoided. The
use of shorter panels is recommended to limit the extent of ruptures and consequent
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damage along face-parallel shears, and to facilitate escape from rockburst damaged pan-
els. Lead lengths should generally be restricted to about S m. Gully headings in advance
of long straight faces are particularly prone to damage. Panels lagging by large amounts
are subjected to high ERRs and unfavourable fracturing, and should be supported par-
ticularly well, with a strictly enforced ‘no blast if support not up to standard’ regulation.
The leading panels should be stopped or slowed down to remedy the situation.

Service excavations and facilities

Facilities such as the stope entrance infrastructure (timber and material bay), refuge
bay and waiting place should be located away from seismically hazardous areas such
as faults or dykes.

Faults/dykes

Mining in the vicinity of faults/dykes often results in increased instability, and the use
of bracket/buttress protection pillars should be considered — Chapter 3.3.3,

Stope access

The number of accessways to the face should be adequate for the rescue and reha-
bilitation work that may be required following a rockburst, and need to be kept clean
and in good condition.

Angular unconformities

If strata are unconformable and therefore not parallel, the distortion of the stress field
due to mining can increase the shear stress on bedding planes with low cohesion,
contributing to the ¢hances of a seismic event occurring.

Stabilizing pillars and abutments

Highly-stressed stabilizing pillars and abutments can experience foundation failure.
The situation may be alleviated by the use of higher volumes of backfill and
improved placement techniques, thereby reducing the likelihood or effect of further
foundation failures. For mines without backfill systems, consideration may need to
be givén to changes in layout, including increasing pillar size and reducing the spac-
ing between pillars to ensure that APS levels are kept below locally-established crit-
ical levels — Chapter 3.3.2.

b) Numerical modelling

When mining layouts are designed, the guidelines and empirical criteria are often sup-
plemented by the calculation of Energy Release Rate (ERR) and Excess Shear Stress
(ESS) using standard numerical modelling computer programs. During the rockburst
investigations it was found that the fundamental assumptions of elastic modelling
techniques, and the need to apply engineering judgement in the interprétation of the
results, are not always appreciated by the rock engineers on the mines. Mines need to
develop improved strategies for mining in the proximity of geological discontinuities
such as dykes and faults using back-analyses of past rockbursts. ESS and ERR should
provide empirical design criteria for specific geotechnical areas and reefs.

Extreme care must be taken in the interpretation of calculated stresses and ERR or
ESS values. For example, the ratio of the average pillar stress (APS) to the uniaxial
compressive strength (UCS) of the rock comprising a pillar system is commonly used
as an empirical design criterion. Elastic modelling programs do not take the fractur-
ing of the face into account, and produce unréalistically high values of stress at the
edges of pillars and abutments. In reality these areas fracture and crush, shifting the
load away from the face. The core of a small pillar may be subjected to greater stress
than is indicated by the numerical model, and the indicated APS may not be appro-
priate for calculating the APS/UCS ratio. This can become critical when. the pillar
dimensions are small.
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The mining and seismic history should be considered when assigning strength to
blocks of ground. Narrow pillars, small remnants and areas that have hosted large
seismic events should not be modelled as solid, but rather as failed areas incapable
of bearing significant load. Moreover, footwall punching and complete stope closure
may have partially relieved stresses on pillars and remnants.

Other important tactors are the sizes of mesh and the window used for numerical mod-
elling. The mesh size should be small enough to represent the local mining geometry
in adequate detail, while the window size should be large enough to take into account
all significant contributions to the stress in the area of interest - Chapter 11.4.

¢) Tunnels and service excavations

The quality of the support systemn is of key importance - Chapters 6 and 7. Long-
term excavations that are likely to be subjected to seismicity during their lifetimes
should be supported with yielding units that can accommodate shear deformations
(e.g. grouted rope anchors or cone bolts), integrated with mesh and lacing. In areas
where severe shaking is expected, these supports should be supplemented with shot-
crete. The collapse of large sections of tunnel may be precipitated by the failure of
a single weak link. Consequently it is important that the lacing be properly clamped
so that the failure of a single cable does not cause the whole system to unravel.
Rehabilitation of tunnels and shafts by ‘bleeding-off” the fractured rock may bave
unforeseen results. For example, the barring of unstable rock from the hangingwall
of an incline shaft had the effect of decreasing the width to height ratio of the pillar
separating the shaft from an old stope, causing the previously stable pillar to fail (see
Case History 4). Furthermore, it is crucial that adequate temporary support is in
place while rehabilitation is being performed. Other vulnerable situations arise when
tunnels traverse faults, approach the reef intersection, or the stress regime changes
owing to over- or under-stoping.

d) Gullies

Gully support

Rockburst-resistant support must be installed in gullies, especially when traversing
faults and dykes. The use of low yield force support on gully edges is favoured. This
can be achieved by installing packs which are initially stiff but which yield at about
1000 kN, or by bringing backfill down to the gully edge, with gaps left for storage.
The integration of elongates with packs on gullies appears to show iniproved perfor-
mance when compared to current standards. The idea of using elongates with spe-
cial headboards to allow lagging across gullies also looks proniising. The gully head-
ing should be supported with rockburst-resistant support (such as rapid yielding
hydraulic props with headboards) installed in the face area. See also Chapter 4.4.9.
Gullies adjacent to pillars and abutments

Gullies along pillars and abutments are particularly prone to damage, as these areas
can host large seismic events and the gullies are exposed to high stresses over long
distances. The support systems in these gullies needs to be especially robust, and

innovative thinking is necessary. Some methods of reducing the rockburst hazard are

suggested below.

e Use foam cement in the down-dip siding alongside and behind the packs to absorb
the impact of the dilating rock and to maintain the integrity ot the hangingwall
strata.



8: Rockbursting

e Use yielding tendons together with some form of areal support to pin the gully
hangingwall. This type of support is more capable of accommodating shear along
weak planes parallel to the hangingwall. Orient this support at right angles to the
dominant fracturing.

e Place backfill closer to the gully edge. Prevent backfill from dilating into the
gully by using mesh between packs, or by using *Filpacks’.

e Precondition thie pillar edges by drilling and blasting from the heading. This will
create a fractured ‘buffer’, and ensure that the shear zone resulting from any
foundation failure is more distant from the pillar edge.

e The gully siding should be deep enough so that the pillar edge and the packs on
the down-dip side are separated by at least a metre. This will reduce the
likelihood of packs buckling due to violent dilation of rock from the pillar edge.
Use foam cement or backfill to maintain the integrity of the hangingwall in this area.

Gully sidewalls

Gully packs sometimes collapse or are ejected during rockbursts, due to poor foundations.

The sidewall may be damaged by scraping, poor b]aéling_ practice, or may have failed due

to the gully packs bearing excessively high loads. Use of low yield force packs, or of

gully sidewall tendon reinforcement, should be considered. See also Chapter 4.4.9.

Gullies in Carbon Leader Reef stopes

Carbon Leader Reef gullies appear to be prone to damage due to the geotechnical prop-

erties of the hangingwall strata. The Carbon Leader Reef is immediately overlain by a

competent siticeous quartzite, 1,4 m to 4 m in thickness in the Carletonville area; which

is in tum overlain by the Green Bar, a | m to 2,5 m thick argillaceous unit. Owing to
the poor cohesion between the hangingwall quartzite and the Green Bar, the quartzite
beam is susceptible to fracture and collapse. In some instances there has apparently
been lateral motion along the Green Bar. In one case the gully had been excavated
along the lower edge of the stabilizing pillar where a prominent set of mining-induced
fractures orientated parallel to the edge of the pillar was present, giving rise (o poor
hangingwall conditions. Strike gully sidings must be mined strictly on dip so that the

Green Bar contact is kept a maximum distance above the stope. The final cleaning of

the siding can take place from the following down-dip panel where applicable.

€) Stopes

Support

Rockburst-resistant support such as rapid yielding hydraulic props or pre-stressed
yielding elongates with loadspreaders must be installed in the face area. This is espe-
cially critical at the top and bottom of the panels where cross-fracturing exists due to
the adjacent leading or lagging panel. Non-yielding support élements such as mechan-
ical props and mine poles have very low energy absorption capabilities. Headboards
should be fitted to props and elongates to Limit falls of ground, especially in areas where
the hangingwall is friable and prone to fragmentation. Adequate face area support must
be in place during all werking shifts. In high-risk special areas, new rows of support
should be installed, and hydraulic props moved, after every blast. Back areas should
be barricaded to prevent casual access, as these areas are prone to shake out.

Brows

It is important that horizontal confinement be applied to brows formed by falls of
ground, and during the negotiation of small faults and ‘rolls’.

‘Rolls’ in the Ventersdorp Contact Reef

Special care should be taken to support the hangingwall when mining in the vicinity of”
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rolls, especially when associated with bedding-parallel faulting, as the frequency of

weak calcite-coated joints appears to increase in these areas and the hangingwall has a

greater propensity to disintegrate when subjected to seismically-induced shaking. An

additional hazard is posed by the exposure of lava in the face. The lava has a higher

uniaxial compressive strength (UCS) and Young's modulus than the VCR, and can

therefore store niore strain energy with greater proneness to face bursting (see Figure

8.3.2).

Backfill

It must be ensured that the backfill bags are large enough to tightly fill the stope. In areas

where fall out of the hangingwall has occurred, larger backfill bags or muitiple bags

should be used. Backfill should be extended to the gully packs. This would increase the

filling by about 5% and reduce the potential for falls of ground between the gully packs.

Stoping width

Careful bJasting should be practised and a conservative blast design implemented, as

a reduction in stoping width will improve the effectiveness of both the face area sup-

port and the backfill (apart from giving important economic benefits).

Rapid yielding hydraulic props (RYHPs)

RYHPs were introduced almost 30 years ago, and were received with great acclaim

once initial ‘teething’ problems had been overcome — Chapter 4.4.10. For more than

two decades their performance was deemed entirely satisfactory. In recent years,

however, the mining industry has becowe reluctant to continue using RYHPs owing

to operational difficulties. The real cause of the poor perforniance of RYHP systems

should be determined. Factors which could contribute to the high fall-out rate are:

a) Failure to use loadspreaders. In highly fractured ground, the relatively small
diameter of the end of the prop or extensions can punch a few millimetres and thus
drop load. A similar effect is obtdined from setting on a poorly cleaned footwall,

b) Pump pressures incorréct. This can be catised by low air or water supply to the
pump, or dirty filters.

c) Not allowing the putnp to stall properly when seiting a prop.

d) Extensions not seated properly.

e) Valves and seals faulty, and other symptoms of inadequate maintenance.

f) Inadequacies in staff training, supervision and motivation.

f) Seismicity

A mine-wide seismic network (yielding locations with an accuracy better than 50 m)
should be installed on all mines which experience rockbursts to facilitate the identi-
fication of hazardous areas, aid to aid in the back-analysis of rockbursts — Chapter

9. The seismicity data should be carefully analysed to identify which parameters are

most useful as indicators of increased rockburst hazard. [However, thé reliable and
timeous prediction of rockbursts remains a remote possibility at this stage].

g) Strong ground motion

Observations of co-seismic closure and ejection velocities provide useful parameters
for the design of support. In one instance (see Case History 2) the mass of an ejected
block and the evidence of a failed rebar enabled a minimum ejection velocity of 1.9
m/s to be estimated. In most of the investigated rockbursts, however, the dynamic clo-
sure appeared to be considerably less than the capacity of the support systems, and the
bulk of the damage was due to disintegration of the rockwalls between support ele-
ments, rather than failure of the elements themselves. This illustrates the importance
of determining the stable ‘dynamic span’ for the support system and geotechnical area.
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It may be true, howéver, that if the containment support such as mesh and lacing is
improved, a much greater dynamic Joad will be imposed on the tendons or other sup-
port units and their inadequacies could then become more evident.

h) Preconditioning

Several of the rockburst investigations were conducted at sites where precondition-
ing was being implemented. These investigations supported the view that precondi-
tioning reduces the hazard of face bursts. It is important, however, that production
personnel adhere to the preconditioning guidelines. As the effectiveness of precon-
ditioning is believed fo diminish with time, intervals between face-parallel precondi-
tioning blasts should be based on the elapsed time, not merely on the face advance.

8.3.7 Concluding Comments

Why does the severity of rockburst damage vary so much? No single, simple answer
was found to the question. Probably the most important factors are variations in the
condition and stressing of the rock mass, and the failure of inadequate support sys-
tems,

Nor is there an easy, instant solution to the rockburst hazard. Given the current meth-
ods of mining, the most important steps to be taken to reduce the hazard would seemn
to involve frequent inspections of working places by personnel able to identify
changes in the rock mass condition and to recommend and implement appropriate
changes to layout and support systems; thorough analysis of seismic data; discipline
in ensuring that support is always up to standard and that the stope support system is
as close to the face as possible; and adherence to sound layouts regardless of the
demands of production.

8.4 ROCKBURST CONTROL: PRECONDITIONING

Preconditioning techniques offer fairly clear-cut means to reduce the hazard of face
strain bursts, notably in the extraction of specially hazardous areas such as remnants
or pillars. The rock mass ahead of a stope face is subjected to extremely high abut-
ment stresses, which result in the complex network of fractures obsérved under-
ground (Figure 8.4.1). Movement along the fractures and parting planes leads to par-
tial stress relief as well as to enhanced closure of the hangingwall and footwall in the
stope. However, stable sliding of blocks against one another may be inhibited by the
presence of asperities, resulting in the accumulation of strain energy ahead of the
stope face. As the face approaches such a ‘lock-up’, further moveinent may be trig-
gered. If sufficient energy is stored in the rock mass, it may be suddenly released in
the form of a strain burst, violently ejecting a mietre or more of face rock into the
working area.

8.4.1 Mechanism of Preconditioning

Preconditioning is intended to prevent the accumulation of strain energy ahead of the
working face or, at least, control its release. The gas and shock generated by a blast
within the fracture zone can remobilize the blocks by shearing through asperities that
were causing any lock-ups. Strain energy release is facilitated by the stable sliding
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of blocks past one another, thus reducing the risk of face bursting during the produc-
tion shift. The stress redistribution away from the working face, due to a well-exe-
cuted preconditioning blast, provides a low-stress ‘cushion’ ahead of the stope face
which is able to absorb energy from more distant events. However, stress redistrib-
utions resulling from seisinicity and (ime-dependent deformation of the rock mass
can result in the retoading of the face area, if too much time is allowed to pass before
mining the preconditioned zone. There are two primary configurations for carrying
out preconditioning in tabular stopes, termed face-paraliel and face-perpendicular.
Results from field experiments are described below.
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Figure 8.4.1 Conceptual diagram showing the effects of positioning an 89 mm
diameter preconditioning hole within the fractured rock mass at
various distances ahéad of the stope face.

8.4.2 Face-Parallel Preconditioning

Face-parallel preconditioning, which appears to be the most effective of the available
methods, does impose certain constraints on the stope layout to accommodate the
drilling of the necessary preconditioning holes. As these need lo be drilled parallel to
the face (and angled slightly up-dip to facilitate drainage), an overhand mining config-
uration was adopted in the field experiment (see Figure 8.4.2). Preconditioning holes
were drilled slightly below the reef plane, and were collared in cubbies cut from the
strike gully. It was found that individual panels should not exceed the length that can




be drilled in one shift, and in this case the maximum face length was 20 m. The best
position of a preconditioning hole was established to be at the limit of the ‘precondi-
tioned zone’, and no fresh mining should take place beyond that point. Once a panel
had mined to this timit, another preconditioning blast was taken and the cycle contin-
ued. A great deal of experimentation was required to define the area ahead of the stope
face in which the preconditioning blast would provide adequate results. For an 89 mm
diameter hole, the best results (for the conditions eficountered in the project stope) were
obtained when the hole was positioned between 3.5 m and 5.5 m ahead of the face
(Figure 8.4.2). This was still within the fracture zone, but closer to the fracture front

than to the face.
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Figure 8.4.2 Face-parallél preconditioning




284

The seismic expression of preconditioning includes the blast event itself, an
increase in the micro-seismicity rate induced by the blast, and the frequent occur-
rence of larger seismic events triggered by the blast. The local magnitude of the
recorded ‘blast event’ was typically in the order of M = 1.0 for 100 kg of an emul-
sion explosive. On occasions, significantly larger events occurred simultaneously
with the blast, and are considered to indicated the release of additional stored strain
energy. Smaller ‘blast events’ were recorded from inadequate preconditioning
blasts. One important observation relating to the effect of preconditioning on the
rock mass ahead of the stope face concerns the damage patterns associated with
larger seismic events at the site. While a number of large (M > 2) seismic events
occurred within a few tens of metres of the faces, very little damage was observed
in the face area, although substantial damage was at times evident in the access
ways. These repeated observations indicate that the preconditioning was effec-
tively creating a ‘buffer’ zone of destressed material ahead of the faces, which was
capable of absorbing substantial seismic energy emanating from large seismic
events and thus preventing damage to the working areas in the immediate vicinity
of the faces.

Effective preconditioning blasts were found to induce stress transfer away from the
preconditioned area (as shown by the spatial migration of subsequent seismicity
towards unpreconditioned ground), and to facilitate the release of stored strain ener-
gy from the rock mass aliead of the preconditioned face by relatively larger events
occurring simultaneously with the blast, or within several hours of the blast but while
the working area was evacuated.

8.4.3 Face-Perpendicular Preconditioning

Although face-parallel preconditioning is well suited to the mining of long and nar-
row strike pillars and remnants, it is difficult to implement in a normal deep-level
longwall production environment without imposing delays on the mining cycle. A
face-perpendicular preconditioning technique has been developed which partially
overcomes these problems. Preconditioning holes (typically 3 m in length) are
drilled in the centre of the reef at a spacing of 3 m or less in addition to the normal
production holes (Figure 8.4.3). They are detonated slightly earlier than the produc-
tion round.

In the year following the introduction of this preconditioning technique, no face that
was being currently preconditioned had been subject to strain bursting or suffered
damage as a result of neighbouring seismic activity. Preconditioned stopes also
exhibited improved hangingwail conditions when compared to adjacent normal
stopes, and the rate of face advance improved by approximately 25 %. Fracture map-
ping was carried out prior to the commencement of preconditioning, and continued
during preconditioning. The mapping demanstrated that no new fractures were intro-
duced, confirining the theory that the preconditioning mechanism involves slip on
existing fractures rather than the development of new fractures. However, the inci-
dence of shallow-dipping fractures was reduced and a more regular hangingwall was
produced.
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Figure 8.4.3 Face-perpendicular preconditioning

8.5 ROCKBURST CONTROL: PREDICTION OF LARGE
ROCK MASS INSTABILITIES

In the published literature, success rates as high as 80% have been claimed for the
prediction of large potentially damaging events on South African gold mines.
However, the criteria used to calculate the ‘success’ of a prediction need to be care-
fully noted, as they may be less stringent than those generally used in earthquake
seismology, where thie following are used to assess the success of a prediction:
location to within '/, rupture length, size to within 1/, rupture length (or M to within
0.5), tirne to within 20% of recurrence time, and finally, demonstrated probability (in
most cases the ratio of successes to the sum of successes and false alarms). For
example, in the case here an 80% success rate was claimed, neither the time nor the
magnitude of the forthcoming events was predicted — the limitation was to spatial
prediction only.
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There is a fundamental dilemma inherent in earthquake (and rockburst) forecasting
which demands that a rigorous statistical approach be adopted in assessing ‘success’.
Suppose that seismological measurements indicate that an event of a certain magni-
tude will occur during a certain period of tinme. Preswnably the area is seismically
active (or the study would not have been initiated in the first place), so a certain prob-
ability exists that an event will occur during the predicted period. Thus, the occur-
rence of an event cannot be taken as decisive proof that the methods used to make the
prediction are correct, and that they will succeed on future occasions. Of course, if
a firmn prediction is made and nothing happens, that should be taken as partial proof
that the method is invalid.

A seismic warning system may contribute towards safety simply by raising the level
of awareness of seismic hazards, and motivating-the implementation of actions such
as increasing the size or number of stabilizing pillars, changes in mining sequences
and directions, and 4 review of mining strategies in general. Nevertheless, the many
failures of seismic warning systems to predict the time and location of large damag-
ing events, even in retrospective analyses using comprehensive seismic data sets,
should temper expectations of reliable warnings with current technology and current
understanding of seismic source mechanisms. Research in this important field is,
nevertheless, ongoing.

Moreover, in the field of quantifying relative seismic hazard (as-opposed to direct
warning of incipient damaging events), the positive rolé of seismic monitoring and
analysis is undisputed.



T A GUIDE TO ROUTINE
0 SEISMIC MONITORING
IN MINES

9.1 SEISMIC EVENT, SEISMICITY AND STATE OF THE
ROCK MASS

Mining- excavations induce elastic and then inelastic deformation within the sur-
rounding rock mass. The elastic strain energy accumnulated in a portion of the rock
mass may bé gradually unloaded due to the passage of mining, or it may be released
gradually or suddenly during the process of inelastic deformation.

A seismic event is a sudden inelastic deformiation within a given volume of rock, i.e.
a seismic source, that radiates detectable seismic waves. The amplitude and frequen-
cy of seismic waves radiated from such a source depend, in general, on the strength
and state of stress of the rack, the size of the source of seismic radiation, and on the
magnitude and the rate at which the rock is deformed during the fracturing process.

A seismic event is considered to bé described quarititatively when, apart from its tim-
ing ¢ and location X = (x, y, z), at least two independent parameters pertaining to the
seismic source namely seismic moment M, (which measures coseismic inelastic
deformation at the source), and either radiated seismic energy E or stress drop AG,
are determined reliably.

Seismic waveforms do not provide direct inforination about the absolute stress, but
mainly about the strain and stress release at the source. However, the source of a seis-
mic event associated with a weaker geological feature or with a softer patch in the rock
inass yields more slowly under lower stress, and radiates less seismic energy per unit
of inelastic coseismic deformation, than an equivalent source within strong and high-
ly stressed rock. Therefore, by comparing radiated seismic energies, or stress drops,
of setsmic events with similar moments one can gain ingight into the stresses acting
within the part of the rock mass affected by these events - see Figure 9.1.1.

A seismic systemn can nieasure only that portion of strains, stresses or rheology of the
process which is associated with recorded seisimic waves. The wider the frequency
and amplitude range and the higher the throughput of the system, the more reliable
and more relevant the measured values of these parameters become.

Having recorded and processed a number of seismic events witliin a given volume of
interest AV over time At, one can then quantify the changes in the strain and stress
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Figure 9.1.1  Apparent stresses of selecled seismic events with equal local magnitudes m = /.0
in a South African gold mine. The ratio of the highest to the lowest apparent stress on this figure is
nearly 100. (‘Apparent stress’ is a measure which is approximately proportionat to stress drop Ac.)

regimes and in the rheological properties of the rock mass deformation associated
with the seismic radiation.

This presents an opportunity to confirm the results of numerical modelling of -the
design process. In numerical modelling, the usual assumption of the same elastic
constants within a given volume make strain € and stress distribution equivalent,

_since o = constant -£. However, seismically-inferred stress and strain changes are

independent. Seismic strain associated with seismic events in a given volume is
proportional to seismic moment & o M), and seismic stress is proportional to the
rafio of seismic energy to seismic moment o, < £E / £M,. Thus, contours of seis-
mic strain and seismic stress may be qualitatively different, reflecting differences
in stress regime and/or rock mass properties - see Figure 9.1.2 as an example. It is
the difference between the modelled and seismic stress/strain distributions that
needs to be explained and reconciled with the design during the mining of an area.

Figure 9.1.2 Contours of seismic strain (left) and seismic stress (right) for seismic events
of all magnitudes in the area shown in Figure 9.1.1. Note the qualitative difference between
the distributions of these seismic strains and stresses.
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9.2 OBJECTIVES OF SEISMIC MONITORING IN MINES

In general, routine seismic monitoring in mines enables the quantification of expo-
sure to seismicity, and provides a logistical tool to guide the effort into prevention,
control and prediction or warning of potential rock mass instabilities that could result
in rockbursts. One can define the following specific objectives of monitoring the
seismic response of the rock mass to mining:

* Location of Potential Rockbursts: To alert management by indicating the loca-
tions of potential rockbursts associated with intermediate or large seismic events and
to assist in possible rescue operations - it is important then fo monitor the locations
of associated aftershocks.

¥ Prevention: To tonfirm some of the assumptions and parameters of the design
process and to enable its continuity while mining. Specifically, it is important to
confirm the critical assumptions of numerical modelling which have relevance to
seismic hazard. For example, small changes in the orientation of and friction on a
fault may considerably affect the predicted distribution of shear stresses acting on
that structure, This assists in guiding preventative measures, e.g. corrections (o the
designed layout, sequence of mining, given rate of mining, support strategy, etc.

# Control: To detect spatio-temporal changes in seismic parameters, e.g. an increase
in the number of intermediate and larger size events, a change in their time of day
distribution, an increase in seismic diffusion, a degree of acceleration in seismic
deformation and/or a decrease in seismically inferred stress - and relate these changes
to the stability of deformation within the volume of interest. This would facilitate
and guide control measures, e.g. managing workers’ exposure to seismicity at
different times of day, a temporary slowdown or. suspension and then resumption of
mining in a given area, and/or the timing and desirable location of preconditioning
and triggering blasts.

* Warnings: To detect unexpected strong changes in the spatial and/or temporal
behaviour of seismic parameters, or certain defined characteristic patterns that could
lead to dynamic instabilities affecting working places. This would facilitate warn-
ings to manage the exposure to potential rockbursts.

* Back-analysis: To improve the efficiency of both the design and the monitoring
processes. Specifically important is* thorough seismic and numerical modelling
back-analysis of large instabilities, even if they did not result in loss of life or in
considerable damage. Back-analysis of seismic rock mass behaviour associated with
pillars, backfill, different mining layouts, rates and ways of excavating; etc, is an
important tool in the quest for safer and more productive mining. It is desitable
therefore to maintain a database of seismicity, i.e. times, locations, ragnitudes,
seismic moments, radiated energies, sizes and stress drops for all seismic events
recorded. In addition, the availability of waveforms of the seismic events recorded a
few months prior to a large event or rockburst and located within a few source diam-
eters of that event would assist in back-analysis and research.

A quantitative description of seismic events and seismicity is considered necessary,
although not sufticient, to .achieving the above objectives.
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9.3 LOCATION OF SEISMIC EVENTS

The location of a seismic event is assumed to be a point within the seismic source
that triggered the set of monitoring sites used to locate it. The interpretation of a
location, if accurate, depends on the nature of the rupture process at the source -
if a slow or weak rupture starts at a certain point, the closest site(s) may record
waves radiated from that very point while others may only record waves generat-
ed later in the rupture process by a higher stress drop patch of the same source.
One needs to be specific in determining the arrival times if the location of rupture
initiation is sought, otherwise the location will be a statistical average of different
parts of the samé sonrce. A reasonably accurate location is itmportant for the fol-
lowing reasons:

* to indicate the location of potential rockbursts;

* all subsequent seismological processing, e.g. seisimic source parameter and atten-
uation or velocity inversion, depends on location;

* all subsequent interpretation of individual events depends on location, e.g. events
far from active mining, close to a shaft or, in general in places not predicted by
numerical modelling, may raise concem;

* all subsequent interpretation of seismnicity, e.g. clustering and specifically local-
ization around planes, migration, spatio-temporal gradients of seismic parameters
and other patterns are judged by their location and timing.

Location error depends on the accuracy of the data. Table 9.3.1 lists the major
aspects of the data and their minimum precision required for accurate location.

Table 9.3.1 Data precision required to achieve acceptable location accuracy

Parameters Affecting Location Accuracy Recommended
(Seismic site = sel of sensors with the same co-ordinates) Minimum Préecision
Common time among seismic sites in the network 500 ps

Arrivals of P and/or S-waves al site 500 ys or one sample

P and/or S-wave velocity model 7.5%

Site coordinates Im

Sensors orientation at site, used 1o constrain the location by 5 degrees

direetion(s) or azimuth(s) of recorded waveforms; also used in
seismic moment tensor determination

Number of seismic sites at least 5

The distribution of sites with respect to the position of the event 0.3
to be located, c.p. as measured by the normalised orthogonatity
QC between slraight my paths from the hypocentre to the sites,

OC = 0.3873 \n, [det(C)]!73, where

Scos’ o, 2.cast; ecosP;  D.coso; ecosy;
C=|Ycosa, scosP;  Ycos’ P, Y cosp; ecosy;
Y cosa; scasy; D.cosP, scosy, Tcos’,

and O, :84 ¥, are directional angles between the hypocen(re

and the i-th site; X runs over the number of sites 1
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The location depends also on the numerical procedure adopted to solve the system of
nonlinear site equations. The denser the network and the more accurate the data, the
smaller is the influence of the numerical procedure. With high quality data from at
least S sites of reasonable configuration, the location error may be reduced to less
than 3% of the average hypocentral distance (AHD) of the sites used.

In the case of the velocity model.not being known adequately, or if velocities change
significantly with time, one can attempt to improve the location by the arrival time
difference method, also known as ‘master event’ location or relative location. This
procedure requires an accuratély located master event (e.g. blast), in the proximity
of (he event to be relocated, that has reliable arrival times at sites used in the relo-
cation procedure. It is inherently assumed here that the velocities of the seismic
waves from the master event to the sites and those from the target event are the
same. Since this is not always the case, it is important that the two events should be
close to each other; less than [0% of average hypocentral distance would be a good
rule of thumb.

Since the source of a seismic event has a finite size, the attainable location accura-
cy of all seismic events in a given area should be within the typical size of an.event
of that magnitude which defines the sensitivity of the seisinic network for that area,
i.e. the minimum moment-magnitude, m,,;,, above which the system records all
events with sufficient signal to noise ratio (SNR). The table below gives the rec-
ommended location accuracy for different network sensitivities associated with dif-
ferent objectives of monitoring. Approximate source sizes are quoted for refer-
ence.

Table 9.3.2 Recommended location accuracy required to achieve specific monitoring

objectives
Objective of Monitoring: Location | Prevention | Control Warnings
Network sensitivity (m,;,) 1.0 0.5 0.0 05 | -1.0 | -1.5 | -20
Desired minimum location accuracy [m) ]00 75 40 20 15 10 S
Approxiniate source sizes [m] at stress 65-110 35-65| 20-35 | 12-20 | 6-12 | 4-6 2-4
drops between 0.1 to 0.5 MPa

9.4 QUANTIFICATION OF SEISMIC SOURCES

Seismic events can routinely be quantified by the following parameters derived from

recorded waveforms:

* time of the event f

* Jocation X =x, ¥ 2

* seismic moment M, and its tensor, which defines the overall direction of
principal stresses acting at the source and the nature of the coseismic sfrain
change in terms of its isotropic and deviatoric components

* radiated seismic energy E, and/or seismic stress drop AG

* characteristic size of the event /.

The routine estimates of seismic moments and radiated seismic energies from wave-
forms are relatively inaccurate; with uncertainties, as measured from the scatter of
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processed data around the model, from 50% for well behaved waveforms to over
100% for complex ones (Figure 9.4.1). However, the variation in radiated seismic
energy (or stress drop) of seismic evenlts with similar moments occurring in different
stress and/or strain regimes at the same mine is considerably greater than the uncer-
tainty in measurements and the error propagation in processing - see Figure 9.1.1.
Thus, while these uncertainties adversely influence the resolution obtdinable, they
should not prevent the quantitative interpretation and comparison of seismic strain
and stress changes between different time intervals and/or between different areas
covered by the same seismic system.
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Figure 9.4.1 Left shows the stacked instrument, distance and Q-corrected S-wave spectra
derived from waveforms recorded at 13 sites associated with a seismic event of m = 1.1.
Uncertainty, as measured by standacd error 6, is calculated in the frequency range 3-300Hz.
Three-component waveforms of recorded accélerations with marked S-windows for spectral
calculations and double integrated displacements, are shown on the right.

Seismicity is defined here as a number of seismic events, occurring within a given
volume AV, over a certain time At. Seismicity can be quantified using the following
four largely independent quantities:

*  average time between events {

* average distance, including source sizes, between consecutive events X,

*  sum of seismic moments TM, and

* sum of radiated energies XE.

From these four basic quantities one can derive a number of parameters includ-
ing seismic strain €, its rate €,, seismic stress o,, relative stress o,, seismic stiff-
ness K, seismic viscosity n,, seismic rélaxation time t,, seismic Deborah num-
ber De,, seismic diffusivity D or d; and seismic Schmidt number Sc, that
describe the statistical properties of coseismic deformation and associated
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changes in the strain rate, stress and rheology of the process - see Glossary of
Terms for general descriptions. Table 9.4.1 lists the major aspects of data used
in source parameter calculations, and the minimum precision required for rea-
sonable results.

Table 9.4.1 Data precision required for source parameter calculations.

Parameter Affecting Source Parameter Calculation

Recommended Minimun:
Precision/Value

calibrated, resonarice free frequency range +3dB
Mgy - the maximum magnitude event to be measured

My, - the maguitude that defines sensitivity of the network
[y - the corner frequency of the indicated event
geophone natural frequency
geophone damping factor
geophone sensitivity
accelerometer sensitivity
number of sites

location accuracy

hypocentral distance

SNR = A, /pretrigger noise level

P and S wave velocities

P and S ivave attenuation & scattering Q
rock density at the source

window tength for source parameters

fm.'m = O‘SIO(mrnax )
Sz =5 fo(Mmin)

5%

5%

5%

5%

5 x 3 component each, or
3 x 3 comp. plus 6 single comp.
5% of AHD

> Xk = wave velocity / f
10

7.5%

20%

10%

4TA,L)

[T(A,...) = period associated with maxinnan amplitude on
velociry waveforms]

Uncertainties between the observed displacement specira, 75%
corrected by the average radiation pattern, and the model.

9.5 SEISMIC HAZARD AND SEISMIC EXPOSURE

In general, seismic hazard relates to the potential for strong ground motion resulting
from the occurrence of seismic events. Seismic hazard is defined as the probability
of occurrence of a seismic €vent or ground motion equal to or exceeding a specified
level, within a given period of time.

The general procedure in evaluating seismic hazard includes the determination of the
volumes that produce seismicity, estimating the recurrence times of seismic events of
different magnitudes and, taking into account the local attenuation of ground motion,
and site effects, computing the probability of exceeding a given level of ground
motion for different time intervals. The results may be presented as a table of prob-
ability of each level of ground motion for a given site, or as contours of different lev-
els of ground motion at a given level of probability. Seismic hazard estimates in
mines are frequently limited fo probabilities of occurrénce, or récurrence tiies, of
seismic events above certain magnitudes /(2m), so the relative exposure to seismici-
ty and seismic risk can be quantified.
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Figure 9.5.1 An illustrative plot of cumulative frequency — magnitude, with a1,,,;, = -2, a
=4 and b = 1, for the volume AV over the time period Ar = 1000 days. Open dots below m1,,,;,
= -2 denote data points below the network’s sensitivity that should not be used in parameter
estimation.

The probabilistic recurrence times can be derived from different modifications of the
empitical Gutenberg-Richter relation describing the frequency-magnitude distribu-
tion of small and intermediate size eacthquakes,
logN(zZm) =a — bm,

whére N(mn) is the expected number of events 2 miagnitude m, and «, b are constants
- see Figure 9.5.1. The Gutenberg-Richter relation implies a power-law event size
distribution (further implying the absence of a characteristic event size), and as a con-
sequence, puts no limit on the maximum earthquake wagnitude. Thus if the disti-
bution of very large earthquakes is also a power-law, then it must have an exponent
(b value) that-is larger than that for smaller ones: i.e. the straight-line relationship
must eventually bend downwards at very large magnitudes.

The mean recurrence times can be calculated as 1(2m) = At / N(=m), where Al is the
period of observation. The one largest seismic event, called here m,,,, would have a
magnitude that comresponds to N(zm,,,) = 1, or logl = a - bm,,,, = 0, thus
My = Mpin + (Ub)og N (2ii1,;,), wilh uncertainty 8m,,,,= 0.3/ b

Parameter @ measures the overall occurrence rate and, for the same b, scales with the
rate of rock mass seismic deformation €, asa = log €, +constant. The parameter b
is controlled by the distribution of events between the higher- and lower-magnitude
ranges and, for large and well distributed data sets, can be estimated from 5=0.43
(m - m,;, )" with uncertainty b = +b/ s, where m is the mean of the observed mag-
nitudes and n is the number of observations. Both parameters influénce derived

min
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recurrence times, therefore it is essential that their values and variances be deter-
mined accurately. The basic assumptions made when calculating the probabilistic
recurrence times are that N(=mn,,,) = | and the parameters a and b do not change
significantly with time and within the selected volume AV.

The estimated number of seismic events within the magnitude range m, and m,,
where m; < m, <m,,,., is N(m; <m < my) = N@my) - N(2im,), and the cumulative
moment release M, by all these events can be estimated from

IMy= b o [0Qar91 (1055 [ Q) 5-00)/(1.5-D), for b < 1.5.
In the long term, the sum of seismic moments is proporfional to the volume mined
Voo EIMp = GV,. Thus, for a given V,, the higher the value of @ and b in the

Gutenberg-Riclter relation, the lower the m,,,. is likely to be.

The specific model of the frequency-magnitude relation and the numerical proce-
dures used in its parameter estimation should take account of the upper limit of pos-
sible maximum, magnitude in the area of interest, slow temporal changes in b, and the
fact that magnitudes are not continuous but djscrete grouped quantitiés determined,
in mines, with an accuracy of 0.2 units on average.

If one assumes that the time of rupture of larger events is controlled by strong and
highly stressed areas within the volume AV, the recurrence lime f should then be cal-
culated on the basis of frequency - maguitude data selected from these areas only, as
determined by the contours of energy index or seismic stress and/or modelled stress,
instead of from the éntire volume.

The most significant deviations of observations from the frequency-magnitude rela-
tion are those at the largest observed magnitudes, since they may influence the
expected recurrence time for the maximum magnitude event. In general, recurrence
times beyond the time span of the data set Af should be treated with caution.

In addition, it is wseful to know the distribution of actual recurrence times about the
estimated mean. Given the mean, the type of distribution, the standard deviation of
the observations and the time of occurrence of the last event, either cumulative prob-
ability (i.e. the probabitity that an event would already have happened) or fature con-
ditional probability may be estimated. Failing that, one can evaluate the best estimate
of the emipirical probability P, that a given volume AV will produce an event of mag-
nitude greater than m within a specific time T after the preceding event of this size.
Given the latest n observed recurrence intervals f(2mn), of which ny are smaller than
or equal to 7,

Pr=(n; +1) /(2 +2), with uncertainty 8P =2/ P (1- P )/(n+3)

For larger data sets, §P; approximates the 95% confidence interval. For exaniple,
consider a sequence of the last 15 recurrence intervals in days, for events withm = 3.0
in one of the mining areas in South Africa: 86, 33, 118, 58, 31, 107, 61, 77, 10, 17,
8, 13, 4, 26, 4. Then, the empirical probability that this area will produce an event
with m > 3.0 within, say, 7 = 90 days of the preceding one is Pyy = 0.82 with

8B, = £0.18, which could be considered reasonably significant. For the same data
set, Psp = 0.47 with 8Py =40.23 would not be considered significant.
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In general the b-value is influenced by the following characteristics of the geome-
chanical system under consideration:

* the stiffness, i.e. the ability to resist deformation with increasing stress

* the level of stress

* the rock mass heterogeneity.

The stiffer the system, the higher the b-value. This observation conforins with report-
ed decreasing b-values with increasing stress, since there is a general loss of stiffness
with increasing stress in a regime undergoing inelastic deformation. In the absence of
significant tectonic stresses, intermediate and large seismic events usually occur after
considerable mining has taken place in an area degrading the stiffness of the system.

The rock mass heterogeneity is defined by the spatial distribution of sizes and distances
between strong and/or stressed and weak and/or destressed patches of rock where seis-
mic sources may nucleate and be stopped. In general, for the same stiffness, an increase
in rock heterogeneity results in a higher b-value, since it is more likely that an initiated
rupture will be stopped by a soft or-hard patch before growing into a larger event.

A rock mass subjected to mining is strongly influenced by excavations, pillars, induced
fracture zories, and associated changes in stress. These induced heterogenieties influ-
ence the stiffness and the stress regimes of the system and thus the activity rate, size of
the larger observed events and the b-value. For example, the introduction of strike sta-
bilizing pillars in the West Rand Region in 1980 and, recently, the sequential grid lay-
out, both reduced the size of the largest events experienced compared to those in tradi-
tional longwall mining. Figures 9.5.2 show cumulativé apparent volume vs energy
index, size and the time-of-day distributions derived from seismiic data recorded during
a shaft pillar extraction. Note the softening of the pillar during May 1993, manifested
by persistent decrease in energy index E/ associated with an increase in the rate of seis-
mic deforimation and associated changes in the size and time distributions.

Similarly, the d-value defining the slope of the logE vs logM,, straight line fit, called the
E- M, relation, tends to correlate with the system stiffiiess - the stiffer the system the
steeper the line and the higher the d-values — see Figure 9.5.3. The E- M, relation for the
stiff system does not extend far into the large moment domain, since it does not produce
large events until its stiffness is degraded and the d-value drops. For a given slope, an
increase in the c-value of the E- M, relation reflects an increase in stress - the apparent
stress of a typical event with M,= 1 Nm, or m = -6, would be G, (M,=1) = rigidity * 10",

The observed data sets of mining-related seismicity frequently exhibit fairly complex

behaviour, The frequency-magnitude distributions of seismic events associated

directly with tunnel development or stoping and those related to geological features
of different sizes may have different forms, and when superimposed may affect the
estimated recurrence times of larger events — seé Figure 9.5.3. In addition, the rela-
tively subjective choice of volume(s) of interest, the range of spatial and the degree
of temporal correlation of seismic activity and the availability and quality of data
may also influence the results. Therefore many data sets could be considered anom-
alous, having either a peculiar b-value, i.e. outside 0.5 < b < 1.5, and/or strongly dévi-
ating from the Gutenberg-Richter model. In such cases it is important to determine
the physical factors affecting the distribution and to ensure that the interpretation is
offered in the context of the specifics of the data set.
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Figure 9.5.2(a) Time history of cumulative apparent volume XV, and energy index £, for the
seismicity associated with shaft pillar mining within the volume AV=51.2 - 106 m3. Note thatall large
seismic events, logE > 7.5, occurred after the pillar had lost the ability to maintain stress. Note also
the differences in d-value (slope of the E-M, relation) and in the b-value between two six-month peri-
ods, indicated by shading, of similar average energy index E7 but considerable difference in stiffness.
Figure 9.5.2(b) The cumulative frequency-magnitude distributions for the period January
‘92 to May ‘93 (hardening); and June ‘93 to December ‘94 (softening). Note the characteris-
tic misfit (the lack of larger events) between the data and the model during the overall hard-
ening regime, and the incidence of larger events during the softening period.

Figure 9.5.2(c) The time-of-day distributions of seismic events with m > 1.0 for the harden-
ing and softening periods; note that hazard for m = [.0 at 23h00 until 01h00 and at 10h00 and
12h00 s slightly higher during hardening.
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