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Foreword

Eazrthquake may be caused by the dynamic effect of the earth, such
as tcclonic earthquake and volcanic earthquake, It can also be induced by
external dynamic forces,such as collapse earthquake induced by wcather-
ing,erosion and raining, However, human activities play an im»ortant role
in induced earthquakes increasingly, especially engineering activitics under
specified conditions, e g, r:servoir construction,pumping out of undergro-
und water or injection of water into the underground of a city or an oil
fi:ld, collapse of a pit ar a shaft in a mine and artificial explosion or bur-
sting, These events, which are capable to induce abnormal earthquakes mn
the lccal area,are generally referred as induced earthquakes,The formation
ei this kind of earthquake depends on the factors, such as geological
condition, sirsess state and accumulated energy to be released in the lo-
cal area on one hand, and, on the other hand, it relates closely to the ba-
lance state of stress field in a certain range which has been changed by
engineering activities actually, Generally speaking, magnitude of induced

earthquake is comparatively small, its focal depth is rather shallow and

the range of effect on economics, construction and social lifée is rather

narrow, However a lot of destructive earthquakes have been induced by
reservoirs in the world, Furthermore, reservoir induced earthquake threa-
tens the safty of the dam frequently,producing secondary disaster far more
serious than the damage directly produced by ordinary earthquake, and its
sequence and range of effect exceed those of ordinary earthquake, The-
refore, full attention should be paid to the reservoir induced earthquake and
it cannot be neglected absolutely,

There are abundant hydraulic resources in China,According to statistics,
eighty thousand reservoirs,small and large,have been built since the establis—
ment of New China, No doubt, more reservoirs will be built in the future
al so that the energy source in China will be fully developed and more
benifit will be obtained from reservoirs, At present extremely large-size
reservoirs are prepared to be built at certain sites on the Yangtze River and
the Red Water River,More and more problems about reservoir induced earth~
quake will be expected to encounter in China and other developing coun-
tries, Many reservoirs will be built on different geological environments



in such countries, Urgent demand and difficull task will be given to seis-
mologists,and more chances and favourable conditions will be provided for
the further study on formation of the reservoir induced earthquakes,
Seismologists of the world are devoling themselves to explore the mys-
tery of earthquakes through different scientific approaches, The task needs
scientists’ continuous hard working in study for generations, Reservoir
earthquakes have generalily similar to common earthquakes,but they have
their own features, Owing to the fact that the economic construction in
China is developing prosjerously and a series of problems on reservoir earth-
quakes have been raised increasingly, the Chinesé geologists, geophysicis—
ts, earthquake engineers, geodetic surveyors and other scientists have devo-
ted themselves to the study of induced earthquakes since the sixties, At
first, they carried out comprehensive study on Xinfengjiang reservoir, Gu-
angdong province, analyzing the seismic activilies immediately occurred
after filling, judging whether these were induced earthquakes or not, pre-
dicting the trend of future earthquakes in the reservoir area and suggesting
some measures for earthquake resistance, Similar study was carried on for
other reservoir earthquakes continually occurred later, Scientists participa-
ted site selection of reservoirs to be built, performed seismic risk ana—
lysis and reservoir earthquake prediction, etc, In short, study on reservoir
earthquake was earried out in China around the practical problems in the
economic constructon throughout, sdIvin'g the practical problems in produ-
ction and satisfying the need of the society ,Of course,theoretical and expe~
rimenial study were performed by Chinese sicientists, obtaining splendid
resulis, Process in the study of reservoir earthquake shows further that
scientific and technical work must face the economic construction, and, in
return, economic construction has to depend on the scientific and technical
work, At the same time, it is also shown by the fact, that scientific and
technical work facing the economic eoastruetion not only can bz supported
by the economic construction, but developes rapidly for its own, Today,
a lot of study results have bzen accumulated in China and full attention
have been paid to them and greetcd with applause by the foreign collea-
gues, These results are the crystals of labour of hundreds of Chinese scien-
fists, In this book, study in the Chiness rgservoir earthquakes is syste-
matically sammarized and fully described,and achievements in the foreign
study are also introduced by the authors, Contribution of the authors, I
believe, will be helpful to the promotion and development of study on re-
servoir earthquake in China and even in the world, and benefit to the hy-
draulic engineering construetion and other ‘econonic constrUctioh,“FinaIIy I
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would like to congratulate the authors wholeheartedly for their contribu-
tion and recommend the book to the readers,

Ma Xingyuan

Director Honorary, Institute of Geology,
State Seismology Bureau, P.R. China,
May 20, 1988,
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Preface

. Seismicities in reservoir areas are bound to follow the impounding res-
éfvoir in the world, This kind of earthquakes markedly differs from those
activities before impounding in active level,and it is charactered by the di-
fference from general‘tectonic earthquakes, In a certain period, especially
in the early days of impounding,there, are clearly corresponding relaionships
between the seismicities in the reservoir and the level of reservoir and its
fluctuation, There are some characteristics for these seismicities in spatial
distribution, the change of focal depth, earthquake sequence, focal mecha-
nism, seismic structure and development of seismicities, This kind of ear—
thquake is called the reservoir induced earthquakes (RIE) or, in brief , the
reservoir earthquakes,
There is a short history for understanding the reservoir earthquakes,

It has elapsed only half century since the RIE, the Marathon earthquake,
Gresce, was noted in the earliest time, This earthquake of magnitude 4.7
was induced in 1938, but no attention was given at that time. Reservoir
induced earthquake was not considered as a scientific problem until the indu-
ced earthquake of magnitude 4.6 in Lake Mead,U.S_A.in 1939, At that time,
2 few scientists suggested that in comparizon of the water load on the re-
servoir with the mass and the strength of the base rock underlaying, the
former seem so small, and could be neglected, that no relationship appeared
between reservoir and induc_ed'earthquake.Soma scientists denied the reservoir
earthquake, based on the fact that no earthquake occurred in the vicinity
of some high dams in the world. Even now some scientists still doubt the
existence of RIE, They think that there is only a small probability for the
occurrence of these earthquakes, However, undoubted fact is the succe;sive
reports thai the unprecedented seismicily appeared in a reservoir area or vi-
cinity of dam after filling it, and the seismicity level was obviously alte-
rod by the filling,Many facts show not only t_hat'filling of reservoir is as—
sociated with th.evseismicity in space, but also the change in water level
is related closely to the local seismicity in time ,Now we have over 100 exa-
mples of RIE believable in the world, in which ten more. events occurred in
Chma The reservoir earthquakes have been venf ied by many scientists and
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accepted by engineers in many countries,

Reservoir earthquake all occur in the vicinity of a water conservancy
project, Earthquake damage causes not only direct economic loss, but pos-
sibly the serious secondary disaster such as dam destruction,power cut,etc,
The study on reservoir induced earthquake is significant in many aspects,
including practical significance in economic construction, earthquake resi-
stance, disaster preparedness, and theoretical significance in scientific rese~
arch, Various task are related to the reservoir induced earthquakes,and put
forward problems having to be solved,

1, In the stage of investigation of a hydropower project design, predi-
ction of the occurrence probability of induced earthquakes at the site of the
project, location of induced earthquakes and their magnitudes, and effect
o'nra reservoir or a dam should be made as accurate as possible, so that cer—
tain criteria for earthuake proof’ can be both reliable and economic.

2, Once an earthquake or earthquakes occur in a reservoir area after the
reservoir is filled, one should décide whether it is an induced earthquake,
make an analysis for the seismic tendency, ‘and clarify whether aseismatic
measure should be taken, All of the answers depend on the understanding
and identification of reservoir earthquakes,

3. Reservoir area, in which reservoir induced earthquakes occurred,
will become an appropriate experimental site for the study of earthquake
prediction and cause of earthquakes,

4, Investigation of the generating conditions and machanism of reser—
voir induced earthquake is an optional approach for the study of artificial
release of strain energy within a tectonic structure prepairing earthquake,
and for the purpose of reducing a strong earthquake to some small ones and
controlling the occurrence of disastrous and destructive earthquakes,

Neglect and lack of understanding of reservoir earthquake lead to losses
and disaster's, For example, earthquake proof was not considered in the de~
singn of the Koyna Reservoir located in the O-intensity zone in the seismic
zoning map of India, After filling, an earthquake of magnitude 6.4 was
induced about 3 Km away from the dam, Consequently the whole project
was heavily damaged and the power supply interrupted in certain duration,
causing the local -industry paralysed, Although the magnitude of the induced
earthquake was not high, people had to limit the filling of the reservoir to
avoid a strong earthquake, Furthermore, strengthening of the dam was need
to compensate the neglect of induced earthquake in the design, (Conseque-~
ntly,the total investment of the project was increased considerably ,If strong
earthquakes had been happened after filling of the reservoir, the conse-
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quence would have been more serious, More and more events have proved
that earthquakes may be induced after filling, and this kind of earthquake
will bring about an consequence which can not be neglected for a project
and economic development,

It is necessary to emphasize that the local seismic level in many regi-
ons where earthquakes occur frequently, has no change since the reservoir
was built, On the contrary, in some regions where seismic activity level is
not high, but rather strong earthquakes are induced after the establishment

of the reservoir, What is the reason that earthquakes are induced in some

reservoir areas? It is important substance of researching reservoir earthquake
to study and understand clearly the condition of inducing seismicities by
Teservoir,

Although attention had been paid by someone to the reservoir induced
earthquake early in the forties, it was not.international academic circles
until the sixties, when the Xinfengjiang, the Krimasta, the Kariba and the
Koyna reservoir earthquakes of magnitude over 6 occurred and caused seri-
ous damage and life loss, In 1969,the Induced Earthquake Expert Group was
established by UNESCO, .Seminars were held by the Group successively in
1970, 1971 and 1973, exchanging study information on induced earthquakes
and analyzing the data of 30 large reservoirs related to the relationgship be—
tween reservoir and seismic activity. [t is shown in the study that nearly
half of the reservoirs were associated with earthquakes after filling, and
the frequency and the magnitude of induced earthquakes exceeded those in
the past in the local area, Then reservoir earthquake appeared to be a pro-
blem discussed in many international conf erences, In 1975, the First Inter-
national Symposium on Induced Earthquakes was held, sponsored by UNE-
SCO and the related Canadian organization, with reservoir induced earthqua-
ke as its main theme, In 1976, the Intergovernmental Conference on Eva-
luation and Matigation of Seismic Risk was also organized by UNESCO,
where the induced earthquake phenomena were discussed, Meanwhile the re-
servoir induced earthquakes of Ms > 6 occurred in China, Africa, Greece
and India successively in the sixties, The above-said earthquakes and other
events have provided valuable data and clarified the task for the study of
reservoir earthquake. In the middle of the sixties, the study on reservoir
induced earthquake was supported and supplemented by the evidence of injec—
tion-induced earthquakes (M. D, Evans, 1966, J.H.Healy et al_, '1968) ., In
the early part of the sixties, some waste water was injected into the base
rock in the vicinity of an ordnance factory in Danford,Colorado,In April,
1962,the earthquakes which  had never been known were recorded in Danford,
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M, D, Evans nas made a believable argument that these earthquakes were
associated with the injection made by the ordnance factory, Later on, the
scientists of geological survey of America and Japanese scientists carried ocut
the study on injection-induced earthquake in Rangely oil field, west of Co-
lorado and Matsudai, Japan respectively, in order to explore the nature of
such earthquakes; Injection in Rangely oil field caused an increase of pore
pressure in the underground sandstone layer and the pore pressure required
for induced earthquake was measured, This prvoed that advancing of the su
critical value of such peak pressure was closely related to seismic activily,
These were two respects in the study of reservoir earthquake which were
the prominent success in the seventies, Mr,and Mrs, Gough emphasized the
effect of elastic deformation caused by reservoir loading, while J.H Healy
et al, (1968) stressed on the effect of pore fluid pressure, Various fields
in earth science——seismology, geology,rock mechanics,hydrogeology,have
‘given attention to the study on induced earthquake in some symposiums held
in this period, such as those held in London (1973) and in Banff, Canada
{1975).In these symposiums, some new concepts were proposed,e.g, stress
¢orrosion (C, Kisslinger, 1975)., Following the seventies,more evenis occu-
rred in the world, profound study on reservoir earthquake was carried on
further, In the above study, it was assumed that the induced mechanism
was a complicated multi-factor process and a summary was made for the
origin conditions of reservoir earthquake,Classification of reservoir earthqua-
kes were studied too, [t was considered in all studies that filling of reser-
voir can induce earthquake, but the induced earthquake is also closely re-
Jated to the geological tectonic situation, For example, G, Leblanc and [,
‘Anglin {1975) suggested that the Manicouagan No, 3 reservoir earthquake,
Canada, was highly associated with the base rock of high permeability un-
der the reservoir and the water permeating along the weak structural plane,
However, there were also the cases with no rela io ship with tectonic ru-
pture, e, g. the reservoir earthquake occurred in the Oued Fodda, Algeria
where no tectonic rupture was found in the reservoir area,.ll was explaiiied
that the earthquake was induced by the expansion of the underlying unhy-
drated gypsum layer filled with the permeated water It has suggested alsc
by some others that it was induced by the collapse of the deep salt layer
under the reservoir base, dissolved by the reservoir water, Furthermore,
reserVvoir earthquake, such as the Oroville earthquke{C .G .Bufe el al.1576;
T.R.Toppozada et al.1982), the Nurek earthgquake(D W Simpson and S.Kh,
Negonatullaev, 19813y C, M, Keith et al, 1982) , the Monticello earthquake
(P.Talwani, 1979) and the Aswan (R.M_Kebeasy et al, 1981; D. W _Simpson
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et al, 1982) had been further analyzed, T

The study on reservoir earthquake in China started early in the sixties,
following the field investigation for the Xinfengjiang reservoir earthqua—
ke.Construction of the dam began im July,1958.In the design of the dam,
the basic intensity of the site area was evaluated as VI, based orn a few
available data, Thereforesno aseismatic measure wzs taken, The seismic acti-
vity increased obviously shortly after the reéservoir was filled in October,
1959, In 1960, perceptible earthquakes occurred frequently, among which
there was a destructive earthquake of intensity VI near the dam, scientists
and engineers had been organized by Academia Sinica to investigate the sei-
smic activity,The first seismic station was established downstream of Xin-
fengjiang dam in Oct, 1960, At that time, It was not clear why the sei-
-smic activity was increasing obviously and whether the illing of the re-
servoir affected the seismic activity directly, But, for the saftv and im-
po-i=nce of the dam,the authority concerned had decided to strengthen the
dam on one hand (based on intensity Vi) and carry out study on the cause
of increase of seismic-activity,tendency of earthquakes,seismic risk at the
site and the relationship between seismic activity and ‘geological structure
on the oiher, In Oct, 1961, the first symposium on Xinfengjiang dam held
in Guangzhou where problems on geological structure, engineering geology,
seismology, Geomorphology and hydraulic engineering -of the reservoir we~
re discussed, Thers were different opinions about whether the increase
in seismic activity was related to the filling of reservoir or not,Some con-
sidéred that seismic activity had no relation to the filling,and others sug-
gested there would be no earthquakes of intensity above VI to occur in
the future, as no.such earthquakes occurred in the past,However, the sudd
en increase in seismicity had motivated the Chinese scientists and the stu-
dy was thus carried on progressively, QGeological map of the reservoir area
was being plotted and study of geological structure conducted,On the other
-hand, seismic stationm network was developed,strong motion instruments had
been located on the dam; triangular survey network and precise levelling
network distributed in the valley district, The locations were selecled for
-the measurement of ground stress and faull displacement, In addition, mo-
dri tests of the dam and rock mechanical tests were carricd out too,In Ma=-
rch, 1965, the 2nd Xinferigjiang Reservoir Symposium was held in Guang-
zhou where the developiment and study of reservoir earthquake since 1962
was reported, It was considered at the symposium that seismic acltivity in
the area will approach a relatively low level, but it would take a few de-
cades {0 reach the calmness, me a nwhils fluctuation would appear conti~
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nuously., These points of view have been verified by the consequent
events,Bul different opinions existed as to the cause of reservoir earthqua-
.ke.Some emphasised that reservoir loading plays an important role while some
considered that reservoir earthquake can only be induced in the seismic area
where past earthquakes frequently occurred, The former assumed that re-
servoir itself is the main cause of earthquake, but the latter insisted that
.geological structure was the necessary condition for induced earthquakes,
A paper(the Xinfengjiang Reservoir Earthquake and Its Effect on the Dam
by C.G.Shen et al,)written by the scientists who had conducted their stu-
-dy on the Xinfengjiang reservoir earthquake was presented in the 10th Inte-
‘rnational Large Dam Conference,Spain, It was clearly indicated in the paper
-that the filling of the reservoir induced the earthquakes.Also, analysis for
the origin conditions of induced earthquakes was made in the paper.lt was
assumed that the weak rupture stripe within the rock body played an impor-
tant role in the reservoir circulation and the induced earthquake, Later,
advanced study and discussion on the origin conditions and the law conce-
rning the development of reservoir earthquakes have been progressively ca—
rried out by J Ma(1975), M. Y Wang (1975) , Y,Z.Ding(1978,1980,1982) et
al, New concepts on the tectonic stress field of the reservoir earthquake
origin, types of main shock and after shocks and their causes, characteri-
stics of reservoir earthquake were proposed reépective]y.Study of the Xin~
fengjiang reservoir earthquake has been carried out for nearly 30 years
in China, The main features of the study .are as follows;

1. The study is closely related to the seismic risk analysis of the dam,
Strengthening of the dam based on intensity VI at the first stage and inten-
sity  at the second stage was on the basis of this study, Therefore,
from the sixties onward, the study on reservoir earthquakes in China has
been closely related to practice and has indeed provided a necessary basis
for economic construction,

2, As far as methodology is concerned,a conprehensive study was made
‘by multiple disciplines, From the beginning of the study, a combination of
-8eismology, geology, rock mechanics, hydrologic geology, simulation test,
-measurement of earth deformation and geophysical survey etc,was empha~
sized, ‘

3, As far as the research task is concerned,the study has been carri-
‘ed in the way of prediction of reservoir earthquakes,In recent years, Chi-
nese scientists have summarized the law of reservoir jearthquake occurre-
nces and suggested a tendency of the earthquakes for dif ferent constiruction
-periods of the dam, They have been making a great effort in providing an
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use for reference to other reservoirs being built or to be built,

The Xinfengjiang Reservoir provides an excellent site for the study
of reservoir earthquakes in China, The study also provides a basis for the
study of other reservoir earthquakes and sels up a research team for rese-
rvoir earthquakes, In the seventies and eighties,Li Ping et al,(1972) and
Gao Shijun et al, (1980) at Danjiangkou Reservoir,Hu Yuliang (1972,1985)
at Wujiangdu Reservoir and wuxijiang Reservoir, Ding Yuanzhang et al,

(1983) at Zhelin Reservoir studied the reservoir earthquakes in detail re-

spectively, Since the eighties, the study on the origin conditions and cla-
ssification of reservoir earthquakes was performed by Xia Qifa et al, (1984),
Li Zuwu (19¢4) and Li Qitong (1986) etc, to various extent,With the de-
velopment of hydraulic resource and construction in China, a preliminary
study has been made of the feasibility of reservoir earthquake prediction
for the design and construction of reservoirs, Chang Baoqi et al. (1986)
tried to predict reservoir earthquake quantatively in the Longtan Reser-
voir,Guangxi province by means of probabilistic method and comprehensive
fuzzy evaluation, By the effort of Chinese scientists in recent years, an
approach to the study of reservoir earthquakes with Chinese features has
been created,

In the last twenty years, the observation and study of reservoir
earthquakes has made a significant progress either at home or abroad,The
research work concerned has developed from independent study and obser-
valion of an individual reservoir to a comprehensive observation and com-
paritive analysis of a series of large reservoirs; the observation system
from individual seismic stations to a seismic station network with radio or
wire transmission and a quick data processing by computers; the aspects
of study from field observation and analysis to a comprehensive scientific
research by multiple disciplines including field measurement, experimental
study and physical and mathematical simulation, At the beginning, study
was carried out only after the induced earthquake occurred,But now, study
has been extended to all high dams (>>100m)and reservoirs of large capa-
city (>10x10°m®) , A relatively systematic observation and study should
be performed before the design or construction of these dams or reservo-
irs, so that an evaluation of the risk of induced earthquakes can be made
at the site, Study on induced earthquakes due to the filling of oil field
and the injection of water into deep well and the effect of water perme-~
ability is an important approach to explore the mystery of the reservoir
earthquakes,

Of course, the study on {he reservoir earthquakes in China. or abroad
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