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ABSTRACT
Deep mining may induce ground quakes with magnitude mL up to 5.5 and Modified Mercalli
intensities up to VIII. This may cause serious damages in civil infrastructure in the vicinity of mines.
Any adaptation of the seismic code to design structures subjected to mine tremors faces however an
impending problem of differences in spectral content and duration between the surface records of the
rockbursts and natural earthquakes which shaped the methodology of the code, as well as in their
different risk definitions. This paper presents a system to define design seismic load based on
forecasted surface horizontal particle velocity from the rockbursts expected during the planned mining
activities. Such forecasts are routinely prepared by the geophysical mine services. Respective seismic
load may then be applied in the design of buildings and other structures to mitigate the rockburst
induced seismic effects on them. For this purpose the European seismic code, Eurocode 8 is adapted.

INTRODUCTION
Deep mining affects the earth surface in two main ways:
• by causing extended subsidence (e.g. Kratzsch 1983, Sheorey et. al 2000, Gonzalez et al 2005)
and
• by induced seismic hazard (Gibowicz and Kijko 1994, Kijko, Lasocki, Graham 2001, OrleckaSikora et al. 2012).
The first problems are subject of already rather long research (Knothe 1953) whereas the mine tremors
caused by the induced seismic hazard are getting more and more attention only recently, when it
appeared that the mine quakes may reach magnitude mL of 4.5 or even exceed 5 (Mc Garr et al. 1989),
leading to surface ground motion with Modified Mercalli intensities up to VIII. Such the ground
motion is capable to cause serious damages in civil infrastructure, particularly when the deep mining
takes place near or below habited areas. The strong rockbursts usually are causing only minor
damages, but for those few extremely strong the resulting damages may be serious (see Fig.1). In the
situations of potentially strong seismic effects, one may expect the buildings and other structures,
including the surface technical infrastructure of the mines, to be protected against seismic effects at the
stage of their design, the same way as it is done for structures designed for the zones of natural
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seismicity. However the direct application of typical seismic structural codes for these purposes is not
straightforward for various reasons with following three of them being the most important:
a) surface mine tremor records differ from the acceleration records of natural earthquakes with
respect to their spectral content and duration,
b) there are problems how to define so called design acceleration for the 3-4 years return period
of the strongest rockbursts as compare to typical 475-500 years return period of the classic
seismic codes,
c) the extend to which inelastic seismic response can be accepted in the design (behaviour ‘q’
factors of Eurocode 8) should carefully be re-evaluated

Figure 1. Damage to a residential building caused by ML 5.3 rockburst from March 9, 2005 in Stilfontein, South
Africa (courtesy of dr Artur Cichowicz, Council for Geoscience, South Africa)

In this paper, an approach to rationally adapt the European seismic code, Eurocode 8, for the structural
design procedures in the areas of deep mining is presented in detail, on an example of LGOM Copper
Mine Basin in Western Poland. To obtain such defined goal, the rockburst induced ground motion was
first studied (Zembaty 2004) and later a concept of a technical methodology was developed (Zembaty
2011), where special rockburst design response spectrum was presented.

ROCKBURSTS AND THEIR SURFACE INTENSITY
Jonstone (1992) divided all rockbursts onto two general types:
• Type I, with lower to mid magnitude, close to mining face, with high stress drops and directly
correlated with the mining activities.
•

Type II, with high magnitude, often located on preexisting fault surface, even a few kilometers
from the mine, with stress drop similar to natural earthquakes, not directly correlated with the
mine activities.

When it comes to identify the extreme seismic loads from rockbursts, these are type II
rockbursts which can generate more intensive tremors. It should however be noted that the peak
ground accelerations of both types of rockbursts are very similar and even, in many cases, the type I
rockbursts can generate higher accelerations on the ground surface than the type II rockbursts. These
problems were investigated by Zembaty (2004), when ground motions produced by rockbursts from
the LGOM basin were analyzed in detail. It was observed then, that the classification introduced by
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Jonstone (1992) also fits well when surface rockburst records are studied. Thus, two characteristic
types of rockburst surface records were identified:
• Records of type I with very short duration (1–2 s) and Fourier spectra shifted to higher
frequencies (about 20–40 Hz) similar to those from blasts (Fig. 2). These records were
collected from the events with rather low intensity and return period of 2–3 months.
•

Records of type II with longer duration (about 5s or more) and with dominating part of Fourier
spectra below 5 Hz, similar to weak, shallow earthquakes (Fig. 3). These records are collected
from rather strong, rare events of return period 1-3 years.

CONSTRUCTION OF THE DESIGN RESPONSE SPECTRUM.
The collection of intensive, type II ground recordings from the LGOM Copper Basin reached
the number of 18 signals and this allowed to define a response spectrum representing rockburst
seismic loading. A methodology was proposed by Zembaty (2011) to obtain special rockburst design
response spectra for civil engineering purposes, but first the method how to treat the local site effects
had to be decided.
It is well known that ground motion at the surface is very strongly influenced by the
geotechnical characteristics of the soil formations below the ground surface. Some seismic codes,
including Eurocode 8 (EN 1998-1, 2005), International Building Code (IBC, 2009) and Italian
Building Code (NTC, 2008), allow to account for site effects using a simplified method based on the
introduction of a number of different soil categories to which specific, frequency-independent, soil
factors are associated. These factors are used to modify the shape of the elastic acceleration response
spectrum computed at a rocky site (reference spectrum).

Figure 2. Example of strong rockburst record of a type I event from February 2nd, 2001 (station “3Maja”) in
Polkowice, Poland, (PGAx=37cm/s2, PGAy=93cm/s2, PGVx=0.48cm/s, PGVy=0.31cm/s)

The parameter used to identify the soil category is VS,30, defined as a weighted average of the shear
wave velocity in the uppermost 30 m of soil profile.
For the purpose of this research a procedure has been set-up to take into account the significant role
played by local site conditions in the definition of the rockburst seismic action, including the lithostratigraphic amplification effects in the rockburst design response spectra. The procedure was based
on the stochastic approach to perform one-dimensional (1D) ground response analyses, proposed by
Lai et al. (2009), Rota et al. (2011) and Bozzoni et al. (2013).

Figure 3. Example of strong rockburst record of a type II event from February 20th, 2002 (station “Miedziana”)
in Polkowice, Poland, (PGAx=163.4 cm/s2, PGAy=96.5cm/s2, PGVx=9.95cm/s, PGVy=7.04cm/s)

These fully stochastic site response analyses permited to account for the uncertainty of soil
properties, as well as the variability of the input motion. Three most important soil profiles of
Eurocode 8 were considered. As a result of this procedure design response spectrum for the soil
profiles A and B were developedas follows:
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where η is a correction factor for damping ratio other than ξ =5% (Eurocode 8),
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while the rest of the above parameters depend on the soil profile and equal:
•

S=0.8, TB=0.1, TC=0.85, TD=1.3 for Eurocode 8 soil category A,

•

S=1.0, TB=0.1, TC=0.95, TD=1.3 for Eurocode 8 soil category B,

•

S=1.5, TB=0.3, TC=0.80, TD=1.3 for Eurocode 8 soil category C.

In Fig. 4 the plots of response spectra given by formulas (1) and (2) are presented.

Fig. 4 Plots of design response spectra (formula 1) for damping ratio ξ =0.05 and three Eurocode 8 soil
categories A, B, C (design acceleration ag=1m/s2)

It should be noted that in traditional design against rare seismic events (return period 475 years)
the linear response spectra, as in the formulas (1) and (2), are rarely applied because their application
leads often to excessive internal forces. Instead the response spectra accounting for inelastic response
are used with behavior factor ‘q’ changing from 1.5 to 5 and effectively reducing the design load. In
case of extreme rockbursts, which may appear with return period of 2-3 years such the approach is not
possible. However some kind of “overstrength” (Fardis et al. 2005) should be taken into account to
avoid too still too great internal forces. After careful analyses it was decided to allow application of
q=1.5 and construct respective inelastic response spectra as follows:
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and for soil profile C
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SETTING THE DESIGN ACCELERATION VALUE
Particularly difficult problem appears when a decision about the design acceleration ag is to be
considered for the mine tremors actions. The solution applied in this case is based on the application of
the displacement approach.
Consider Fig. 5, where displacement response spectra are shown for two horizontal rockburst
records along x and y axes. Respective horizontal peak particle velocity equaled in this case
PGVhor=6.37cm/s, where PGVhor = max √[ Vx(t)2+ Vy(t)2]. The plots from Fig. 5 include also Eurocode
8 displacement response spectrum calculated as Sd=(2π/T)2/ Sa. By changing design acceleration ag,
the EC-8 displacement response spectrum is set to best fit the response spectra of the two records, in
the range of typical natural frequencies of buildings, here from zero to about 1.5s. The best fit is
reached for ag=55cm/s2. This means that the design acceleration equal to 55cm/s2 will lead to the
relative displacements (deflections) in the structures the same as rockbursts with horizontal peak
particle velocity of 6.37cm/s. This way one obtains an r factor between the rockburst intensity
measured by PGVhor and the design acceleration:

r=

ag
55
=
≅ 8.63 ,
PGVhor 6.37

(5)

The same fitting process was carried out more systematically, using minimization algorithms, between
all the 18 records of strong rockbursts used to formulate response spectra (1-2). As a result an average
value for r equal to 5.77 was obtained with standard deviation 1.97. It was decided then that in the
future designs in the LGOM region r=10 will be applied with an appropriate safety margin, i.e.
ag=10vg, where vg is the forecasted surface peak horizontal velocity for the respective mining region.
This means, that accepting the peak horizontal velocity as the most appropriate measure of mine
tremor intensity (Zembaty 2004), a relation between the rocburst intensity at a site and the design
acceleration was established.
For the purposes of civil infrastructure design, the LGOM basin region was divided onto four
mine regions:
•

with expected maximum ground velocity vg<1cm/s, where no measures against mine tremors
are planned for the design,

•

with expected maximum ground velocity 2cm/s>vg>1cm/s, where only some limited measures
are planned,

•

with maximum ground velocity 4 cm/s >vg >2cm/s, where the response spectra (1-2) or (3-4),
with ag=40cm/s2, should be applied,
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with maximum ground velocity 6 cm/s>vg>2cm/s, where the response spectra (1-2) or (3-4),
with ag=60cm/s2, should be applied.

For all the four mining regions one can now rationally define a design procedure to mitigate rockburst
effects in the designed structures.

Fig. 5 Illustration of fitting of the EC-8 displacement response spectrum into corresponding rockburst
displacement response spectra of particular peak particle velocity, in a search to find corresponding design
acceleration value

CONCLUDING REMARKS
A methodology how to apply Eurocode 8 response spectrum to design civil engineering structures
under rockburst surface excitations is presented. Respective response spectra where obtained based on
a collection of strong rockburst records, including the local site effects for three Eurocode 8 site
profiles A, B and C.
The region of mine induced seismic hazard is divided onto zones with particular maximum
surface horizontal peak particle velocity, as expected during the mine activity. For each of the velocity
zone an appropriate design procedure is settled. The ground velocity forecasted by geophysical mine
services is used to define respective design acceleration based on a factor r=10 i.e. ag=10vg, where vg
stands for expected, rockburst induced horizontal ground velocity.
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