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ABSTRACT

Micro-seismic activity at a mine is typically strongly controlled by production activity. It is possible
to quantify this relation between production and seismicity via a statistical model, which provides a
potential means for managing the seismic response to future mining. This was demonstrated by
establishing models relating simple parameters of production (tonnes fired and tonnes bogged) to
parameters of the seismic response (event count and cumulative potency) at a block caving mine.
Using these simple production parameters alone omits some important factors (such as rock mass
condition, mining configuration, etc), and so the fit to the seismic response is naturally somewhat
limited. We demonstrate that this fit can be improved by including an auto-regressive term into the
model, which comes at the cost of limiting the model’s forecasting horizon.

1 INTRODUCTION

The seismic response recorded at a mine is
typically strongly influenced by production
volumes and rates (Mendecki, 2013). Depending
on the nature of this response it can potentially
pose a hazard to miner safety and production,
which motivates for the development of
statistical models to forecast and thereby,
mitigate the exposure to seismic hazard
(Woodward et al., 2017, Martinsson and
Tornman, 2020, de Beer, 2022). These models
also have potential utility for short-term
forecasting or even the management of future
seismic response.

The nature of the models developed will depend
on available data and the features of the seismic
response that are of interest. Several approaches
were previously published for different such
contexts; for example, Martinsson and Tornman
(2020) developed a hierarchical Bayesian model
to describe the response (in terms of cumulative
potency) to production (in terms of tonnes
produced) across multiple sublevel caving
operations at Malmberget mine in Sweden.
Jakubowski (2014) utilised neural networks and
stochastic gradient boosted trees to forecast
monthly seismic energy release in response to

longwall mining at the Bielszowice colliery in
Poland. The monthly seismic response was
parameterised in terms of several parameters
including total face advance.

In this paper, a case study is presented using data
from Oyu Tolgoi mine, a block caving mine in
Mongolia operated by Rio Tinto. The seismic
and production data used is outlined in Section
2. In Section 3, statistical models are developed
relating seismicity in two seismogenic zones to
production. The paper is concluded in section 4.

2 DATA

Data for the period 1 January 2022 to 31
December 2023 was selected, which includes
the start of drawbell development in January
2022 and production bogging in June 2022.
Figure 1 shows columns representing draw
height, locations of drawbells and associated
seismic response as of 31 December 2023.

The seismic response was divided into two
distinct populations either side of the West Bat
fault. Events above the footprint of the Panel
Zero block cave (hereafter referred to as cave
events) define a large cave yield zone, while
those on the northwestern abutment (hereafter
referred to as NW events and contained in the
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blue polygon in Figure 1) are characterised as
often large, shear-type events. Stark contrasts in
the seismic response are attributed to differences
in the rock mass properties and in-situ stress
orientation. A detailed description of the geology
can be found in Porter (2016).

Figures 2 and 3 characterise the seismic response
in each volume. Overall, there are far fewer NW
events than cave events (by a factor of 20-30),
but the significantly shallower size distribution
(Figure 2) means that the cumulative potency is
approximately double that of the cave events
(Figure 3).

Based on the size distributions shown in Figure
2, events with moment magnitudes below -1.0
were excluded from the analysis to avoid any
bias resulting from spatial variability in the
sensitivity of the sensor array. This has left a set
of 54,421 events for analysis, which were
quantified in terms of two simple parameters:

* number of events per week and
* cumulative potency per week.

Our aim is to relate these response parameters to
input parameters based on production and
previous seismic response. In particular, the
following three input parameters were
considered:

* tonnes bogged per week,
* tonnes fired per week, and

* cumulative event count/potency in the
previous week.

The response variables were plotted against each
of the input variables in Figures 4 and 5, which
are coloured according to region (Cave/NW).
Based on the Spearman correlation coefficients
listed in each plot, it can be seen that there are
moderate to strong positive correlations across
both regions between the seismic response (in
terms of number of events or cumulative
potency) and both the tonnes bogged and
previous seismic response.

There are also moderate correlations between
the response in each region and the tonnes fired.
Interestingly, this correlation is negative in the
case of the NW region. This is spurious (i.e., not

causative) and most likely a result of each
response being correlated with some other
factor.
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Figure 1

Pairwise plots comparing the input parameters
against one another are shown in Figure 6.
Several (mostly unsurprising) correlations can
be seen. The most prominent correlations are
those between the number and cumulative
potency of events recorded in the previous week.
This correlation is especially strong for Cave
events given the nature of the size distribution in
that region (Figure 2).
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3 STATISTICAL MODELS

3.1 Number of events - Cave

A parametrisation of the seismic response in the
Cave region in terms of tonnes blasted and
bogged was first considered. In particular, a
generalised linear model of the form,

E[N|Tbog’ Tblast] - eXp(al
+ Obog 10819 Thog (1)
+ Qplast 10g10 Tblast)
was considered where N is number of events per
week; Trog 1S the tonnes bogged; Tolast is the
tonnes blasted; and 1, awog, and blast are

constants. To avoid complicating the analysis,
weeks were omitted where there was no blasting

or bogging. As the data is over-dispersed, the
coefficients have been fitted using quasi-Poisson
regression to yield,

E|N|Thog, Thiast] = exp(—9.98

+ 3.801og; o Thog

— 0.15810g;0 Thiast) (2)

10 ast

= 4.65 x 10-°T}; T, 0%
It can be seen that the coefficient for the blasting
term is negative, which would suggest an
increasing the total blasted volume results in a
reduced seismic response, a somewhat counter-
intuitive result. However, an F-test comparing
the model of Eq. 2 to a null model with the
blasting term removed reveals that it is not
statistically significant (Fi1,77 = 0.0466, p =
0.830).

Removing the blasting term and refitting a
model of the form,

E[N|Thog] = exp(oq + aog logyg Tbog), (3)

yields,
E[N|Tioq] = exp(—10.5
+3.7710g1o Thog) (4)
= 2.67 x 107 °T;;0*

The remaining bogging term is significant (F1 78
= 130, p < 0.001). The model provides a
reasonable fit to the data, particularly in 2023 as
shown in Figure 7. The poor fit to the observed
seismic response during the early stages of
production suggests that the model omits
important variables (rock mass condition,
mining configuration, etc.).
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Assuming that the effect of these variables tends
to vary on time scales on the order of a week or
greater, we can expect to account for them (at
least partially) by including an auto-regressive
term in the model. In particular, a model of the
form,

E[NlTboga Nprev] = eXp(Oll
+ tbog 10819 Thog
+ Qprev 10810 Nprev)

®)

where Nprev s the number of events recorded in
the previous week. Fitting this to the data yields,
E[N|Tyog, Nprev]| = €xp(—5.70
+ 1.76 logy o Thog
+1.5210g;¢ Nprev)
— 3.35 % 10370764 p\0-661

bog prev

(6)

The terms for tonnes bogged and number of
events in the previous week are both significant
(F1,77 = 36.5, p < 0.001, and Fi77 = 155, p <
0.001, respectively). As can be seen in Figure 8,
this model provides a much better fit to the
observed data.

It is important to note that the inclusion of the
auto-regressive term means this model should
only be used for forecasting one week ahead.
The inclusion of a term based on the cumulative
potency recorded in the previous week was not
considered given that, as discussed in Section 2,
it is strongly correlated with event count and so
adds little extra information.
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Figure 7 Comparison of observed number

of cave events per week with
expected calculated using Eq. 4.

3.2 Cumulative potency - Cave

A general linear model is considered for the
parametrisation of cumulative potency in the
Cave region, taking the form,

E[logy X P|Thog, Thlast) =011
+ Qbog loglo Tbog (7)
+ Oplast loglo Tblast

Performing ordinary least squares regression to
estimate the three constants yields,

E[loglo EP|Tb0g, Tblast] = — 11.5
+ 0.502 loglo Tblast

The terms for tonnes bogged is a significant
improvement over the null model (F1,77 = 121.0,
p < 0.001) whereas tonnes fired is not Fi77 =
1.63, p = 0.255). The tonnes fired term was
therefore dropped giving the form,

E[logig ZP|Thog] =01 + Abog 10810 Thog (9)
This yields,

+2.2310g,0 Trog )

The remaining term is significant (F1.78 = 221, p

<0.001) and the model provides a reasonable fit
to the observed data (Figure 9).
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Figure 8 Comparison of observed number

of cave events per week with
expected calculated using Eq. 6.

The fit was further improved by the inclusion of
the auto-regressive term, observed cumulative
potency in the previous week.

E[IOglo 2-P|T‘b0g7 z]F)prev] =0

+ Qhog 10g10 Tbog (1 1)
+ aprev IOgIO 2-Pprev

Fitting the data to this form yields,
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E[log,0 SP|Thog, S Pyrev] = — 6.49
+ 0.386logy X Pprev

(12)

Both terms were a significant improvement over
the null model with Fi77 = 51.2, p < 0.001 and
Fi73 = 25.2, p < 0.001, respectively. The
performance of Eq. 12 in Figure 10 is only
marginally better than that of Eq. 10 shown in

Figure 9.
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Figure 9 Comparison of the observed
cumulative potency per week in
the cave region and expected as

calculated using Eq. 10.

The three large jumps in cumulative potency
between May and Nov 2022 are attributed to the
occurrence of the four largest events in this
dataset. The hypocentre locations are on the NW
abutment, very close to the West Bat fault
(Figure 1) but do not form part of the cluster of
seismic activity in the NW. The inclusion of
these four events as “Cave” events may be
debatable, but it does not significantly influence
the results of this study.
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Figure 10 Comparison of the observed
cumulative potency per week in
the cave region and expected as
calculated using Eq. 12.

3.3 Number of events - NW

The approach was repeated in Section 3.1 with a
parameterisation of the number of events per
week recorded in the seismically active volume
NW of Panel Zero (Figure 1). A model of the
form given in Eq. 3 was considered and fitted
using quasi-Poisson regression to yield,

E[N|Tpog| = exp(—11.8 + 3.2910g; Thog)

= 7.74 x 107°T};3°

(13)

The tonnes bogged term is significant (F1,52 =
16.3, p < 0.001). As seen in Figure 7 (Section
3.1), the earliest data is more scattered while a
reasonably good match is observed for most of
2023. Note a term for tonnes blasted was not
considered given that we expect its correlation
with the seismic response in the NW region to be
spurious (see Section 2).
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Figure 11 Comparison of observed number
of NW events per week with
expected calculated using Eq. 13.

Introducing the auto-regressive term gives the
form,

E[N|Tb0ga Nprev] = eXp(a1
+ abog logyg Thog  (14)
+ aprev 1OglO Nprev)

Fitting Eq. 14 to the data yields,

E[N|Tyog, Nprev] = exp(—5.79

+ 1.381og1¢ Tho

10 g (15)

+1.9610g;¢ Nprev)

= 3.05 x 10 Tyt " Npye
Tonnes bogged and number of events in the
previous week are both statistically significant
(F1,51 =21.7, p < 0.001 and F1,51 = 380, p <
0.001, respectively). The resulting fit to the
observed data is drastically improved but as
stated earlier, this adjustment limits the
appropriate forecasting horizon to one week.
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Figure 12 Comparison of observed number

of NW events per week with
expected calculated using Eq. 15.

3.4  Cumulative potency - NW

The process followed in Section 3.2 was
repeated for data recorded in the NW cluster.
Using ordinary least squares regression to fit the
model represented by Eq. 9 yields,

+3.97logyy Toog O

As with Section 3.3, tonnes bogged is
statistically significant (F1s52 = 24.4 and p <
0.001).

The inclusion of an auto-regressive term leads to
the form,
E[logy 2 P|Thog, X Pprev] =11
+ anoglogig Thog  (17)
+ CVPI"F!V 10g10 2P)prev

and yields,
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Elog,y £ P|Thog, X Pprey] = — 12.6
+ 2.7210gy Thog (18)
+ 0.493log;( X Ppyrev

Tonnes bogged and cumulative potency in the
previous week are significant (Fi1 51 = 14.2, p <
0.001 and Fi51 = 23.4, p <0.001, respectively).
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Figure 13 Comparison of observed number
of NW events per week with
expected calculated using Eq. 16.
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Figure 14 Comparison of the observed
cumulative potency per week in
the NW region with expected
calculated using Eq. 18.

4 CONCLUSIONS

The recorded seismic response at Oyu Tolgoi
mine between Jan 2022 and Dec 2023 was
divided into two regions: Cave and NW.
Statistical models were developed that relate the
seismic response in each region in terms of event
count and cumulative potency, to production in
weekly intervals.

It was found that weekly tonnes bogged has a
strong influence on seismicity in both regions.
Conversely, blasting seems to have little
influence on events in the cave region and a
spurious negative correlation with the response
in the NW region. The negative correlation is
explained by the mining sequence. During cave
initiation larger amounts were blasted weekly to
progress the undercut ahead of drawbell
development. Later on, as sustained caving was
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reached, the seismic response accelerated while
tonnes blasted subsided.

The simple parameters considered in this paper
(weekly tonnes blasted and tonnes bogged) omit
important variables that can be expected to
influence the seismic response (e.g., rock mass
properties, mining configuration, etc.). It was
shown that the inclusion of auto-regressive
terms in the models based on the seismic
response in the previous week can at least
partially account for this missing information
but it should be noted that this comes at the cost
of limiting the forecasting horizon of the models.

The models presented in this paper are quite
simple, and could be further developed in a
number of ways. One possibility would be to use
input variables that are the result of numerical
stress modelling (e.g., loading system stiffness
(Wiles, 2002) at the points of blasting and/or
bogging), which may serve as an alternative to
the auto-regressive terms without limiting
forecasting power. A further consideration is to
include spatial binning to investigate
correlations between the seismic response and
production for certain domains.
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