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Abstract

The paper presents a way of estimating the intensity of dynamic loads due to mining quakes, with the purpose of assessing
the possibility of generating extreme dynamic reactions of buildings caused by paraseismic kinematic excitations. The sug-
gested method may be applied in numerical analyses of the effort of structures by means of the load history method in the
course of selecting representative causes of paraseismic loads. From among many mining quakes only a few are selected,
provoking an extreme and similar dynamic responses of the structure. Such a classification allows to restrict the range of
the numerical analysis of the structure, thus leading to a rationalization of time and work amount required for calculations.
This method is based on time — and — spectral properties of kinematic excitations observed in the region of Polkowice in the
Copper Mining Area of Legnica and Glogéw. They have been characterized by two parameters, viz. Arias’s intensity and the
average power. A distinct stochastic relation has been noted between the parameters of excitations and the dynamic respons-
es of the buildings.

Streszczenie

W pracy przedstawiono sposob oszacowania intensywno$ci obciazen dynamicznych zwigzanych z wstrzasami gérniczymi,
przeznaczonej do oceny zdolno$ci do generowania ekstremalnych odpowiedzi dynamicznych budynkéw przez parasejs-
miczne wymuszenia kinematyczne. Sposéb przydatny jest w trakcie prowadzenia numerycznej analizy wytezenia konstrukcji
no$nych metodg historii odpowiedzi na etapie doboru reprezentatywnych przypadkow obciazen parasejsmicznych. Sposrod
wielu zaistnialych wstrzaséw gorniczych wybiera si¢ tylko nieliczne, ktére wywolaja ekstremalna i zblizong do niej
odpowiedzi dynamiczne konstrukcji. Klasyfikacja taka umozliwia ograniczenie zakresu analizy numerycznej konstrukcji,
a wiec prowadzi do racjonalizacji nakladow czasu i pracy zwigzanej z obliczeniami. Sposéb bazuje na wlasno$ciach czasowo
-widmowych kinematycznych wymuszen parasejsmicznych z rejonu Polkowic w Legnicko-Glogowskim Okregu Miedziowym.
Scharakteryzowano je za pomoca dwoch parametrow: intensywnoSci Arias’a i mocy Sredniej. Stwierdzono istnienie wyraznej
zaleznoSci stochastycznej pomiedzy parametrami wymuszen a odpowiedzia dynamiczna budynkow.

Keywords: Mining quakes; Numerical analysis of building; Load history method; Representative kinematic excitations;
Time-spectral properties.

1. INTRODUCTION

The level of the dynamic response of various buildings
exposed to the influence of intensive mining quakes
has been the subject of investigations for many years.
These searches consisted among others, in a numeri-
cal analysis of the dynamic response of various kinds
of structures exposed to paraseismic loads, making use
of the response spectrum or the load history method
[1-4]. Usually the sets of results were rather scarce.
The great majority of analyses dealing with the effect
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of paraseismic loads exerted on building concerned
the region of Polkowice, where the magnitudes of
shocks have not exceeded so far the value of M = 4.5,
and the seismic energy did not exceed 10 GJ. Peak
accelerations of vibrations of soil surface attained
approximately the value of 2.5 m/s? for the horizontal
components and 3 m/s? for the vertical ones. In analy-
ses of the dynamic response of the buildings, carried
out in compliance with the load history method, mak-
ing use of the kinematic excitations, the expansion of
its range is hampered by the time - consuming
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computer calculations and the expenditure of work in
analyzing the results. Difficulties are also encoun-
tered in the choice of representative kinematic exci-
tations of the analyzed buildings. Frequently some
number of excitations generated by various quakes
exerted on the building structure are available. It is
usually impossible to take all of them into considera-
tion, because this would be too toilsome. At most sev-
eral representative cases of paraseismic loads must
be selected, which we know to have caused in the
analyzed buildings dynamic responses with an
extreme intensity. The present paper suggests a way
of assessing a priori, i.e. previous to numerical calcu-
lations, the intensity of numerous excitations, which
have to be taken into account in the numerical analy-
sis of the selected building. In this method the results
of the analysis of the time-spectral properties of the
kinematic excitations generated by quakes in
Polkowice and criterial parameters: Arias’s intensity
and average power of acceleration have been applied.
The assessment of these intensities permits to reduce
the range of inevitable numerical analyses of the
building, i.e. to speed up the realization basing on the
acceptable expenditure of time and work.

2. THEORETICAL FUNDAMENTALS

The discrete accelerations connected with the hori-
zontal vibrations of the soil, recorded at the seismo-
logic station in Polkowice have been analyzed. The
process of generating mining quakes and their effects
on the environment are stochastic in their character.
Therefore, induced kinematic excitations are consid-
ered to be random processes. As data concerning
such phenomena are rather scarce, it has been
assumed that realizations of processes of that kind
are deterministic functions. They have been analyzed
independently one signal after another, taking into
account the fact that the excitations are not station-
ary [5-7], which is evident in the disconnection of the
spectra of two subsequent segments of them: No. 1,
i.e. the initial segment with high-frequency character-
istic, and No. 2, so-called fundamental one, with
properties of a low-frequency signal. Basing on the
analysis of autocorrelation and the mean value, the
marked segments may be considered as stationary
signals in the broader meaning. The differentiation of
the segments results also from dynamic calculation of
the structure [4] that the extreme dynamic response
of the buildings due to mining quakes occurred prin-
cipally in the second segment. The accelerograms
were divided into segments by applying the
short-time spectral power density, which was calcu-
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lated by means of the moving window method. Basing
on this function, the border dividing both segments
has been found, because spectral properties of the
segments were distinctly diverse. For the purpose of
characterizing the properties of kinematic excitations
criterial parameters were applied viz. Arias’s intensi-
ty [8] and the average power. Their values were joint-
ly analyzed for the orthogonal components of hori-
zontal forces. Arias’s intensity was calculated making
use of the following equation

N,-1

].-!k = Z(ail +a_\2j )ﬂt ? k= l" 2" 3 ? (1)
f=0
where: a,; , ayj — the values of the horizontal compo-
nents of kinematic excitations in the directions X and
Y in the j-th points on the time axis,

N; — the number of samples of the excitations com-
ponent,

At — the period of digitizing of the signal.

The average power of the kinematic excitations was
calculated by means of the formula

N,-1

P = Z (ﬂff + a_i,. )/ N, (2)

=0

in which the denominations are the same as in the
previous formula.

The values of the criterial parameters were calculat-
ed in selected frequency bands of excitations. The
prerequisite of this operation was the need to sepa-
rate those spectral components of the excitations,
which might resonance affect a considered building.
For this purpose the accelerograms were filtered in
the bands whose boundary frequency were depen-
dent on the natural frequency Q of the analyzed
building, according to the relation

F=lfs S Ui Db Ui fua 1t s A3)

where:
fu=fi-07, fu=fi+£)2, fis={fi+ £,)/2, fi, =20Hz,

Q=[f, £ - ful-

The frequency bands were determined based on the
results of analyses concerning four buildings [1, 4].
The sensitivity of dynamic responses of the buildings
generated by paraseismic loads to the modification of
frequency bands of the excitations was tested. It has
been found, that the level of responses depended
decidedly on components with frequencies approxi-
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mating the lowest natural frequencies. Correlation of
the first band (3) and level of dynamic responses was
distinctly higher than second and third band.

In order to assess the responses of two low buildings,
the results of a numerical analysis were used [4], mak-
ing use of the method of finite elements and the soft-
ware package Ansys. Basing on these calculations it
has been found that the extreme stress fields, respon-
sible for the level of the dynamic effort of the walls of
the structure, occur almost simultaneously with the
maximum dynamic horizontal displacements at their
selected points. Taking this into account concerning
the other two buildings for the purpose of assessing
the dynamic response, the orthogonal horizontal com-
ponents of the accelerograms recorded during the
quakes were utilized. The horizontal components of
displacements of the buildings were obtained after a
twofold integration in the time domain. The calcula-
tions were carried out in compliance with standard
procedures of the software Matlab v. 7. For the assess-
ment of the maximum dynamic response in all the
buildings, the horizontal dynamic displacements of
the highest storey versus the foundations were taken
into according to the formula

U {fl}) = \/[” v2 (r(l ) — Uy, ({U )]2 + ”_u-z (I{I ) - H_r] (f“ )]2 ’ (4)

where: ux(t), uy(t) — horizontal components of dis-

applied, and the matching of the regression function
was assessed by the root mean square deviation. Both
of these parameters concern sets of logarithmic data.
Due to the application of their typical estimators the
respective formulae have not been quoted. The qual-
ity of matching the regression function is also charac-
terized by the confidence limits at a significance level
of 10 % corresponding to the typical procedure.

3. CHARACTERISTICS OF THE INPUT
DATA

The applied accelerograms have been obtained from
the seismic stations localized in the following streets:
Akacjowa, Sosnowa, 3 Maja and Miedziana. In each
one of them the vibrations of the soil adjacent to the
given building have been measured. In case of the
third measuring station the accelerograms were
placed also in the foundation and at the roof of the
fourth storey. At the fourth station acceleration
transducers were applied on the foundation of the
building as well on the fourth and twelfth storey of
the structure. Essential information concerning the
applied accelerograms has been gathered in Table 1.

Table 1.

Characteristics of the quake taken into consideration in the
analysis and maximum values of relative dynamic displace-
ment of the building structures

placements of the building highest storey, Maximum
uxi(t), uyi(t) — horizontal components of displace- accelera- | Maximum dynamic

. . o 1 N Date of | Measure- | tion of displacement in
ments in the foundation of the building, © quake | ment point component  building [mm]
tp — position of the maximum relative displacement of [m/s]
the building on the time axis X Y | 1]2]3 4

g ) 1 125.02.2000| 3 Maja 0.68/1.02/0.82/1.20 - | -
In order to determine the relation between the crite- 2 | 1.03.2000 | Miedziana |0.60 |0.72] - | - | - |0.69
rial parameters and the corresponding dynamic 3 [15.03.2000 | 3 Maja |1.02]1.02]1.62]191] - | -
responses of the buildings, the regression was investi- 4 30.06.2000 | Miedziana | 0.13/0.36 - | - | - |44
gated, in which the independent random variable is 5 Akacjowa |0.19 0.52/0.97/151] - | -
successively the parameter according to (1) and (2), 6 Sosnowa |0.50|0.45/0.86|0.88| - | -
and the dependent variable — the dynamic displace- 7 |18.07:2000| Sosnowa |042/0.56|2:27|3.11) - | -
ment of the structure according to (4). The empirical 8 3 Maja_|0.210411 15411453 - | -

R . g ’ p 9 114.09.2000 | Miedziana |0.631.03|1.26 |1.36 - |1.74
regression functlon'was assumed to be power '(surd), 10 3Maja | 0.70 1.02 073 090 - -
concerning the variables transformed by taking the 11| 7.01.2001 | Miedziana | 0.13 030 - | - | - [1.09
logarithm 12]27.01.2001 Miedziana |0.37/0.95 - | - - 2.82

b 13 | 13.02.2001 | Miedziana | 0.19|0.57| - - - 1425

y=ax’, ®) 14 22022001 Micdziana 0.15 039 - | - | - 1.94

. .. . . 15 | 2.02.2002 | Miedziana | 0.28 | 0.95 - 1143
where: a, b coeff1c1en.ts. of the regression functlo'n. 1 Akacjowa | 102 0.79 0.8 127 -
The values of the coefficients were calculated making 17 120.02.2002 Sosnowa |~2.0 ~2.0/5.87 | - -
use of the standard procedure of the Matlab v. 7. As 18 Miedziana 1.63/0.97/3.08| - | - | -
a measure of the stochastic relation of the analyzed 19125.02.2004 3 Maja |0.19/038 - | - 0.51] -
random variables the correlation coefficient was 20| 3.03.2004 | 3Maja | 0.19 036, - | - 066 -
21|13.03.2004 | 3 Maja | 0.27/0.53| - - 046 -
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22| 3.042004 = 3Maja 0.21/042| - - 074 -
23113.04.2004 3 Maja | 0.11]031| - - 010 -
24 117.04.2004 3 Maja 0.33/0.79| - - 188 -
25| 1.052004 | 3 Maja 0.18/0.43| - - 087 -
26| 9.052004 = 3 Maja | 0.41|0.57| - - 156 -
27116.05.2004 | 3 Maja 0.92|1.04| - - 493 -
28116.05.2004 | 3 Maja | 0.82/0.93| - - 344 -
29125.05.2004 1 3 Maja 0.28/0.48| - - (L72] -
30| 7.06.2004 | 3 Maja | 0.30/0.63| - - 146 -
31119.07.2004 3 Maja | 0.17/0.41| - - 117 -
32125.08.2004 3 Maja 0.19/0.25| - - 024 -
33| 4112004 | 3 Maja | 0.15/0.38| - - 021 -
34| 6.11.2004 | 3 Maja 0.29/0.54| - - 367 -
35131.12.2004 | 3 Maja | 0.20/0.47| - - 015 -
36|18.03.2005 3 Maja 0.25/042| - - 193 -
37119.07.2005 3 Maja 0.23/0.24| - - [1.36) -
38| 5.08.2005 | 3 Maja 0.62/0.67| - - 321 -
39128.09.2005, 3 Maja | 1.96|1.78| - - 085 -

The quakes were chosen from among 640 which
occurred in Polkowice and the adjacent region within
the years 2000-2002 and 2004-2005. These were char-
acterized by peak acceleration exceeding 0.25 m/s>.
Table 1 quotes also the values of maximum dynamic
displacements according to (4) of the analyzed build-
ings. The buildings Nos. 1 and 2 have two storeys and
a brick-wall structure with horizontal dimensions of
8.7%9.3 and 7.8*8.4 m, respectively. The building No.
3 has five storeys with a large-size block structure and
transversely bracing wall. The building No. 4 has
twelve storeys and a prefabricated wall structure with
transversely bracing wall. Table 2 presents the fre-
quencies of natural vibrations as well as the boundary
frequencies of the bands of these buildings according
to (3).

Table 2.
Natural frequencies and boundary frequencies of the bands
corresponding to the given buildings

No of Bqundary frequen-
. . cies of the bands
bl.llld- Natural frequencies [Hz] [Hz]
ing
1 2 3
1 48 | 53 | 64 112 | 11.8 | 4.0 | 88 | 12.7
2 37 | 43 | 53 | 94 | 106 | 3.0 73 | 115
3 32 | 34 42 52 | 72 |25 47 | 91
4 1.8 | 20 31 |39 | 44 | 11 35 58

4. RESULTS OF ANALYSIS

The correlation between Arias’s intensity or average
power and the maximum dynamic displacement was
checked successively in case of the buildings 1 to 4,
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assuming that the results of calculations for each of
them constitutes statistic samples concerning various
populations. Correspondingly 11, 9, 21 and 8 kine-
matic excitations loading these buildings were ana-
lyzed. A correlation was also checked assuming that
the available values of random variables were provid-
ed by a population comprising all these buildings.
Table 3 contains the values of the correlation coeffi-
cients as well as the root mean square deviations,
characterizing the stochastic relations of logarithmic
sets of Arias’s intensity and maximum displacements.

Table 3.

Correlation coefficients and square deviations of the regres-
sion functions of logarithmic variables: Arias’s intensities
and dynamic displacement of the buildings

No. No. | Correlation coeffi-
No of of | cients of buildings

“Chband 1 2 3 | 4 1 2|3 4

ment
1 0.7510.66 10.79]0.21 | 0.450.27| 0.69 | 0.68
0.62]0.6210.82/0.04 1 0.54|0.29  0.64  0.70
-0.02/0.05|0.66 0.01 0.690.370.84 1 0.70
0.9310.8210.98/0.98/0.26|0.210.21 | 0.15
0.5510.230.88/0.74|0.57/0.36 1 0.52 | 0.47
0.4010.080.82/0.14|0.63/0.37  0.64 | 0.69

Square deviation of
buildings

[ NI R R S R
\S)
W N = W N =

Exemplary diagrams of the regression function of the
quoted variables in the segment No. 2, including the
confidence limits, are shown in Fig. la-2a (band
No.1) and in Fig. 1b-2b (band No.2). They refer to
the buildings No. 1 and No. 4.

(Band 8.8-12.7 Hz)

g (Band40-88Hz) 6] X
» E

- A /,, *

% 4 24 x/ T -
7] N . S

I I 1
0 5 1015202530
Arias intens.*103 R m?/s3

(=T \S]

I 1 0

I I
0 50 100 150 200
Arias intens.*103 . m2f53

a) b)

Figure 1.

Diagrams of the regression function of Arias’s intensities
and maximum dynamic displacements of the building No. 1,
in the segment No. 2 a) band No. 1 b) band No. 2
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Figure 2.

Diagrams of the regression function of Arias’s intensities
and maximum dynamic displacements of the building No. 4,
in the segment No. 2 a) band No. 1 b) band No. 2

The results concerning the first segment or highest
frequency band have been neglected because of the
distinctly worse correlation of the random variables
and the insufficient matching of the regression func-
tion with the data. The symbol ”x” in the diagrams
denotes the position of the points corresponding to
the analyzed data. The red curves denote confidence
limits of 10 %. The correlation coefficients concern-
ing the investigated stochastic relation in the segment
No. 2 and the band No.l are contained within the
interval 0.82-0.98 and between 0.23 and 0.88 in the
band No. 2. In this segment as well as in the band No.
3 the correlation coefficients are still smaller. In the
segment No. 1 the values of the correlation coeffi-
cients are generally lower than their corresponding
values in the segment No. 2. The root mean square
deviation in the segment No. 2 amounts to 0.15-0.26
in the band No. 1 and increases in the subsequent
bands. Analogically, the results of calculations of the
correlation and regression function between the aver-
age power and the maximum dynamic displacements.
The values of the correlation coefficients and root
mean square deviation of the regression function
concerning these logarithmic random variables have
been gathered in Table 4.

Table 4.

Correlation coefficients and square deviations of the regres-
sion functions of logarithmic variables: the mean average
power and dynamic displacement of the buildings

I\(I)?' No. | Correlation coeffi- | Square deviation of
No. seg- of | cients of buildings buildings

ment™™ T T2 T34 123 4
11 ] 1 077/0.670.800.040.440.27 0.670.70
2 2 10.62/0.62/0.81/0.020.540.29/0.65/0.70
3 3 10.07/0.04/0.66|0.00 0.680.37/0.83/0.70
4 1 2 | 1 ]0.89/0.84/0.98 0.98/0.31/0.20/0.21/0.13
5 2 10.45/0.40/0.86/0.7210.610.34]0.57/0.48
6 3 10.29/0.04/0.72/0.18 0.660.37|0.78 | 0.69

Figs. 3a-4a and 3b-4b present diagrams of regression
functions of the variables in segment No. 2 as well as
the confidence limits in the bands Nos. 1 and 2 for the
buildings Nos. 1 and 4, respectively.

7 - Band 4.0-8.8 Hz 7 Bam:l 8.8-12.7 Hz

“x 64 x

g
&34 x

B2 4 —x
%% % x x

| | | | 0 | | T | 1

0 10 20 30 40 50 60 0 2 4 6 8 10

Avar.powm-“‘103 s m2%/s% AVCI.pDWB‘I*]U3 , m2/s4
a) b)

=1

=)
=
v

5

4

24
e
0-

Figure 3.

Diagrams of the regression function of average power and
maximum dynamic displacements of the buildings No. 1, in
the segment No. 2 a) band No. 1 b) band No. 2

6(Band 1.1-3.5Hz) ~  6-(Band 3.5-5.8 Hz)
B %
K
e

0 LI LA LA L | 0 T T T T 1
0 05115 2 25 0 05 1 15
Aver.power*1 03 , m2/s% Aver.power*1 03, mZ/s4

a) b)

Figure 4.

Diagrams of the regression function of average power and
maximum dynamic displacements of the buildings No. 4, in
the segment No. 2 a) band No. 1 b) band No. 2

These diagrams have been plotted in compliance with
the remarks quoted in Fig. 1. The correlation coeffi-
cients in the segment No. 2 and the band No. 1 are
contained within the interval 0.84-0.98 and within the
limits 0.40-0.86 in the band No. 2. The root mean
square deviation in the segment No.2 and the band
No. 1 is contained within the limits 0.13-0.31. It may
be stated that the quality of matching the regression
function with the random variables deteriorates dis-
tinctly in calculations concerning higher and higher
frequency bands and that it is worse in the segment
No.1 than in the segment No. 2. This is the case in all
the analyzed buildings. The results of the correlative
analysis of one combined statistic sample, comprising
data of all the four buildings have not been quoted
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here, because the correlation coefficients and the
root-mean-square error are in this case distinctly
worse than those calculated for each building sepa-
rately. Probably the type of the building influences
the quality of matching the regression function, and
its form is an individual characteristic of reacting to
the kinematic force by the building.

S. CONCLUSIONS

For the purpose of testing the efficacy of the present-
ed method, a set of 36 kinematic forces was analyzed
[9], loading the tested building. This was a brick
structure four storey high. The preliminary selection
was carried out as described above, selecting six cases
as representative ones. In numerical analysis of the
structure the load history method was applied, mak-
ing use of these excitations. The fields of extreme
dynamic stresses in the structural elements were
compared, confirming the correctness of the prelimi-
nary choice of representative loads and their arrange-
ment from the most intensive to the least essential.
Thus, the conclusion that the presented method per-
mits to assess the intensity of kinematic forces reli-
ably in the search for the maximum response of a
building seems to be justified. It may prove to be use-
ful for the restriction and rationalization of the scope
of numerical calculations of the dynamic response of
the structure by means of the load history method.
This concerns, for instance, untypical building struc-
tures as well as detailed multi-variant analyses of con-
structions etc.
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