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Fig. S-3 Annual properties of reservoir levels and of 
earthquakes for the period February 2, 1965 
through October 31, 1976: (A) Maximum Level, 
Hmax' within a year and annual aver age 
reservoir level, H; (B) Total annual released 
energy, e, in ergs; and (C) Number, n, of 
recorded earthquakes per year 
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Fig. S-4 Annual properties of reservoir levels and of 
~arthquakes fo~ c~cles of filling and empty­
lng of reservo1r 1n the period February 1, 
1967 through October 31, 1976: (A) Maximum 
level, Hmax' within a year and annual average 

reservoir level, H; (B) Recorded number, n, 
of earthquakes per year; and (C) Total annual 
released energy, E in ergs. 

22 

9503 • 

9000 

1000 

7-476.1$ • 

7000 

(I) 

6000 

$000 

.. 

2000 

1000 

1967/61 1961/6t 1969/70 1970/71 1971/72 1~72/73 1973/H 1970/75 1975/76 

Fig. 5- S Cumulative curves of: (A) Monthly number 
of earthquakes; and (B) Mean monthly water 
level 

Fig . 5-6 Levels of reservoir (H in meters) and 
percentage (frequency) of monthly number 
of earthquakes: (1) maximum observed level; 
(2) Average level; (3) Average maximum 
level; (4) Distribution of percentage on 
the number of earthquakes over 12 months 
prior to filling of the reservoir; and (5) 
Distribution percentage over 12 months 
after filling of the reservoir 



The relative frequency of the number of earth­
quakes for the classes of epicenter distances of 
earthquakes from the seismic station for the periods 
prior and after filling the reservoir is 

Prior to Fillini After Fill in& 

0 < 1 km 33.6\ 28.1% 

1 - 5km 16.6\ 31.6\ 

5 - 10 kill 3.9%, 7.9 \ 11.5\ 
10 - 20 km 5.9\ , 11.85\ 6.8\ 

20 - 30 km 6.7%, 13.33\ 6.8\ 
30 - 75 km 33.3%, 66.91\ 15.2\ 

For the period prior to filling of the reservoir, 
the above second values of relative frequencies in 
percent for distances over 5. 0 km represents the 
relative monthly values of the number of earthquakes, 
after the 521 earthquakes that occur within the 5 km 
radius were subtracted. It is assumed that those 
521 earthquakes were produced by various activities 
around the dam site. 

The comparison of data before and after filling 
of the reservoir leads to the hypothesis that the 
reservoir has caused some changes in the seismic 
activity both at short and great distances from the 
reservoir. The hypothesis is that a significant 
increase has occurred in the number of earthquakes 
within the 10.0 km radius and a significant decrease 
at larger distances. The noticeable decrease in the 
relative monthly number of earthquakes seems to have 
occurred within the 30-75 km radius. 

The data for the period after filling the reser­
voir are presented in Table 5-l. It shows the minimum 
and maximum number of earthquakes that occurred for 
each day and the corresponding daily minimum and 
maximum water level. It shows that earthquakes do not 
occur during the days of minimum or close to minimum 
water level for a cycle of loading and unloading. The 
maximum number of earthquakes does not follow the 
maximum water level, although it is related to high 
water levels in the reservoir. The water level for 
which either the minimum or the maximum number of 
earthquakes was recorded is given in parentheses in 
Tabl'e 5-l . The asterisk sign singles out the class of 
the number of earthquakes at which the strongest earth­
quake has occured for that region. It was at the 
epicenter distance of 63 km northwest from the seismo­
logic station on August 25, 1970. It released the 

energy of 4.09 x 1016 ergs. This particu lar earthquake 
is analyzed in more detail in Chapter 6. 

The series of the relative annual number of earth­
quakes and the series of mean annual and maximum 
annual water level in the reservoir (Fig. 5-7) show 
that a great change has occurred in the seismic ac­
tivity during the second reservoir loading cycle. The 
increase in the mean water level was 24.28 m, while 

Table 5-l Minimum and Maximum Numbers of Earthquakes 
per Day 

Period 
(Water Year) Minimum ~faximum 

1967-1968 n = 0 (319.9} n • 13 (356.5) 
H ,. 311.9 H "' 368:81 

1968-1969 n = 0 (332.8) n = 24 (390.1) H ,. 332.37 H .. 391.29 

1969-1970 n = 0 (326.4) n • 51 (381.16)* 
H = 325.81 H " 400.09 

1970-1971 n " 0 (353.3) n ,. 14 (392.5) 
H = 352.44 H ,. 395.09 

1971-1972 n = 0 (348. 7) n • 6 (358.4 -382 .5) 
H "' 348.34 H = 382.83 

1972-1973 n = 0 (342.8) n .. 12 (351.1) 
H = 341.48 H = 375.70 

1973-1974 n • 0 (311.8) n • 6 (340 .4-359.3) 
H = 311.72 H z 387.78 

1974-1975 n • 0 (357.0) n = 24 (365.5) 
H = 356.60 H .. 394.44 

1975-1976 n = 0 (357.98) n • 13 (376. 8) 
H = 357.98 H • 377.57 

n • number of earthquakes; H = daily minimum and 
maximum water levels in meters A.S.L. in the reser­
voir; and ( ... )=water level at the time of recording 
the minimum and the maximum number of earthquakes per 
day 

years 

the maximum water level was 22.48 m higher (Fig. 5-2) . Fig. 5-7 Levels of reservoir and percentage (frequency) 
of the annual number and the annual released 
energy of earthquakes dur ing the period of 
filling and operation of reservoir: (1) 
Maximum level; (2} Average level; (3) Distri­
bution (frequency) of percentage of annual 
number of earthquakes over 9 years; (4) 
Distribution (frequency) of percentage of 
annual released energy over 9 years; and 

However, though the maximum level of 400.09 m was 
reached during the third cycle, the earthquake frequency 
did not change substantially, with only about 48 earth-
quakes more than in the second cycle. The mean annual 
water level in the third cycle was 5.39 m higher than 
in the second cycle, while the maximum water level was 
8. 00 m higher. In the fourth cycle the mean annual 
level was only 0.99 m lower than in the second cycle , 
while t he maximum water level was 3.80 m higher, with 
a significant decrease of the seismic activity in the 

(5) Earthquake of August 25, 1970 with 
36.78% of released energy 
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fourth cycle, somewhat· of the same acitivity as in the 
first cycle . The relative numbers of earthquakes in 
the period after 1970/71 or in the years 1971/72, 
1972/73, 1973/74 do not seem to follow tne water level 
fluctuations. 

The loading and unloading cycle of 1974/75 had 
high water levels but a relatively low seismic ac­
tivity.. These obser vations lead to another hypothesis, 
namely that the initial cycles of loading the reser­
voir increased the seismic activity, while i n the fol­
lowing cycles the effects of the reservoir so decreased 
as to approach the earthquake patterns of the period 
prior to filling of the reservoir. 

Table 5- 2 shows the monthly number of earthquakes, 
the mean monthly and the maximum monthl y water level 
for the first four cycles of reservoir loading and 

Table 5-2 Data on Earthquake Number During the First 
Four Cycles of Loading and Unloading of the 
Bileca Reservoir 

Nuaber of Mean Reservoir Ma.xiaua Reservoir 
Period Earthquakes Water Level Water Level 

1967-1968 

Nove lOber 11 318.16 

I 
329 .44 

December 27 340.21 350.48 

January 110 358.90 360 . 08 
February 107 359.96 362 . 34 
March 140 363.47 I 366.65 

April 129 366.81 367.61 
May 130 363.61 I 365.31 

June 109 366.56 i 368.81 
July 82 362.87 I 367 . 04 
Au~ust 31 351.91 35 7. 37 

1968-1969 

Deeellber 85 363.72 371 . 50 

January 167 374.09 377.35 

February 256 383.67 389.63 

March 335 390.14 390.14 

April m 390.17 391.00 

~lay 262 390.82 391.18 

June 271 390.20 391.29 

July 160 383.56 388. 51 

1969-1970 

January 95 379. 58 385.63 

Februny 110 388.10 390.63 

March 281 394 . 52 398. 90 

April 229 399.67 400.09 

May 310 399.99 400.08 

June 312 3~9.91 400 . 03 

Ju ly 199 392 .56 396. 42 

1970-1971 

January 88 374.16 381.37 

February 81 383.74 383.78 
~larch 135 383 . 74 387.04 
April 168 392.41 394. 40 

~lay 169 394 .04 395.011 
JUne 84 387.68 391.13 

July 100 397.85 383.37 

unloading. This table gives only those months that 
have shown the following characteristics: 

(i) A substantial increase of seismic activity, 
recorded during the first loading cycle of January 
1968, with 110 earthquakes observed, when t he mean 
monthly reservoir depth at the dam was 59 m (level 
358.90 m); 

(ii) A sudden increase in the number of earth­
quakes during the second l oading cycle, recorded as 
late as February 1969, with the 256 earthquakes re­
corded during the mean monthly reservoir depth at the 
dam of 80 . 0 m (level 383 . 67 m); 
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(iii) The absolute maximum number of earthquakes 
of 335, recorded in March 1969 was during the mean 
monthly reservoir depth of 90.0 (level 390.14 m); 

(iv) During the maximum reservoir depth of 
100.0 m (the mean monthly level 399.9 m) of the third 
cycle the number of earthquakes was of the same order 
of magnitude as in the second cycle; and finally 

(v) A noticed decrease in seismic activity 
occurred in the fourth cycle. 

By comparing data in Tables 5-l and 5- 2, and 
keeping i n mind the above inferences, the following 
observations are made: 

(a) A fast increase in water level is followed 
by an increase in seismic activity during the reser­
voir loading period; 

(b) Unloading of the reservoir is followed by a 
decreased seismic activity for the same or similar 
water level regime during the loading, with an expected 
random fluctuation in the number of earthquakes; and 

(c) If a certain water level is maintained for a 
prolonged time, the seismic activity seems not to 
change substantially . 

The conclusions to be derived from these obser­
vations are: 

(1) A substantial increase in seismic activity, 
measured by the number of earthquakes, is recorded 
in the loading of the reservoir when its water depth 
at the dam reached 60 m. This is in contradiction 
with findings and positions of organizations such as 
the U.S. Bureau of Reel amation, expressed in "Con­
sideration of Reservoir Induced Seismicity in Es­
tablishing Seismic Loadings for Dams," that the 
reservoir effect on earthquakes starts with the 
reservoir depths of more than 90.0 m. 

(2) A controlled loading of reservoirs by a 
gradual attaining of the maxi mum reservoir level, in 
the successive cycles of loading and unloading, some­
what alternates the seismic activity at maximum water 
levels above 60 m in comparison with the rapid loading. 
The seismic activity is related to the water depth of 
the reservoir and not to the height of a dam. 

The histogram of the number of earthquakes 
(Fig. 5-2) shows a general trend for the increased 
seismic activity to be tied to the increased reservoir 
levels. The number of recorded earthquakes was ma inly 
higher for higher reservoir levels, except for the 
years 1971/72 and 1973/74, when for the high level s a 
decrease in the number of earthquakes was experienced. 

The distribution of the number of earthquakes 
according to classes of epicenter distance are given 
in Fig. S-8. The seismic activity, expressed by the 
number of earthquakes, is the lowest for distances 
10-30 km, highest for distances under 5 km, and qui te 
high for distances 30-70 km. 

The number of earthquakes wit hin 5.0 km radius is 
not representative for earthquakes as 36 percent of 
earthquakes for this distance released energy of E < 

7 -
n x 10 ergs (1 ~ n ~ 10), and these t.ypes of small 

tremors could not be recorded for greater distances 
from the seismologic station. Another station or a 
group of seismic s tations would likely show an 
increase in the number of recorded nearby earthquakes. 



n 

n 

Fig . S-8 Distribution of the number, n, of earthquakes, 
and the energy released, E in ergs (in 
logarithmic scale) versus class i ntervals of 
epicenter distances from the recording station 
(also in logarithmic scale) 

5-3 Released Earthquake Energy 

The earthquake energy released in the period 
February 6, 1965 to October 31, 1967 for three suc­
cessful statistical interpret ations was: 

(i) First interpretation 9 . 7 X 1016 ergs 

(ii) Second interpretation 2.3 X 1016 ergs 

(iii) Third interpretation 2.3 X 1016 ergs 

The energy released was 11.42 x 1016 ergs in the 
period November 1, 1967 through October 31 , 1976 (see 
Chapter 4). For this energy, compared with the 
released energy prior to f illing of the reservoir 
(first interpretation), with times of observations 
prior to and after filling taken into consideration, 
it may be concluded that a decrease in seismic activity 
took place after fil ling of the reservoir. However, 
as i t wil l be shown l ater, a strong earthquake occurred 
during the third cycle of loading and unloading of the 

reservoir, which released the energy of 4.0 x 1016 

ergs, i.e. 36 percent of the total computed released 
energy. Because such a strong earthquake was not 
recorded during the observations prior to filling of 
the reservoir, the hypothesis that the seismic activity 
expressed by earthquakes released energy by the first 
interpretation cannot be accept ed. The above statis ti­
cal data of released energy , as given by the second 
and third interpretations, are used for further studies 
and comparisons , with the assumption that seismic 
activity measured by the released energy has increased 
in the period after filling of the reservoir. 

The frequencies of the released energy (Figs. 5-l 
and 5-3) indicate that the energy released was highest 
in the first and third cycles of loading and unloading 
of the reservoir. For the released energy of the 
strong earthquake in the third cycle (August 25, 1970) 
excluded, the third cycle still shows the largest 
released energy, slightly greater than that of the 
first cycle (Fig. S-7). The second cycle is character­
ized by a lower seismic activity in comparison with 
the first and third cycles. A substantial decrease in 
energy activity has occurred i n the fourth cycle. Only 
in the sixth cycle (year 1972/73) less energy was 
released than in the fourth cycle. A decreasing trend 
is noticeable in the released energy i n the period 
November 1, 1973 through October 31, 1976 (Fig. S-4). 

The policy proposed and followed, namely to load 
the reservoir in three-year cycles , with a stepwise 
increase of maximum reservoir level, has been shown to 
be a wise step . The accumulated earthquake-producing 
energy seems to have been released slowly rather than 
~suddenly during loading by the reservoir. 

In making decisions concerning the future high 
dams and large reservoirs, it is useful to consider 
all the opposing views , with both the economic and 
technical factors taken into account. The interests 
of the user of the reservoir are often determining 
factors in final decisions related to the contro­
versial problems such as the effects of storage reser­
voirs on earthquakes , particularly of those in karst 
regions. 

Frequencies of released energy (Figs . 5-3 and 
5- 4) show the released energy to be of the same order 

of magnitude, namely 1.98 x 1015 - 3.35 x 1015 ergs, 
dur~ng, the loading and unloading cycles in water years 
1971/72-1975/76. The loading and unloading cycl ·e of 
the year 1974/75 is characterized by the third h.ighest 
water level and the second highest mean annual water 
level reached in filling of the reservoir, with the 

released energy of 2.68 x 1015 ergs, or the seventh in 
rank. Another hypothesis is that r eachi ng a higher 
reservoir level in loading cycles fol lowing some main 
release of energy does not release the same energy, 
because a new underground equilibrium may have been 
already established after the main energy release. 
This hypothesis is illustrated by the series of the 
relative annual released energy of Fig. S-7 which in 
a certain way relates to the probability of the earth­
quake to occur in filling of the storage reservoir. 
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In the analysis of seismi c activity expressed 
by the number of earthquakes, the regions of increased 
and decreased seismic activity may be distinguished. 
The graphical representation of released energy ac­
cording to the epicenter distances of Fig . S-8 seems 
to contradict this hypothesis. The graphs indicate 
an increase in the total released energy with an in­
crease in the distance, however, wi th two regularities, 
the region within the 10 km radius, and the region 
within the 20-75 km radii, with the region of 10-20 
km radii as an intermediate region. The region within 
20-30 km radii had the lowest number of earthquakes, 
however,. with a total released energy relatively high. 

The number of earthquakes according to the 
released energy is given in Tables 4-9, 4- 10, and 
4-11 , and their absolute frequencies in Fig. 5-·9. 
The summarized data are: 
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Fig. 5-9 Relationships in logarithmic scales of the number of earthquakes, n, to released energy, E in ergs, 
for given class intervals of epicenter distance of two cases: (A) After filling of the reservoir 
(November 1, 1967 through October 31, 1976) ; and (B) Prior to filling of the reservoir (February 6, 
1965 through October 31, 1967), but for all distances 

CliS:i Interval 
of Energy 

108 
ergs -

109 
ergs -

10
10 

ergs -

10
11 

ergs -

1012 ergs -

1013 ergs -

1014 ergs -

1015 ergs -

1016 ergs -

3592 

1586 

1360 

980 

640 

284 

90 

15 

1 

Energy Released 

1.45 x 1016 ergs 

2.47 x 1016 ergs 

3.41 x 1016 ergs 

4.09 x 1016 ergs 

This means that 106 earthquakes of energy class 

interval of 1014 ergs released the energy of 9.97 x 

1016 ergs, i.e. 87 percent of the total released 
energy, while the 8,442 remaining earthquakes released 

16 only the energy of 1.45 x 10 ergs. The released 
energy seems to be inversely proportional to the 
number of earthquakes. 

The highest energy frequency prior to filling of 
the reservoir was for the energy class interval of 

1011 ergs, Fig. 5-9. After filling of t he reservoir 

the highest frequency was for energy c lass interval 

108 ergs, as Chapter 4, and Fig. 9 demonstrate. Ac-
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cording to the class interval s of distance, the dis­
tribution of highest frequencies arc 

Order of 
Distance Ener10:: Released 

< 1 km 107 ergs 

1 - Skm 10
8 

ergs 

5 - 10 km 10
10 ergs 

10 - 20 km 1010 ergs 

20 - 30 km 1011 ergs 

30 - 75 km 
12 10 ergs 

or in the distance ranges 

Order of 
Di stance Energ:~:: Released 

less than s km 10
8 er gs 

s - 10 km 1010 ergs 

10 - 30 km 10
11 ergs 

30 - 75 1012 ergs 

As the distance increases , the c lass interval values 
of the frequent energy released also increases. Cha­
racteristic frequencies for given class intervals of 
epicenter distances (shown in logarithmic scales in 
Fig. 5-9), in the order of magnitude , are 



Distance Minimum E 

less than 1 Jon 106 

1 - 5 km 106 

5 - 10 km 10
6 

10 - 20 km 107 

20 - 30 km 10
8 

30 - 75 km 10
10 

and i n distance ranges 

less than km 

10 - 30 km 107 

30 - 75 km 

Most 
Fre(j'Uei\t E 

10
7 

108 

1010 

1010 

10
11 

1012 

Maximum E 

1012 ergs 

1012 ergs 

1012 er gs 

10
14 

ergs 

10
15 

er gs 

10
16 

ergs 

10
12 

ergs 

10
15 

ergs 

10
16 

er gs 

The conclusion to be derived from the above 
analysis is that as the distance of epicent er f r om the 
dam increases, so do the minimum, maximum and most 
frequent energy class interval values. 

Table S-3 presents the absolute minimum and the 
absolute maximum energy released by the i ndividual 
earthquakes and in parentheses the corresponding 
water level in the reservoir. Also, the minimum and 
the maximum water levels of each cycle ar e given as 
values H. 

Table S-3 Maximum and Minimum Released Energy by 
Earthquakes 

Period Prior Hlnlllum Relusod Enoray HaxiiiiWII Released Ener&)' 
to Pi llinl 

r.tlnlmum Water Level Maximw~ Wat er Level Reservoir 

Period 
1. 64 x 1015 erg~ Feb.-uuy 2, E • 6. 74 X 10

8 
er2,s 

1965 to 

I 
October 31, 
1967 

Kate.- Yurs 
afte r Fillin& 
Res<~.-volr 

1967-1968 £ • 4.33 X !06 (364 .5) E • 6.81 X 1015 (366. ~) 
H • 311 . 90 ~.A. S. L. H • 368.81 ~ . A.S . L. 

1968-1969 E • I. 65 X 10
6 

(375. 8) E • 3.50 X 1015(389.9) 

H • 332.37 H • 391. 29 

1969-1970 E • 2. 44 • 10
6

(373.8) E • 4.09 X 1016(381.2) 

H • 325.81 H • 400.09 

1970-1971 E • 2.12 X 10
6

(363.2) E • 2.94 X 1015(388.0) 

H • 352 . 44 H • 395.09 

1971- 1972 E • 1.93 X 106(364.4) E • 5.31 X 10
14

(381.3) 

H • 348.34 H • 382.83 

1972-1973 B • 5.96 X 10
6

(35!.5) E • 1.16 X 10
15

(358.6) 

H • 341.48 H • 375.70 

1973-1974 E • 3.94 X 106 (371.6) E • 4. 78 x 1014 (358. S) 

H • 311 . 72 H • 387.78 

1974- 1975 E • 3 . 36 X 106 (378.6) E • 3 . 51 X 10
14

(390.2) 

H • 356.60 H • 394.44 

1975-1976 E • 1.16 X t06 (364 .4) E • 2.09 X 1014(373.5) 

H • 357.98 H • 377 . 57 

E = energy released; H = the reservoir minimum and 
maximum water level during a water year cycle ; (in 
parantheses) the reservoir levels when t he earthquakes 
of minimum and maximum release of energy occurred for 
a water year 

The earthquakes of the m1n1mum and maximum 
released energy in cycles of loading and unloading of 
the reservoir, do not correspond to the minimum and 
the maximum wat er level in the reservoir. In all 
cycles the minimum released ener gy was of the order of 

magnitude of 106 ergs. For the first four cycl es the 
maximum released energy was of the order of magnitude 

1015 1016 ergs, while in the r emaining cycles it was 

1014 ergs , except for the year 1972/1973. 
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Fig. 5-10 Re l ative and cumulative frequencies of 
released energy , E i n ergs , for var io·us epi­
center dist ances from the r ecor ding station 



The total released energy of earthquakes, with 

t he order of magnitude of released energy of 106 - 107 

ergs. is relatively smal l. All earthquakes of this 
order of magnitude released' the total energy of about 

11 1.5 x 10 ergs. In the total energy r e leased of 
17 1.142 x 10 ergs the effect of these small-energy 

earthquakes affects the figure only on its third 
decimal point value. 

Relative and cumulative frequencies of Fig . 5-10 
indicate that the probabi lity of an earthquake to 

release the energy greater than 1014 ergs is very 
small. For the frequency histogram of all earthquakes, 
the frequency is higher for small energy values, with 
clearly evident positive asymetry. 

5- 4 Number of Earthquakes and Their Released Energy 

In subchapters 5-2 and 5-3 the number of earth­
quakes and their released energy, as random variables, 
were analyzed separately for the whole period of ob­
servation February 6, 1965 through October 31, 1976. 
This subchapter treats the number of earthquakes and 
their released energy only for the period November 1, 
1967 through October 31, 1976 during the operation of 
the reservoir . 

The number of earthquakes and their released 
energy per unit time are basic series showing the 
seismic act1v1ty. Previ ously, the variation of these 
variables were analyzed independently. The analysis 
has shown that these variables seemingly exhibit some 
opposite characterist i cs. A large number of earth­
quakes does not represent a high mean energy released, 
as the basic property used for measuring the effect on 
the ground surface. When studying the effects of 
reservoirs on earthquakes, this position may not be 
correct, as supported by the example of the Grancarevo 
Dam and the Bileca Reservoir. The inhabitants of the 
village Selina, on the right river bank upstream from 
the dam , conti nuously experience a large number of 
earthquakes of smal l energy . These earthquakes are 
relatively unpleasant as they al so produce some 
damages to buildings due to t he very frequent tremors. 
The cracks on bui l dings are observed by a special 
service, and found to be related to seismic activity. 
However, this act ivity as well as the s t rongest re­
corded earthquake did not yet show any effect on the 
large dam and its structures. 

A joint analysis of both the number and energy 
released of earthquakes is necessary. The time series 
had missing recordings, however, only during days 
without earthquake activity . For 3,288 observed days, 
no seismic activity was recorded in 643 days, as shown 
in ·Table 5-4 . 

Table 5-4 The Number of Days per Month when Seismic 
Activity Was not Recorded 

f«}))TH 
\\ATER 1~67 • :~:~- ::~~- ::;~- 1971-· liln- 1~n-:-rm~I 
YEAR 1968 1972 l97l 1974 1975 1976 

Novc:mbor 20 6 11 5 6 8 9 1 4 70 
December 17 s 17 5 2 4 10 6 2 6~ 

anuary 3 - 4 I 8 6 7 s 4 38 
February - - 2 I 10 2 10 4 7 39 

r-tarch 1 - - 1 5 3 12 4 IS 44 

io'-pril - I 2 - 10 4 i S 9 7 48 
lay 1 - - - 10 s 14 6 2 38 

~unc 2 - - 2 12 7 9 3 6 41 

:July 3 2 - 1 14 s 8 8 6 47 

~ugust 10 I - 3 12 7 6 7 6 52 

Septell>ber 7 3 l 3 8 8 9 8 12 59 

October 26 12 4 6 !2 !3 4 lS 7 99 

r 90 30 41 28 109 72 113 82 78 643 
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The highest number of days free of seismic ac­
t i vity occurred in 1967/1968 during t he first l oading 
of the reservo,ir, for the months of low water levels 
in the reservoir. Generally, times of low water 
levels had the highest number of days without seismic 
activity. Except ions are loading and unloading cycles 
of wat er years 1971/1972 and 1973/1974 , when the 
results were opposite. These two cycles were dis­
cussed i n the previous chapter. Data shown in Table 
5-4 support the hypothesis advanced and conclusions 
derived. 

This subchapter deals with the seismic activity 
expressed join.t ly by the· number and released energy 
(in ergs) of earthquakes, but not in relation to epi­
center distance, as function of unit areas determined 
by that distance . This information looks as a real­
ist ic i ndicator of average seismic activity, even 
though in particul ar there are subareas of lesser and 
greater seismic activity. 

Table 5-5 and Figs. 5- 11 and 5-12 present the 
general regulari t ies in the changes of earthquake 

' activity. The number of earthquakes per km2 of an 
area is almost linearly related with the decrease of 
logarithm of distance, whi l e the energy released is 
substantially lower at distances 5-10 km, as shown in 
Fig . 5-1 2. 

Table 5-5 Distribution of the Number and of Energy 
of Earthquakes per Unit Area (km2) 
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To assess the differences in resul t s when using 
the distance or the unit area values, a comparison is 
presented for the number and energy re l eased of earth­
quakes, given as in Fig. 5-1 2. In using distances 
the seismic activity measured by the number of earth­
quakes decreased for distances of 10- 30 km radii , 
while the released energy increases with the increase 
of the distance. In using the unit area , the number 
of ear thquakes decreases for distances over 5 km, 

while the energy released in ergs/km2 is relatively 
low in the region of 5-10 km radii from the seismic 
station at the dam. On the bases of the pr esented 
data the conclusion is that an increase in distance 
from the reservoir the specific number of recorded 
earthquakes decreases , while the released energy in­
creases . The next hypothesis is drawn from these 
observat ions , that at distances of less than 20 km 
from the reservoir the influence of stored water 
dominates while at greater distances the influence 
of nat ural forces prevails . 



Fig. S-11 
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Number, n, of earthquakes per unit area and 
released energy per unit area , E in ergs/ 
square km, versus epicenter distance from 
recording station 

The question remains open, and it should not be 
avoided, namely if the hypothesis that the reservoir 
causes the changes in earthquakes even at distances 
up to 75 km would be shown as r ealistic, what are the 
processes in nature that cause such changes over an ., 
area of about 17,o60 km· of water stored in the area 

of 27 . 3 km2? In this paper, investigations are 
limited to the cause-effect relationship and not to 
natural processes that cause earthquakes. Stored 
water may be eventual ly considered only an early 
trigger of the natural processes . 

S-5 Resume of Postulated Hypotheses and Derived 
Conclusions 

The postulated hypotheses are : 

(1) Fill i ng of the reservoir would cause changes 
in seismic activity even at great distances from the 
reservoir; 

(2) During the initial cycles of loading and 
unloading of the reservoir, the seismic activity is 
evidently affected by reservoir l evels, while in 
cycl es that f ollowed , the effects of the reservoir 
seem to decrease, as the surrounding terrain tends 
to revert to the natural eart hquake process ; 

(3) After reaching in a stepwise approach the 
highest reservoir levels, after a couple of initial 
cycles of reservoir loading and unloading, the follow­
ing cycles of loading do not release the same energy 
as the initial cycles, because a kind of new equi­
libri um is again attained for earthquakes ; and 

(4) The terrain at distances within 20 km radius 
from the reservoi r is under influence of stored water , 
while for the terrain at great er distances t he 
influence of natural forces seems to prevai l . 

The conclusions drawn are: 
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tlfl<l 3.14 km2 

tlRl ·S 75.36 km2 
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RESERVOIR SURFACE Rr 27 . 3 square km 

Fig . 5-12 The number, n, of earthquakes per unit 

area (n/km2) versus distance and the 
released energy per unit ar ea, E in ergs/ 
squar e km, versus distance for the 
reservoir area 

(1) A noticeabl e i ncrease in seismic activLty 
has occurred for the reservoir depths at the dam site 
of over 60 m·; 

(2) A slow loading of the reservoir, with a 
gradual reaching of the maximum reservoir level by 
the successive cycles of loading and unloading , above 
the reservoir depth of 60.0 m has likely s l owed the 
pace of seismic activity at the maximum elevations in 
comparison what would have occurr ed if loading to 
highest levels was rapid; 

(3) The seismic act ivity measured by the n1~1ber 
and the total released energy of earthquakes increased 
after the start of filling of the reservoir; 

(4) The released energy is inversly proportional 
to the number of earthquakes, or the higher the number 
of earthquakes the less energy they release; 

(5) With increase of the earthquake epicenter 
distance from the reser voir, the minimum, the maximum 
and the most frequent class interval of the energy 
released also increase; and 

(6) 
from the 
per unit 
released 

Wi th the i ncrease of t he epicenter distance 
reservoir the average number of earthquakes 
area decr eases, while the average energy 
by these earthquakes incr eases . 



Chapter 6 
ANALYSIS OF THE MAIN EARTHQUAKE O BSERVED IN THE RESERVOIR REGION 

The strongest earthquake within the region around 
the reservoir happened on August 25, 1970, with the 

released energy of 4.09 x 1016 ergs.•) It thon belongs 
to V- VI of the ~ICS scale, with M = 4.5, if the follow­
ing empirical relation 

log E 5.8 + 2. 4 M (6-1) 

is used as a connection between the magnitude (M) and 
the energy (E) . 

Strong earthquakes that occurred around certain 
dams and reservoirs, having been topics of scientific 
investigation, are: 

Dam and storage 1-lagni tude of 
reservoir earthguake 

Kremasta M 6.3 

Koyna M 6.25 

Hsinfengkiang M 6.1 

Kariba M 5.8 

Hoover M 5.0 

Kurobe M 4.9 

Nurek M 4.5 

Contra M 4.25 

Keban M " 3.5 

n MAJOR SHOCK 

Some of the above earthquakes occurred in regions 
that have not been considered as seismic prior to 
construction of the dam . They i nduced discussions 
among experts, namely whether those strong earthquakes 
were caused by the reservoir storage of water or not. 
The investigations of most cases were made by an 
analysis of seismic activit y immediately prior and 
after the occurrence of a strong earthquake . The 
control of seismic activity at some dam sites and the 
surrounding reservoir r egions often began with that 
event. The strong earthquakes are cl assified in 
literature by their seismic activity which is measured 
by the number of earthquakes that occur prior (fore­
shocks) and after (aftershocks) the main earthquake 
(Fig. 6- 1). Approximate patterns in occurrence of the 
number of earthquakes prior and after the main shock, 
for some of the dams, are given by Figs. 6-2 through 
6-4 , and Fig. 6-5 for the Gran~arevo Dam. 

In the case of the Bileca Reservoir, for the 
strong earthquake of August 25, 1970; 51 earthquakes 
were recorded, with 31 releasing the energy of 3.984 

14 x 10 ergs, and the strong earthquake the energy of 

4.09 x 1016 ergs. Energy could not be estimated for 
the other I9 small earthquakes because of various 
interferences . 

For observations over a month, as shown in Fig. 
6-6, the time distribution of the number and rel eased 
energy of earthquakes are as follows: 

DISTRIBUTION OF 

I 
ROCK STRUCTURE EXTERNAL FORCES 

TYPE I 

n MAJOR SHOCK 

I 
TYPE 2 

n 

TYPE 3 

I I 
I I 
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I 
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I 
I 
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CONCENTRATED 

Fig. 6-1 Models of seismic activities prior and after the major shocks as related to the rock characteristics 
and distribution of external forces 

* ) The very large earthquake, that occurred in 1979 in the region, with heavy destructions in the area of the 
Southern Adriatic Sea in Yugoslavia, and its effects in the Bileca Reservoir area,are not covered in this paper . 
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Number of Released 
earthguakes energy 

1-24 August 1970 166 0.22 X 1014 ergs 
25 August 1970 51 4.13 X 1016 ergs 

26-31 August 1970 70 5.]3 X 1014 ergs 
1-30 September 1970 178 1. .34 X 1016 ergs 

For the total period of observations of Nove~ber 
1, 1967 through October 31, 1976 the distribution of 
the number of earthquakes and the released energy 
would be as follows: 

November 1, 1967 -
August 25, 1970 

MAIN SHOCK, August 
25, 1970 

August 26, 1970 -
Oct ober 31, 1976 

TOTAL 

n 

JAN. 

Number of 
earthguakes 

4, 796 

9,303 

'>D 
'>D 
01 -...... 
Ill ...... 
N 

FEB. MARCH 

Released 
energy 

3.63 X 1016 

4.09 X 1016 

3. 70 X 1016 

11.42 X 1016 

t 

Fig . 6-2 Number of earthquakes , n, versus time , t, 
for the Kemasta Dam 
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Fig. 6-3 Number of earthquakes , n, versus time, t , 
for the Koyna Dam 
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Fig. 6-4 Number of earthquakes, n, versus time , t, 
for the Kariba Dam 
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Fig . 6-5 Time distribution of the number of earthquakes prior and after the major shock of the major earthquake 
for Grancarevo Dam and Bileca Reservoir (Yugoslavia): (A) Large time interval; and (B) Hour interval, 
for two days, prior and after the major shock of the earthquake 
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Fig. 6-6 Daily distribution of released energy, E in ergs, and the number, n, of earthquakes per day, for two 
months, August and September 1970, with •o = total monthly number, for the Grancarevo Dam in Yugoslavia 
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CUmulative released energy (left graph) and 
cumulative daily levels (right graph) of 
the reservoir versus time (cycles of filling 
and emptying of the Bileca Reservoir) during 
period 1967- 1976, with e0 = the released 

energy of the major earthquake of August 25, 
1970 
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The question to answer is whether the equilibrium 
that seems to be attained for the number and released 
energy of earthquakes before and after the main shock 
of the earthquake of August 25, 1970 is a normal event 
or not. The cumulative released energy of Fig. 6-7 
illustrates the process of energy release and the 
effect of tHe main shock on the total rel eased energy. 

Discussions in literature about the origin of 
strong earthquakes, namely whether they are caused by 
the water storage or not, likely results f r om the lack 
of reliable data for all the cases discussed . Obser­
vation of an isolated event cannot lead to correct 
conclusions because the realization of the stochastic 
process of earthquakes cannot be investigated only 
from an isolated random event. 

One of the main misconceptions i n doing the 
seismic research may be the isolated analysis of some 
strong seismic shocks as the rare, catastrophic natural 
event , instead of analyzing the entir e earthquake 
process. Microseismic activity in the isolated events 
approach is usually neglected, as a sequence of r andom 
events in time. The continuous observations of dis­
crete time events of earthquakes for some reservoirs 
are a recent phenomenon. 

An analogy to flood may seem appropriate. The 
study of isolated flood events of a r~ver may not be 
as valuable as studying all the flood events as a 
process. When long realizations of this process are 
available, the use of proper extraction of information 
on flood flows, even the largest ones , becomes more 
reliable. 

Progress in seismologic studies of effects of 
reservoirs on earthquakes will likely result from the 
analysis of all the information availabl e, as the 
realizations of the random time processes in time, 
rather than from the studies of isolated, individual 
large earthquakes . Earthquakes that r elease smal l 
energy, say of the magnitude M ~ 2, which are not even 

felt by humans , belong to the category of i nformat i on 
which may be very beneficial in the frame of the entire 
process. The low level seismic activities are usually 
either neglected or consider ed not ~orthy of 
observations. 



Chapte r 7 
MATHEMATICAl STATIST ICAl MODElS O F RESERVOIR EFFECTS ON EARTHQUAKES 

7-1 Use of Water Level as an Independent Random 
Variable in Regression Ana.lysis 

It had been pointed out in Chapter 5 that the 
effects of changing water levels in the reservoir can 
be pres ented in two ways : (i) By the water level 

itself as the pressure (kg/cm2) and (ii) By the volume 
or weight of water (in t ons) for given level, with 
t he pressure p (level) and the weight of water depend­
ing on the water level. Their variations would not be 
complete without the variation in the total pressure 

P = yH
2/2, with y • the specific water weight, as it 

depends on the square of depth of water in the reser­
voir. The total pressure is then an integra l over 
the area of this unit pressure for a given water depth. 

The influence of the Bi leca Reservoir on earth­
quakes occurred in the first 3-4 cycles of l oading and 
unloading of the reservoir. A question arose whether 
it can be proved mathematically. By attempts described 
later, it was determined that not much difference 
exists in correlation coefficients between the earth­
quakes and the reservoir water depth (pressure) or 
the water vo lume (weight) of the reservoir, even though 
the correlation coefficient is slightly higher in case 
of the water volume. Since no essential difference is 
f ound in correlation, and t o make studies si mpler , 
water depth is used as the independent variables for 
the relationships sought by statistical analysis. 
This is shown in Fig . 7-1, which presents: the 
frequency distri bution of the mean monthl y water depth 
in the reservoir and the frequency dis tribution of the 
number of earthquakes and the corresponding rel eased 
energy at those water depths. Parallelism of the 
graphs is striking, because the variations of the 
frequency of water dept h is closely followed by the 
variation of frequency of the number and released 
energy of earthquakes except for reservoir water depth 
at the dam site of 80-85 m (and 65-70 m only for the 
released energy) . 

The daily reservoir water inflows are determined 
by daily water levels and by the production of energy 
in downstream plants , with the depth fluctuat ing 
around the basic patterns of monthly levels . 
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How the mean monthly water depth represents the 
level variations is illustrated by this example: 

Loading cycle Maximum water level ~lean water level 

1968/1969 391.29m 375.46m 

1970/1971 395 . 09 m 374. 77 m 

In t he 1968/69 high wat er levels above 385 m were 
maintained about 2.5 months, while in 1970/71 about 
1.5 months. The mean water levels seem to integrate 
the influence of the state of the reservoir on earth­
quakes, while the maximum water levels char~cterize 
only the states of the reservoir attained only for 
short periods of time. 

Recorded earthquake dat a are viewed as the multi­
dimensional time processes, represent ed in t his study 
only by the number of earthquakes and their released 
energy. These two random variables are t r eated as 
dependent variables, and each separately is related 
to reservoir water depth at the dam site, as the in­
dependent random variable in statistical analysis. 

For the purpose of studying the corr elation 
between t he number of ear thquakes (y) and reservoir 
water depth (x), the simple linear correlation 
y = a + bx is used. In some cases the nonlinear cor-
relation of the type y = axb was investigat ed, but 
in the linearized form log y • log a + log x, with a 
better correlation . Linear correlation gave a high 
value of correlation coefficients. 

7-2 Individual and Successive Correlation of Monthly 
Variables 

Data presented i n t abl es' and figures of Chapter 5 
are used also for the individual and successive cor­
relations in two ways: 

(1) Correlation for each individual cycle of 
loading and unloading of the reservoir, conceived as 
subsamples of the ent ire sample of t ime seri es; and 

(2) Correlation for the total number of previous 
cycl es of loading and unloading for each of t he 
following cycles. 

\• MONTHS 
-r,~~~-,r,~~~~~~~ 

n 
E (logs) 

) ' ~ 

Fig. 7-l Absol ute frequencies , hi in months , of the mean mont hly wat er level with the corresponding number of 

earthquakes, n, and released ener gy, E, for class i ntervals of reservoir water level s 
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Correlation for individual cycles. The results 
of correlation of each individual loading and unloading 
cycle (for each water year), as subsamples from the 
sample, are: 

Water lear Correlation 
coeffi<:ient 

1967 - 1968 0.88 

1968 - 1969 0.90 

1969 - 1970 o. 86 

1970 - 1971 0.82 

1971 - 1972 -0.36 

1972 - 1973 0.49 

1973 - 1974 - o. 22 

1974 - 1975 0.47 

1975 - 1976 0. 61 

The correlation coefficie~ts indicate a strong associ­
ation between t he monthly number of earthquakes in 
subsamples and the mean monthly water depth in the 
reservoir during the first four cycles of reservoir 
loading and unloading. The correlation is especially 
high during the second cycle of loading and unloading, 
with r = 0.90. The third cycle, characterized by the 
largest energy released, shows a weeker correlation of 
r = 0.86, approximately of the same order as the cor­
relation coefficient of the first cycle of r = 0.88. 

Even though one can question the above approach, 
because each subsample has only 12 pairs of values 
xi and yi (12 months) , the r esults show two groups 

of subsamples, one of the first four .cycles (water 

years 1967-1971), with r. 0.865, and the other group 
of the last five cycles (water years 1971-1976) with 

r • 0. 20 . The substantial difference between these 
two mean values of r supports the general hypotheses 
advanced and the conclusions derived in Chapter 5. 

Earthquakes that occurred during the later five 
cycles, and especially 1971/1972 and 1973/1974, have 
either a negative, or a relatively small correlation 
coefficient. It can be said that earthquakes were 
'mostly caused by natural forces, with no or a limited 
effect from the stored water. Asymmetrical frequency 
distribution of estimates of correlation coefficients 
is presented in Fig. 7-2. 
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Fig. 7-2 Asymmetrical frequency distribution of esti­
mates of correlation coefficients between 
the monthly number of earthquakes of each 
year and the corresponding mean monthly water 
depth in the reservoir for the period 1967/68 
through 1975/1976. 

The loading and unloading cycles of 1971/1972 and 
1973/1974 were discussed in detail in Chapter 2. I t 
was also shown by the above correlation that t he lower 
values of the number of earthquakes correspond to the 
higher water depths in those cycles . Those cycl es had 
the smal l est number of earthquakes within the radius 
of less than 5 km and less than 10 km. It was hypo­
thesized that these earthquakes have been affected by 
the reservoir. The highest number of earthquakes at 
these distances correspond t o the highest correlation 
coefficient , namely in the second loading cycle. The 
number of earthquakes for these distances for all 
cycles, and the computed correlation coefficients are : 

Number of earthguakes 
distance UE to 5 km, 
and UE to 10 ~ Correlat ion 

Cycle parentheses) Coefficient 

1967-1968 617 ( 642) r • 0.88 
1968- 1969 1665 (1748) r = 0.90 

• 1969-1970 1447 (1529) r = 0.86 
1970-1971 710 ( 740) r • 0.82 

1971-1972 107 188) r • -0.36 
1972-1973 132 ( 329) r • 0.49 
1973-1974 77 ( 190) r = -0.22 
1974-1975 259 ( 438) r • 0.47 
1975- 1976 119 ( 303) r .. 0.61 

The linear regression equations of monthly number 
of earthquakes (n) versus the mean monthly water depth 
in the reservoir (H), with the corresponding cor ­
relation coefficients (r) , are 

1967-1968 n • 2.61 H - 56.22; r • 0.88 
H 66.0 m, n = 116 (109 - 129) 

1968-1969 n = 5.69 H - 257 .56; r • 0.90 
H - 90.0 m, n = 254 (223 - 335) 

1969- 1970 n = 5.01 H - 229.24; r • 0.86 
H = 99.0 m, n = 272 (229 - 312) 

1970-1971 n = 2. 19 H - 65 .73; r • 0.82 
H = 83.0 m, n = 116 ( 81 - 135} 

1971-1972 n = 0.40 H + 68.82; r = -0.36 
H = 77.0 m, n = 37 ( 30 - 55) 

1972-1973 n "' 0.82 H + 7.03; r • 0 .49 
H • 60 . 0 m, n = 56 ( 60 - 79) 

1973-1974 n = -0.13 H + 46.36; r • - 0.22 
H ,. 70 .0 m, n = 37 ( 20 - 57) 

1974-1975 n = 1.17 H + 31.15; r = 0.47 
H = 75.0 m, n • 57 ( 36 - 72) 

1975- 1976 n 1.67 H - 62.15; r = 0.61 
H = 76.0 m, n = 65 ( 51 - 81) 

The linear regression equation for the cycle 
1969/1970 is presented in Pig. 7-3. 

The total observed time series has nine cycles , 
inves tigated s eparately with different statistical 
parameters, seems to be nonstationary. 



Fig. 7-3 Regression straight line of the monthl y 
number of earthquakes, n, versus the mean 
monthly level of the reservoir, H, for 12 
months of the cycle 1969/70, with r = 0. 86 
and the equat ion n = 5.01 H- 229 . 24 

Correlation of successive lengths of all previous 
cycles . The study of correlation for the time seri es 
of n previous cycles , with n = 1,2,3,4,5,6,7,8, and 9, 
gives the following results (regression equat ions, 
correlation coefficient s), assuming the samples are 
from a stat ionary process: 

1~67-1%8 (:->eric::. of 1 rr.l n = =.61 H - S6. 2~ r = 1).88 
19oi ... J~>6~• (seri C!::i of z yr, ) n " s. 95 II - 12S.S2 r = 0. 89 
1~167-1!1~0 (>triO> ()( 3 yr>J " . 3. !i7 II - u:;.o1 r . 0.86 
iclo7- 1971 (scrh·s of 4 yrs) n . 3.57 II - 1~1.10 r . 0.80 
1967-l~iZ (-;;crit:s of s yrs ) 1\ . 3. 4S li - 1..30.82 T . 0. 73 
1!167- 1~173 (,:;eric!" of 6 yrs) n . 3.·H H - 1::!9 .9: r . 0. 72 
l%i-1~74 (soruts or 7 Y"') n . 3.15 li - 11s . ~s r . 0.68 
l~){)'j - 197:. {~crh::s or' 8 yn) n " 2 . 77 fl - 101.44 r . 0.62 
l!J(I7- l:J76 {series of 9 yrs) n = 2 . 41 H - 79.40 r . 0 .59 

The successive increases of the sample show a 
gradual decrease in the correlation coefficient, 
supporting the conclusion from the cor relation of 
individual cycles. 

The correl ation coefficients of successively 
increased samples of n preceding years i ndicate a 
l>eakening of the correlation. The changes are 
presented i n Fig . 7-4 . A decrease in the correlation 
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Fi g . 7-4 Correlation coefficients , r, and reservoir 
water levels (Hmax' H; aver age l evel , Hmin) 

for the annual cycles of filling and empty­
ing of the reservoir, and the sequentionally 
increased number of cycles us.ed in correlation 
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coefficient after 1971 is affected by small correlation 
coefficient s for the later cycles, with the findings 
that after the cycle 1970/71 the earthquakes did not 
depend on reservoir water depth. 

In order to sum up the investigations, time 
periods 1967/1968-1970/1971 and 1Y71/IY72-1V75/1976 
(Figs . 7-5 and 7-6) are separated. The results sup­
port assumptions m:J.de. 

rl 

n 

Fig . 7-5 Linear r egression of monthl y number, n, or 
earthquakes ver sus the corrc:;pund i H g l&lv:u t 

monthly reservoir level, H, for t il~! l"i rs t four 
cycles (1967/68 - 1970/71), with r = O.SO anJ 
n = 3.57 I! - 121.10 

H 

.· 

10 

Fig. 7-6 Linear regression of monthly number, 11, or 
earthquakes versus the corresponJiug mean 
monthly reservoir level, H, for t he l ~t:;t f i vc 
cycles of fi lling and emptying of t he rcl;cr­
voir (1971/72- 1975/76), with r ; 0.29 and 
n : 0 . 43 H + 21.07 

7-3 Correlation of Annual Series 

A further step in the linear correlation between 
the number of earthquakes and the r eservoir water 
depth is made for the annual values of eight cycles 
(1967/68-1974/45): 

(1) The total annual number of earthquakes cor­
rel ated with the maximum annual water dept h gave 
r = 0.51; 



(2) The total annual number of earthquakes cor­
related with the mean annual water depth gave r = 0.55; 

(3) The total annual number of earthquakes cor­
related with the water weight, that corresponds to 
the maximum annual water depth, gave r = 0.54; and 

(4) The total annual number of earthquakes cor­
related with the water weight, that corresponds to 
the mean annual depth, gave r =·0.58 . 

These correlations were estimated by ignoring 
the nonstationarity of the process. The annual number 
of earthquakes shows a better correlation with the 
mean annual water depth. A somewhat better correla­
tion is obtained between the annual number of earth­
quakes and the water weight than with the water depth, 
with water depth considered as the independent 
variable in these correlations. 

The correlation for the total reservoir obser­
vational period for nine cycles gives the regressions 
n = 34.90 H - 1382.46, with r = 0.53, where n and H 

a a 
are annual values, respectively for the number of 
earthquakes and the mean reservoir water depth. The 
correlation coefficient is smaller than for the period 
of eight cycles of r = 0.55, which is in accordance 
with the previous conclusions. The mean annual water 
depth, the annual number of earthquakes and regression 
equation for this case are given in Fig. 7-7. 

CYCLES 

n a 

H 
a 

Fig . . 7-7 Annual number of earthquakes, na' and the 

mean annual water depth, Ha, of the reservoir 

versus cycles (left graph), and the regression 
line of the annual number, na' of earthquakes 

versus mean annual water depth, Ha' for nine 

cycles (right graph), with r = 0 .53 and na = 
34.0 Ha - 1,380.46 

7-4 Correlation for Total Values of Each Twelve 
Months 

The study of tables and figures in Chapter 5 
indicated that the seismic process is more or less 
active in certain months . Because of that, the cor­
relation of the total number of earthquakes for each 
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month and for all the observed years with the cor-
responding water depth for each of 12 months, are 
examined for following periods : 

(1) November (196 7 I 1968, ... , 1975/1976) 

(2) December (1967/1968, ... ' 1975/1976) 

(3) January (1967 /1968, 1975/1976) 

. ....... . ........ . . 
(12) October (1967/1968, ... , 1975/1976) 

A high degree of correlation, with r = 0.915, 
was obtained in this type of study. It was defined 
by the regression equation "m = 22.40 ~ - 773 .10 
(see Fig . 7-8). 

n 
m 

XJ lQ:I I ll ltl lv v 'lll 'Ill VID II k 

PERIOD 1967/76 monthly 

n 
.m 

1100 

"!(.(. 

H 
m 

Fig. 7-8 Distributions of monthly number, nm,of earth­

quakes and mean monthly reservoir water level, 
Hm, for the nine cycles (1967-1976) over the 

12 months, (left graph), and regression line 

of nm versus Hm for the nine cycles (right 

graph), with r = 0.915 and nm = 22 .40 Hm 

- 773.10 

In order to check the results obtained in Sub-­
chapter 7-3, an estimate of the correlat ion coef­
ficient for the same period of eight years is made. 
The water depth and the water weight in the reservoir 
were used as independent variables alternately. The 
results were: (i) The total of monthly number of 
earthquakes correlated to the mean water depth for 
each of twelve months had r = 0.91; and (ii) The 
total monthly· water depth correlated to the water' 
weight that corresponds to the mean water depth of 
each of twelve months, gave r = 0.92. The correlation 
with the water weight as an independent variable gives 
a little higher correlation coefficient than for the 
water depth. 

7-5 Earthquake Energy as a Dependent Variable 

The correlation of the energy released by earth­
quakes is made for the following two cases: ( 1) The 
released energy versus the water depth as the in­
dependent variable; and (2) The number of earthquakes 
versus the released energy, as two variables affected 
by the same causal factor, the water depth in the 
reservoir. 



The relationship of the released energy to the 
mean monthly water depth is given Fig. 7-9 . The 
deviations of points from any fitted straight 
regression line are quite large. Values are pre· 
sented in logarithmic scales. 

Figure 7-10 presents the rela tionship of monthly 
number of earthquakes to the energy released i n loga· 
rithms, representing the nonlinear relationship in 
Cartesian coordinates. A relatively small correlation 
coefficient is obtained. 
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Fig. 7-9 The scattered graph of points of Hm (monthly average water depth in meters in the reservoir at the 

dam site) and Em (monthly released earthquake energy, in ergs), in logarithmic scales 
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Fig . 7-10 The scattered graph of points of nm (monthly number of earthquakes) and Em (monthly released earth­

quake energy, in ergs) in logarithmic scales 
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Chapter 8 
FITIING DISTRIBUTION FUNCTIONS TO RELEASED EARTHQUAKE ENERGY 

8-1 Fitted Probability Distributions for Released 
Energy of Earthquakes 

The histogram of absolute frequency of logarithms 
of released energy allows theoretical probability 
distribution functions t o be fitted. The class marks 
of released energy are given by their logarithms 
(Figs: 8-1 and 8-2). 

Fig. 8-1 

Fig. 8-2 

n 

E 

Frequency distribution of the number , n, 
of earthquakes for class intervals of the 
released energy, E, of earthquakes , and the 
fitted normal distribution (in logarithmic 
scale for energy) 

Frequency distribution of the number, n, 
of earthquakes for class intervals of the 
rel eased energy, E, and the fitted binomial 
and P.oisson distribution functions(i n loga­
rithmic scale for energy) 

38 

Some authors assume that the number of earth­
quakes, as rare natural phenomenon, are Poisson 
distributed (A. E. Scheidegger , 1975), namely 

p(x) 
x -m 

• .!!!....!__ 
X 

(8-1) 

where m • np, with x z number of earthquakes in a 
unit time, p = the small probability of earthquake 
occurrence i n a large number of intervals n, and 
p(x) is the probability for the number of rare earth­
quakes (x = 0, 1, 2, ... )to occur in a given inter ­
val . The Poisson distribution is the asymptotic 
distribution of the binomial distribution for small 
p and large n, namely of 

(8-2) 

or when p + 0 and n + w, with np a constant m > 0, 
and q = 1 - p. For n + ~. the binomial distribution 
tends to normal, so that it is feasible to approximate 
the binomial distribution by the normal distribution 
under the fol l owing conditions: (i) the occurrence 
of earthquakes is not a time dependent process, and 
(ii) the number of intervals in which the rare earth­
quakes are observed is large (large n) . Then the 
normal distribution used is 

1 
f(x) = -- e o.n:; 

with ~ = the expected value (mean) , and o2 = the 
variance of x. They are estimated by the sample 

(8-3) 

parameters x and s 2. The standardized normal distri­
bution for 

.. X - X 
t s 

becomes 

f(t) 

(8-4) 

(8-5) 

which is tabulated in many textbooks on statistics 
and applied statistics in various disciplines. 

By using the transformed variables, the theo­
retical distributions, and the statistical tables 
(Yevjevich, V., 1972; Pavlic, I., 1970), the es~i­
mates of probabilities for classes of released energy 
are made for var ious probability functions, and 
shown in Table 8-1. 

Regardless that the Poisson distribution is used 
only for the di screte variables , here the released 
energy is considered onl y for discrete c lass int ervals, 
so that this distribution is fitted to the logar ithms 
of these class i ntervals. The comparison of empirical 
and theoretical distributions (Table 8-1, Figs. 8-1 
and 8-2) indicates that the Poisson distribution 
applied to logarithms of c lasses of released energy 
best fits the empirical distribution, because it shows 

the lowest value of x2 = 254 . 88 i n the x2-test, with 

x2 given by 



Tab1 e 8-1 Fitting Three Prob::1bili ty Distribution Functions to Frequencies of Logarithms of Class Interval 
Values for the Released Energy of all Earthquakes Observed during the Filling of the Bil cca Reservoir 
in the Period 1967-1976. 

ENERGY E (ergs) 106 107 108 109 1010 1011 1012 1013 1014 1015 1016 r 2 x - t est 

LOG iE 6 7 8 9 10 11 12 13 14 15 16 

FREQUENCY 311 1497 1784 1586 1360 980 640 2840 90 15 1 S54S 

...:~8 NORMAL 437 946 1529 1847 1659 1113 552 204 57 17 2 3356 54!.1 . 92 <>-< 
UE-
..... :::> 
f--c:l POISSON 370 1162 1824 1909 1499 941 493 221 87 30 9 1\545 254.88 LLIH 
0::0:: 
Oi;-o 
LLI<Zl BINO~HAL 197 904 1862 2275 1823 1002 381 10 2 0. 2 0 . 008 8456 12:163.65 
=~ i 

Table 8-2 Fitting Three Probability Dis tribution Functions to Frequencies of Logarithms of Class Interval 
Values for the Rel eased Energy for Earthquakes that are at Oistances 10-75 km from the Earthquakl.! 
Observation Station during t he Fill ing of the Bileca Reservoir in the Period 1967-1976. 

ENERGY E (ergs) 107 108 109 1010 

LOG E 7 8 9 10 

FREQUENCY 2 7 106 507 

...:~C5 NOR!-IAL 2 19 135 469 < ..... 
U E-
1-1 :::> 
E- c:l POISSON 32 139 304 441 LLI,_. 
0::0:: 
OE-
UJV) BINOMIAL 7 58 213 457 
~0 

where fi = the empirical frequency and ti = the 

theoretical probabil ity. 

1011 

ll 

851 

798 

481 

613 

2 The above value of x is relatively high, which 

means that differences between the frequency fi and 

the probability ft. are large, so that the logarithms 
l 

of released energy cl asses may not follow the theo­
r etical probability distribution functions fitt ed 
(Tabl e S-1) . 

It was pointed out i n Chapter 5 that the frequency 
distribution is symmetrical for released energy at 
distances 10-75 km (Table 8-2 and Fig. 8-3) . The fit 
of theoretical distribution functions to empirical 
frequency distribution (Table 8-2 and Fig . 8-3) indi­
cates that the normal distribution is best , even though 

its x2- t est shows that a substantial differences exist 
between the theoretical probabilities and the empirical 

frequencies with P(x2 = 45 .69) < 0.001 (Pavlic, I., 
1970) . Therefore, the logarithms of class marks of 
released energy do not follow the normal distribution 
but are cl ose to it. In other words , t he lognormal 
distribution function is very close to fit the 
frequency distribution of the released energy at 
distances 10-75 km. 

The purpose of this chapter was to investigate 
to what degree the theoretical distribution functions 
fit the frequency distributions in order to be abl e 
t o estimat e the probabilities of occurrence of strong 
earthquakes, such as those with energy released 

1012 1013 1014 

12 13 14 

626 288 94 

696 312 69 

419 304 190 

5&1 360 141 

n 

-

1015 

15 

16 

8 

103 

33 

1016 

16 

l 

1 

50 

3 

FREQUENCY 

NOR!-IAL 

llt l ' • ' e , v o -. " • E 

n n 

-

... l,ti'ICinllu ••" f 

r 2 x - test 

2498 

2504 45.69 

2463 !\50 . 02 

2466 243.69 

Fig . 8-3 Frequency distribution of t he number, n , of 
earthquakes for class interval s of the 
r eleased energy, E, for epicenter distances 
10-75 km from recording station, and fitted 
normal (top graph), binomial (left graph), 
and Poisson (right graph) distribution 
funct ions (in logarithmic scal e for energy) 
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E > 1016 ergs, when this extrapolation becomes justi­
fied for released energies higher than the energy 
released by the strongest, already observed earthquake. 
If one accepts that the lognormal distTibution best 
fits the frequency distribution of released earthquake 
energy at distances of 10-75 km, then the probability 

is P(E ~ 1016 ergs) ~ 0.00003, because it is outside 

the boundaries of i + 4s = 16.14. In other words for 
the average seismic activity after the cycle 1970/71, 
one can expect an earthquake like that to reoccur about 
every 66 years . This conditionally confirms that the 
assumption that these strong earthquakes are rare phe­
nomena is acceptable. It means that a relatively long 
time period is needed until the next strong release of 
the accumulated energy occurs. There is no energy 
release unless it is accumulated. The question is 
what will be the cause, i.e. what will trigger the 
future energy releases. In the ·case analyzed in this 
study, namely the Bile~ a Reservoir, it. is concluded 
that the stored water may have been this trigger. 

It may come out that the hypergeometric or better 
the gamma distributions may come out to be the better 
fits to frequency distributions than all of the above 
investigated distributions. The earthquakes of dis­
crete classes of a high released energy are located on 
the right tail of the frequency distributions, meaning 
that probabilities of their occurrence are small. 
Because of a large uncertainty in extrapolation of the 
tail for the high values of released energy, for what­
ever type of distributions is used, research 
on the best fit of theoretical distribution functions 
to frequency distributions of released earthquake 
energy was not pursued further in this paper. 

It should be stated at the end of this Chapter 
tha~ the above presentation and the fact that there 
is no energy released unless it is accumulated, bring 
about a basic question, namely whether the stored 
water does induce and moderate natural earthquake 
processes. An affirmative answer to that ques.tion 
may mean that the natural seismic conditions were 
near the limit stresses of earthquake release, and 
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that the stoTed water only triggered the release of 
energy somewhat earlier than the natural stress of 
energy accumulated in the rock would have done it 
anyway. 

It is obvious that the increase in the ac­
cumulated water could not cause the energy release if 
that energy had not already been accumulated. There­
fore, if a natural large earthquake had preceded the 
filling of the storage reservoir further large energy 
releases and induced shocks should not be expected, 
because there is no significant stored energy 
remaining in the same underground. 

8-2 Earthquakes at Distances 30-75 km from Recording 
Seismic Station 

It was stated in Chapter 6 that the strong earth• 
quake of August 25, 1970, which released the energy 

16 of E • 4.09 x 10 ergs, should be analyzed as a part 
of tho set of earthquake random variables for 
distances 30-75 km. Any regularity that would apply 

' to that entire set should also be valid for this 
observed strongest earthquake. 

The degree of correlation between the annual 
number of earthquakes and the mean annual water levels 
in the reservoir (Table 8-3) is given by the equation 
Npod • 2.79 Hpod- 47.77 with r = 0.52. 

Studies in subchapter 7-3 i ndicated that the cor ­
relation coefficient for all earthquakes is r = 0.53. 
The earthquakes for the class distances of 30-75 km 
had about the same correlation coefficient with the 
mean water depth of the reservoir. The correlation 
coefficient of r • 0.52 is a relatively low corre~ 
lation (only about 25\ of the variance explained). 
However, it is more important in this case to show 
that the correlation exists rather than what is its 
degree of association. This correlation gives the 
answer to the question posed in Chapter 5, namely 
that the earthquakes at distances of 30-75 km are 
also affected by the stored water. 



Chapter 9 
THE ANALYSIS O F MEANS AND VARIANCES 

9- l The Analysis of Means 

Following t he central l imit theorem i n the theory 
of sampling, the arithmetic means of subsampl es ap­
proximately follow the normal distribution, inde­
pendently from the type of distribution of the variable 
x of the main sample. Even though the mean rel ates 
herein to the subs amples of one year, the investigation 
of their means should present some important charac­
teristics for this 9-year long sample. The arithmetic 
means of these subsamples are a new series, that should 

be compared with the general arithmetic mean x of t he 
9-year sample. 

The standard deviation of the distribution of 

subsamples arithmetic means xi is 

s_ 
X 

(9-1) 

where N the sample size and n = the number of sub ­
samples, with the standardized variable of subsample 
means being 

This new variable t is t-distributed , with their 
probabi l ity values P(t) tested for not t o be very 
small. If any one of nine values is l ess than 0.05 
(or a stronger test of less than 0.01) the proposi t ion 
that the arithmetic means of subsampl es are f rom the 

same population, and statistical l y equal to x of the 
sample to which the subsampl es belong, should be 
rejected. The means of subsampl es are given in 
Table 9-1. 

The mean value of the total sample of nine years 

is x = 86.14, and their standard deviation is 

gives s = 
X 

\ - 2 
/.. (xij - x) 
j 

N 

19.8. 

72.18 , so that Eq . (9- 1) 

Values for P(t) of the t-distribution are given 
in Table 9- 2. 

Table 9-1 Means of Subsamp1es 
. 

CYC~E 
1967 1968 1969 1970 1971 197~ 1~73 1974 1975 

1968 1969 1970 1971 1972 1973 1~74 1975 197( 

loll::AN 
ltO~'Til~Y i 1. 33 171. 92 175 .92 98.17 41. 25 56 . 75 38.08 61. 33 54.50 
VALUES 

Table 9-2 Probabilities of Standardized Values of 
Subsample Means 

1967/1968 

1968/1969 

1969/1970 

1970/1971 

1971/1972 

1972/1973 

1973/1974 

1974/1975 

1975/1976 

t1 0 . 45 

t2 4.33 

t3 4.53 

t 4 0. 61 

t
5 

2.21 

1. 48 

2. 43 

1. 25 

1.60 

0.6 < P(t) < 0.7 

0.001 < P(t ) < 0 . 1 

P(t) < 0 .001 

0.5 < P(t) < 0.6 

0.05 < P(t) < 0 . 1 

0.1 < P(t) < 0.2 

0.02 < P(t) < 0.05 

0. 2 

0.1 

< P(t) < 0.03 

< P(t) < 0.02 

1967/1968 1968/1969 1969/1970 1970/1971 1971/1972 1972/1973 1973/1974 1974/1975 1975/1976 

Fig. 9-1 Comparison of three basic time series for study of earthquake characteristics for the Grancarevo Dam: 
(1) Mean monthly level s, H, of the reservoir; (2) Monthly number, n, of earthquakes; and (3) Monthly 
released energy, E, by all earthquakes in each month 
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It can be seen from Table 9-2 that the probabili­
ties of subsample means for years 1968/69 and 1969/70 
are very small (under 0.01). It leads to the con­
clusion that these subsample means do not belong to 
the same population as the other subsample means. 
The subsample means for years 1967/68 and 1970/71 
have sampling probabilities of about 0.40-0.60, and 
the subsample means for years 1971/72 - 1975/76 are 
characterized by probabilities that axe greater than 
0.02 and smaller than 0.03. The differences in these 
probability values point out to several phases of 
seismic activity: 

(1) The phase prior to filling of the reservoir, 
as a natural, stationary state of seismic activity; 

(2) The phase of intensive seismic activity as 
the transient state, influenced by the storage of 
water, with the changes in seismic activity over time 
not permitting to estimate precisely the effect of 
water storage in this phase; and 

(3) The equilibrium phase, namely the new trend 
in the underground for a new stationary state (new 
dynamic equilibrium), with the natural variations in 
seismic activity under the existence of the water 
storage. 

The changes in earthquake activity of phases {2) 
and (3) are presented in Fig. 9-1. Since the phase 
(1) had been under the influence of construction of 
the dam prior to loading of the reservoir, its data 
are not feasible for the comparison with the earth­
quake activity in phases (2) and {3) without the 
danger of producing erroneous conclusions. This 
shows that it is essential to start the investigations 
on the effect of stored water on seismic activity long 
before any construction around the reservoir and the 
reservoir loading, to allow the period prior to con­
struction to be sufficiently long for the properties 
of natural seismic activity to be established. 

9-2 The Analysis of Variances 

The assumption that all nine annual subsamples, 
each. wi th the 12 monthly values belong to the same 
population, from which the main sample is taken, is 
tested by using the F-test. According to this test 
the parameter 

I 
/(n - 1) 

2 

F i st 
(9-3) - 2 

.. 
2 

(xi. - x) s 
I r J I (N - n) u 

i j 
s 

where x .. • the values of the sample, i. = the means of 
~J ~ 

subsamples, i • the mean of the sample and s • the 
standard deviation of the sample, F follows the F­
distxibution, with the degrees of freedom of n - 1 
in the numerator and N - n in the denominator. The 
condition to be satisfied is that x .. are random 

lJ 
variables of normal distribution with the mean x and 

. 2 Th' d' . h d d h var~ance s . ~s con 1t1on somew at ecrease t e 
validity of t his test, since it was found in Chapter 
8 that the variables describing the earthquakes do 
not follow the normal distribution. 

The estimates of F by Eq. (9-3) are simplified 
by the fact that 
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The values in Eq. (9-4) are: 

I I ex .. - xJ 2 = 562,712.77 
i j ~J 

so that 

293,507.51 

E I Ci; - i J2 
• 33,650.66 

i j 4 

F -
33

•
650

: 66 
z 11.35 > 2.03/2.69 = FO - 2, 964. 72 

(9-4) 

with P(F) < P(F0 • 0.05/0.01), with the degree of 

freedom of 8 in the nominator and 99 in the denominator. 

Since the values s2 and s2 are substantially 
t u 

different, it means that the subsamples do not belong 
to the same basic population, of the sample of nine 
years of observations, as far as the variance is 
concerned. 

The empirical data is grouped in nine subsamples 
(n), each having the mean 

n . 
J. 

x. I x .. i • 1,2, ... ,9 (9-5) 
J. n. lJ l j=l j . 1,2, ... ,9 

-
The data for the variable xij and the mean values 

xi are given in Table 9-3. 

For the similar estimates made for the subsamples 
of cycles 1967/68 - 1970/71, the results become: 

and 

with 

and 

91,823.61 • 30,607.87 
4 - 1 

F • 4.82 > 2.82 or F • 4.82 > 4 .26 , with 

F > F ~ 2.82 for the 0.05 probability level, 
to.o5 

F = F = 4.26 for the 0.01 probability level. 
tO.Ol 

This result tells of a small probability that t hese 
subsamples belong to the same population, represented 
by this four-year sampl e. 



Table 9-3 Computation of Means of Nine Subsamples of 
Observed Earthquakes 

1967 .j '-TlllO rm fn 18Tl ~ls:JI975 
1961 • I li70j rm m 19~ 1974 1916 

Xo 1 I 2 ! 3 4 5 I 6 I 7 8 T 9 
1 II j 61 1 )2 j sa 59 ss , 45 IOOf 51 

2 z1 I es 1 11 : " sa U[ 39 94 ! 67 

3 1~16?T -;s, 'aa 42 u : 45 1 " 65 

7 107 i 25~1_!_~~- !.: 30 a ' H ' 55 j u 
5 HO I 335 1 281 135 5S ss! HI 41 / 31 

7" t-- - - --
u l zo: 39 1 51 129 223 229 161 35 I 

7 I-- ' . ' 8 0.-29"' -Si"i8i ~~ - 262 .. 310 169 ; H 

'a ---"· 
109 ' 271 312 " ! 30 58 36 72 61 

tg 1--- - -- - ~ -12 160 199. 100 ~ H . 55 41 36 70 

~fa"' r - · · . ----~--,;_.. .. . . . .. 
~~17_ ...!!_~ -~- 5!_ ___ 5 1 

~ " • 19!_ __ ~·· ao! ,,T 36, 31 ' n . --li 
12 6 1 D s7j 57lilf zs: u l uf 40 

:l: 928 206312111 11178 495 681 : 457,736:654 
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Abstract: The study of effects of reservoirs 
in karst areas on the r egime of local earth­
quakes uses the earthquake data from the 
obser vational seismic station at the 
Gran~arevo Dam Site, on the River Trebi~njica, 
Yugoslavia. TI1e data , though only obtained at 
a station, were analyzed for the purpose of 
finding the relationship between the large 
Bileta Reservoir, created by this dam in a 
highly karstified region wit h a large karst 
aquifer, and the regime of local earthquakes. 
It was hypothesized that the increase of 
karst aquifer levels by 70 meters and the 
increased load by the reservoir and addi-
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tional aquifer water storage has affected the 
earthquakes. Various simple stat istical 
techniques are used in this analysis. 

Regardless of some defi ciencies in the 
collection and processing of data, i t was 
found that the number of local earthquakes 
per year has been significantl y increased in 
the first four years of filling and emptying 
of the reservoir or the years after the first 
phase of four years has passed . The reservoir 
has been filled with water in stages for seve­
ral years , in order to avoid that the sudden 
loading of the reservoir triggers a large 
earthquake. This case study is instructive 
for planning observations and for advancing 
explanations of potential relationship between 
the reservoirs (especially in highly pervious 
formations and close to large fault zones) and 
the regime of earthquakes. 
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