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Preface

The International Hydrological Decade (THD) 1965-1967 was launched by the thirteenth
session of the General Conference of Unesco to promote international co-operation in
research and studies and the training of specialists and technicians in scientific hydrol-
ogy. Its purpose is to enable all countries to make a fuller assessment of their water
resources and a more rational use of them as man’s demands for water constantly increase
in face of developments in population, industry and agriculture. In 1970 National Com-
mittees for the Decade had been formed in 104 of Unesco’s 125 Member States to carry
out national activities and to contribute to regional and international activities within
the programme of the Decade. The implementation of the programme is supervised
by a Co-ordinating Council, composed of twenty-one Member States selected by the
General Conference of Unesco, which studies proposals for developments of the pro-
gramme, recommends projects of interest to all or a large number of countries, assists in
the development of national and regional projects and co-ordinates international co-
operation. ‘ ‘

Promotion of collaboration in developing hydrological research techniques, diffusing
hydrological data and planning hydrological insfallations is a major feature of the pro-
gramme of the IHD which encompasses all aspegts of hydrological studies and research.
Hydrological investigations are encouraged at the national, regional and international
level to strengthen and to improve the use of natural resources from a local and a global
perspective. The programme provides a means for countries well advanced in hydrolog-
ical research to exchange scientific views and for developing countries to benefit from this
exchange of information in elaborating research projects and in implementing recent
developments in the planning of hydrological installations.

As part of Unesco’s contribution to the achievement of the objectives of the ITHD the
General Conference authorized the Director-General to collect, exchange and disseminate
information concerning research on scientific hydrology and to facilitate contacts between
research workers in this field. To this end Unesco has initiated two collections of publica-
tions “Studies and Reports in Hydrology” and “Technical Papers in Hydrology ™.

The collection “ Studies and Reports in Hydrology ” is aimed at recording data collected
and the main results of hydrological studies undertaken within the framework of the
Decade as well as providing information on research techniques. Also included in the
collection will be proceedings of symposia. Thus, the collection will comprise the compila-
tion of data, discussion of hydrological research techniques and findings, and guidance
material for future scientific investigations. It is hoped that the volumes will furnish



Preface

material of both practical and theoretical interest to hydrologists and governments parti-
cipating in the IHD and respond to the needs of technicians and scientists concerned
with problems of water in all countries. )

Unesco and the IASH have together undertaken the implementation of several impor-
tant projects of the IHD of interest to both organizations, and in this spirit a number
of joint Unesco-IASH publications are envisaged.



Préface

La Décennie hydrologique internationale (DHI) 1965-1975 a été ouverte par la Conférence
générale de 1’Unesco a sa treiziéme session pour favoriser la coopération internationale
en matiére de recherches et d’études et la formation de spécialistes et de techniciens de
I’hydrologie scientifique. Son but est de permettre a tous les pays d’évaluer plus complé-
tement leurs ressources en eau et de les exploiter plus rationnellement, les besoins en
eau augmentant constamment par suite de 1’expansion démographique, industrielle
et agricole. En 1970 des comités nationaux pour la Décennie ont été constitués dans
104 des 125 Etats membres de 1’Unesco en vue de mener & bien les activités nationales
et de participer aux activités régionales et internationales dans le cadre du programme de
la Décennie. Ce programme est exécuté sous la direction d’un Conseil de coordination
composé de vingt et un Ftats membres désignés par la Conférence générale de 1’Unesco,
qui étudie les propositions d’extension du programme, recommande 1’adoption de projets
intéressant tous les pays ou un grand nombre d’entre eux, aide & la mise sur pied de projets
nationaux et régionaux et coordonne la coopération a I’échelon international.

Le programme de la DHI, qui porte sur tous les aspects des études et des recherches
hydrologiques, vise essentiellement & developper la collaboration dans les domaines de
la mise au point de techniques de recherches hydrologiques, de la diffusion des données
hydrologiques et de I’organisation des installations hydrologiques. Il encourage les en-
quétes nationales, régionales et internationales visant 4 accroitre et 4 améliorer I’utilisation
des ressources naturelles, dans une perspective locale et générale. 11 offre la possibilité -
aux pays avancés en matiére de recherches hydrologiques d’échanger des idées, et aux
pays en voie de développement de profiter de ces échanges d’informations pour 1’élabo-
ration de leurs projets de recherche et pour la planification de leurs installations hydrolo-
giques selon les derniers progres réalisés.

Pour permettre 4 1’Unesco de contribuer au succés de la DHI, la Conférence générale
a autorisé le Directeur général a rassembler, échanger et diffuser des renseignements sur
les recherches d’hydrologie scientifique et a faciliter les contacts entre chercheurs de ce
domaine. A cette fin, I’'Unesco publie deux nouvelles collections: « Etudes et rapports
d’hydrologie » et « Documents techniques d’hydrologie ».

La collection « Etudes et rapports d’hydrologie » a pour but de présenter les données
recueillies et les principaux résultats des études hydrologiques effectuées dans le cadre de
la Décennie, et de fournir des renseignements sur les techniques de recherche. On y trou-
vera aussi les Actes de colloques. Cette collection comprendra donc des données, I’exposé
de techniques de recherches hydrologiques et des résultats de ces recherches, et une
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documentation pour des travaux scientifiques futurs. On espére que ces volumes fourni-
ront aux hydrologues et aux gouvernements qui participent a la DHI des matériaux d’un
intérét tant pratique que théorique et qu’ils répondront aux besoins des techniciens et des
hommes de science qui s’occupent, dans tous les pays, des problémes de ’eau.

L’Unesco et I’AIHS ont entrepris de réaliser conjointement plusieurs projets impor-
tants de la DHI qui les intéressent 1’une et ’autre; dans cette perspective, elles ont prévu
un certain nombre de publications Unesco-AIHS.

vill
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Foreword

The problems of land subsidence have not perhaps up till now attracted sufficient atten-
tion. Yet, from the point of view of hydrology, these phenomena have had what may be
called catastrophic results. The Tokyo symposium, the fruit of perseverance by Japanese
and American scientists, has now shown that a handful of specialists has enabled this
question to be studied very thoroughly.

Although no limit had been placed upon the type of subsidence to be studied, most
of the Japanese and American authors paid particular attention to subsidence caused by
the lowering of water-tables or by the exploitation of oil fields. Theory has advanced
very far in these spheres, thanks to study of the compaction of strata, considered as a
mechanical problem. Some of the papers, however, attributed land subsidence to other
causes, such as the dissolution of limestone deposits, the working of mines, or purely
tectonic movements.

The influence of soil components (sand, clay, loess, peat, etc.) interested certain
researchers. The action of hurricanes and tides was also considered, particularly by
Japanese specialists.

A number of contributions were confined to the effects of subsidence upon surface
and sub-soil hydrology, irrespective of its causes. Finally, appropriate means of reducing
subsidence were considered.

The 70 or so papers submitted do not however supply a full picture of the problem.
As already stated, the symposium was primarily the work of Japanese and American
researchers. Europe might have been more largely represented, but, all the same the
results of the meeting clearly indicate the present state of our knowledge; more especially
they help to give an idea of the dangers caused by subsidence in areas which are among
the most advanced, both industrially and agriculturally.

L.J. TisoN
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Avant-propos

Les problémes que posent les affaissements du sol n’ont peut-étre pas, jusqu’ici, retenu
suffisamment 1’attention. Pourtant ces phénomeénes ont eu, du point de vue hydrologique,
des résultats que 1'on peut qualifier de catastrophiques. Le colloque de Tokyo, réuni
grace a la persévérance de savants japonais et américains, vient de montrer qu’un petit
nombre de spécialistes ont permis de pousser trés loin 1’étude de ce probléme.

Alors qu’aucune limitation n’avait été imposée quant a la nature des affaissements
a étudier, la plupart des auteurs japonais et américains ont particuliérement étudié les
affaissements dus au rabattement des nappes aquiféres ou a 1’exploitation des champs
pétroliféres. Dans ces domaines, les considérations théoriques ont été poussées trés loin,
grice a I'étude de la compaction des couches, considérée comme un probléme mécanique.
Certaines des études présentées ont cependant envisagé d’autres causes d’affaissement
des sols, comme celles dues a la dissolution des calcaires, a I’exploitation des mines,
a de purs mouvements tectoniques.

L’influence de la composition des sols (sables, argiles, lcess, tourbes, etc.) a retenu
I’attention de certains chercheurs. L’action des ouragans et des marées n’a pas été
négligée, surtout par les spécialistes japonais.

Quelques communications se sont limitées & ’action des affaissements, sur ’hydro-
logie de surface et du sous-sol, indépendamment de leur origine.

Enfin I’étude des mesures propres a réduire les affaissements n’a pas été négligée.

Les quelque 70 rapports présentés ne donnent cependant pas une vue compléte de
la question. Comme on I’a dit, le colloque fut avant tout I’ceuvre des chercheurs japonais
et américains. L’Europe aurait pu étre mieux représentée, mais, tels quels, les résultats
présentés font bien le point de I’état actuel de nos connaissances; ils aident surtout a
donner une idée des situations dangereuses créées par les affaissements dans des régions qui
sont parmi les plus avancées tant sur le plan industriel que sur le plan agricole.

L.J. TisoN
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Opening Session

Chairman: Dr. Koichi Aki

Chairman:

Your Excellency, Minister of Education, Ladies and Gentlemen, and distinguished
participants of this meeting.

On behalf of the Japanese National Committee for IHD and my own self, I heartily
extend my sincere thanks of your participation to the International Symposium on Land
Subsidence.

As you are aware, we Japanese have long been troubled with the land subsidence in
many places in Japan and some of them were due to overdrawing of groundwater for
domestic and industrial use and some were due to the withdrawing of natural gas and
so on. And, according to my feeling this is directly connected to the promotion of econ-
omic activities of my country. This is really a key problem of extension of economic
activities of every country of the world. We have to try better use of natural resources
available and for the conservation of our natural environment to improve these circum-
stances is a key problem among us. And I think this is the first occasion that leading
geophysicists, geologists and engineers of the world gathered here in Tokyo and have
chance to discuss important problem of mutual interest. I am honestly wishing fruitful
result through our discussion of the coming four days.

Now, I declare the meeting is open.

WELCOME ADDRESS OF Dr. KIYOO WADATI,
Chairman of the Organizing Committee

Mr. Chairman, Your Excellency, Ladies and Gentlemen

It gives me a great pleasure to say a few words on behalf of the Organizing Committee
to welcome you at the opening of this International Symposium on Land Subsidence.

It goes without saying that the importance of the problem of water, which is common
to all over the world today, cannot be overemphasized. Above all with respect to the
problem of groundwater, the understanding of the situation and proper development
of this valuable resources for utilization remains as an important subject for the future
study. If there is not proper development and utilization of groundwater resources,
it may cause such phenomena as land subsidence and exert a bad influence on irrigation
and drainage, enhancing the possiblity of flood and high tide dangers. Land subsidence
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is one of the hazards of modern age which prevails in all the countries in its particular
forms as a result of the progress of human activity. The countermeasure to this problem
is closely related to the problem of water resources which is an important issue of today
and tomorrow. Therefore I feel the great significance of this meeting to be held here from
today, receiving such eminent experts who are concerned to this field to study the mecha-
nisms of this particular phenomeon and discuss its countermeasures.

It is indeed a great opportunity and we are much pleased that this symposium is
being held in Japan where we are working hard to cope with a considerable land subsidenc

I would like to extend my heartfelt welcome to all of you who have come from the four
corners of the globe to attend this meeting and I earnestly wish the success of the sym-
posium.

Thank you.

ADRESS OF MR. MICHITA SAKATA
Minister of Education

GREETINGS OF EDUCATION MINISTER

I am very pleased to have been given the opportunity today of extending greetings at the
opening of the International Symposium on Land Subsidence.

Recent progress of science and technology in the world is eye-opening, and it is a
matter for congratulation that a long stride has been taken also in the field of hydrology.

UNEsco attached particular importance to the problems of water which arise with the
socio-economic development of countries and in 1964 initiated the International Hydro-
logical Decade for the international cooperative study on the problems of water. This
year marks mid-point in the implementation of the Decade. Japan is also taking part in
this project and has cooperated with other nations and international academic organiza-
tions in promoting the hydrological studies. We will renew our effort in the promotion
of research on hydrology.

In this International Hydrological Decade, the problem of ground subsidence which
accompanied social development in particular has been taken up as an important task.
Elucidation of its cause and the development of countermeasure for it is awaited with
much expectations. I am firmly convinced that the result of this symposium will not only
accelerate the progress of scientific research but also will, through its application to
practice, make a great contribution to the stability and elevation of people’s social life.

In order to achieve progress of science and technology, further promotion of interna-
tional exchange and cooperation is desirable, and T hope the participants in this sympo-
sium will avail of this opportunity to achieve substantial cooperation in their conduct
of research with deeper mutual understanding.

At this opening of the symposium, I wish to express our deep gratitude to the Inter-
national Association of Scientific Hydrology, UnNesco and other international organizations,
Government Agencies and local public bodies concerned for the enormous assistance and
cooperation they have rendered to it. At the same time I wish that the participants fiom
overseas will enjoy your short sejourn in Japan and avail of this opportunity to come
into contact with Japanese culture and deepen your understanding about this country.

Lastly I wish to express our heartfelt gratitude to the members of the Organizing
Committee and others concerned for their efforts made in organizing this symposium.

I hope the symposium will achieve every success.

September 17, 1969
Mr. Michita SAKATA

Minister of Education
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ADRESS OF PROF. HARUSADA SUGINOME
Chairman of the Japanese National Commission for Unesco

GREETING OF COMMISSION CHAIRMAN

I deem it a great honor to have the opportunity today of representing the Japanese
National Commission for UNEsco to say a few words of greeting at the opening of the
International Symposiums on Land Subsidence. I would like to express our heartly welcom
to all the participants in the symposium who have come a long way from various countries
of the world.

This symposium has been co-sponsored by the Japanese National Commission for
UnEsco, the International Association of Scientific Hydrology and the Tokyo Metro-
politan Government by enlisting co-operation from the Ungsco, the Science Council of
Japan and the International Society of Soil Mechanics and Foundation Engineering.
But I wish to express our heartfelt gratitude not only to these organizations but also
to all other people directly or indirectly concerned for the profound understanding and
zealous support they have extended to this symposium.

Needless to say, the elucidation of the phenomenon of ground subsidence has now
become an important task for many nations of the world in parallel with the progress
of their socio-economic development; and so the application to practice of the result of
studies in this field is awaited with much expectations in all quarters of society.

The UNEsco attaches particular importance to the problem of water, and the Inter-
national Hydrological Decade, which it started in 1964 has already reached its middle
point this year with the result that the study of water phenomena has accelerated its pace.
Japan also joined this project and has since been cooperating in the effort to develop
water science. In this project, too, a sizable part is occupied by the problem of eluci-
dating land subsidence phenomena. Japan being one of the countries witnessing remark-
able subsidence, she always has taken a keen interest in it. In this sense, it is quite
significant that it has been decided to hold this symposium in Japan.

Progress of science and technology cannot be expected today without international
exchange and cooperation, and an international congress can provide the best opportunity
for realizing such exchange and cooperation.

It is my sincere wish that you participants will avail of this opportunity to further
advance your international cooperation in promotion of studies on this problem of land
subsidence.

I also wish that the participants from overseas will avail of this chance to further
deepen their understanding about Japanese culture and mode of living. In concluding
my short speech of welcome, I wish the symposium will fully achieve its successful result.
September 17, 1969.

Prof. Harusada SUGINOME

Chairman,
Japanese National Commission for
Unesco

ADRESS BY PROF. LEON J. TISON
Secretary-General and Representative of IASH

Mr. Chairman, Ladies and Gentlemen.

It is my duty and my honour to represent International Association of Scientific Hydrol-
ogy at this symposium.
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You know that the organization of this meeting is a result of the proposal of the
Japanese National Commission for UNgsco to the Coordinating Council of the Interna-
tional Hydrological Decade and it was a great pleasure for me first to collaborate to the
organization and in latter, last to accept with Japanese Organizing Committee the full
responsibility of the symposium.

May I tell you that at that time, I was a little anxious to see the development of the
organization. The subject was, in a certain sense, a restricted one, when compared to
with often more general themes of meetings. On the other hand, the old French proverb
could be reconsidered.

“It is not good to change horses of a car when passing a river.”

And it is what happened when we took the place of Unesco last March. Different elements
helped to give an excellent solution to the problem : first of all the activity, the know-
ledge of the question and the continued action of the Japanese National Organizing
Committee which realized wonders presenting almost fifty papers of first quality. Another
element was also very favourable; the personal action of Mr. Arnold Ivan Johnson,
representing both Association of Soil Mechanics and the National U.S.A. Committee
who arrived with another twenty papers after very strict screening. The result in
Europe, was not so satisfactory: only ten papers. It is certainly the consequence of the
already mentioned change in the international part or the organization. We shall do better
another time. When we say another time you will immediatelyunderstand that we are
already planning to continue our action: in two remarkable papers Dr. Miyabe and
Mr. Poland will give you the state of this important question and with the presentation
of all the other papers, we shall have more accurate ideas on the problem.

Well, it seems to me that a good method for this continuation would be an international
survey of existing areas of land subsidence with their characteristics. Such a survey would
certainly receive support of UNEsco and on the other side the International Council of
Scientific Unions recently expressed their worry of the deep degradation of our environ-
ment under human influence. With the help of the biological scientists, the International
Council of Scientific Unions is busy to organize its action in this direction. Land
subsidence is certainly to be considered in this field as it was said by our President,
Mr. Szesztay. Further actions have to be considered but, I think, it would be better
to postpone the details until the end of the symposium.

Mesdames, Messieurs,

Notre Association possede une seconde langue officielle qui est d’ailleurs ma langue mater-
nelle. J’ai le devoir de dire quelques mots dans cette langue qui a d’ailleurs été adoptée
par quelques auteurs. Je leur dirai, ainsi d’ailleurs qu’aux autres auteurs, nos félicitations
et nos remerciements pour le travail accompli.

A last word, let me say our appreciation and our thanks for the assistance of the
Honourable Minister of Education and also the Honourable Governor of Tokyo. Let me
also say my admiration for the work accomplished by the Japanese Organizing Committee
and namely the Japanese National Committee of IUGG. I also thank Unesco for its
support and let us finally say how much I am impressed by the number of participants.
It is an excellent sign for the future.

Mr. Chairman, I shall ask to say a few words on behalf of UnEsco. Mr. da Costa,
Acting Director of the Unesco Division of Hydrology and Secretary of the Coordinating
Council of THD, told me two weeks ago that he would have to stay in Paris during our
symposium in order to assist the meeting of UNESco executive committee. And he asked
me to say some words in his name. I am therefore, very glad to present you the greetings
and wishes of UNEsco for the succes of this symposium.

Thank you.
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ADRESS OF DR. RYOKICHI MINOBE
Governor of Tokyo

It is a great pleasure for me today to have this opportunity to address you at this Inter-
national Symposium on Land Subsidence. This feeling of mine is by no means a simple
verbal expression; I really feel so from the bottom of my heart, for one of the greatest
problems confronting our Tokyo Metropolis is, in fact, land subsidence. As you are
aware, Tokyo is a tremendous city with 11 million inhabitants. It is said that Tokyo, in
recent years, has come to worldwide fame for the economic growth it has attained. But I,
in the capacity of the head of the local public entity of Tokyo, feel much embarrassed to
have such a reputation. Our Tokyo is suffering from imbalance, or distortion stemming
from that high-degree development—the distortion which brings about a number of
problems—knotty and yet vital problems affecting the live of its citizens. And all the
responsibilities for these problems rest solely on my shoulders.

The present situation of land subsidence in Tokyo has become more critical with every
passing day. When the Metropolitan authorities controlled the pumping-up of under-
ground water some time ago, the question of land subsidence seemed to be turning for
the better. But again the question has become more serious recently.

To cite an extreme case, a subsidence of 24 cm a year has been noticed in the area at
the mouth of the river Edo. This area, called the zero-meter zone, is the lowest land in
Tokyo and is 4 to 5 meters below the sea-level. We made every effort to provide against
floods and other calamities by constructing an embankment along the subsiding zone.
But as we hardly reckoned that the land there would subside 24 cm a year, we have not
bad sufficient preparation for the construction of an embankment answering to the 24 cm-
deep subsidence. Every year we must add to the embankment little by little. The added
parts are weak as a matter of course and have little resistibility to floods. Furthermore,
Japan is subject to earthquakes and what is worse, grave apprehensions are felt nowadays
that another great earthquake might hit our densely-populated Metropolis in the near
future—a quake which may bear comparison with the Great Earthquake of 1923.

Under these circumstances, it has become most important to construct an embankment
along the subsidence-ridden zero-meter zone. The mere thought of this will be enough
to make you understand how great a weight the question of land subsidesnce carries
among other urban problems in Tokyo. The trouble is that we do not have any effective
measure to prevent land subsidence for the moment. It is believed that land subsidence
takes place by a contraction that takes place in the deep strata of the earth.

I think we can grapple with the question of land subsidence from two angles—adminis-~
trative and scientific. The distribution of underground water covers not only the Tokyo
district, but also neighboring Saitama Prefecture and Chiba Prefecture. So measures for
Tokyo alone will be of no use. We do not yet have a joint administration under the control
of which Tokyo, in cooperation with Saitama Prefecture and Chiba Prefecture, can
organize counter-measures against land subsidence. This is also a pressing necessity if we
are to cope with the problem in wide range. But supposing such an administration is
organized, how could we then prevent subsidence effectively? Aren’t there any other
proper steps than the controlled pumping-up of underground water ? A number of out-
standing questions lie before us. I, on behalf of the citizens of Tokyo much annoyed
with land subsidence, sincerely hope that all of you present here at this symposium will
reach a satisfactory conclusion and will give proper advice to our policy. Tokyo is a
typical city annoyed with urban problems. All kinds of problems confronting present-day
cities find expression in Tokyo.

We heartily hope you will inspect not only the newly-built highways that run through
the center of Tokyo, but also many other problems including land subsidence—traffic
congestion, housing questions, rise in prices, etc,
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We should be much obliged if you could offer us helpful suggestions with regard not
only to land subsidence, but also to the whole range of urban problems.

Thank you.

WELCOMING REMARKS ON BEHALF OF THE
SCIENCE COUNCIL OF JAPAN

Mr. Chairman, Distinguished Guests, Ladies and Gentlemen,

It is a great pleasure and honour for me to say a few words, on behalf of the Science
Council of Japan, on the occasion of the Opening Ceremony of the International Sym-
posium on Land Subsidence.

First of all, I wish to express my hearty welcome to our fellow scientists who are
assembled here from different parts of the world including this country.

The Science Council of Japan, as the organization representing the scientists of Japan,
is deeply concerned with the promotion of international scientific cooperation and ex-
change as one of its most important functions. For this purpose, the Council has spon-
sored international scientific meetings in our country and dispatched scientists to inter-
national meetings in other countries every year since its establishement in 1949.

It is a great honour for the Science Council of Japan to act as sponsor to the Interna-
tional Symposium on Land Subsidence with the attendance of no less than 250 distin-
guished scholars inclusive of 50 foreign delegates.

The use and control of water has a close relation to the life of human beings, who have
from oldest times great interest in water problem. The problem of land subsidence result-
ing from water resources development is, with the advance of industrialization, a new
problem of great importance, pressed for urgent solution. The decision of the Co-ordinat-
ing Council of the International Hydrological Decade that this problem should be included
in the group of hydrological research problems with world-wide interest, requiring
international co-operation was, I take it, most pertinent to the occasion.

Japan is one of the countries that have great abundance of water, but she is still con-
fronted with this problem of land subsidence. It would have a great significance, [ believe,
that this symposium is held in our country. It is to be hoped that, as a result of presenta-
tion of excellent papers and lively discussions, the symposium achieve a brilliant success
in order to answer the expectations from all quarters.

Through personal contacts among participants, the symposium will provide an
excellent opportunity for furthering international cooperation and mutual understanding
among scientists all over the world. I am sure that, in spite of the difference in languages
and customs, the symposium will achieve success in every way through the goodwill
and active cooperation of the participants.

Finally T hope that the participants from abroad will have enough time to see various
things in this country and to get better acquainted with our people and culture.

Thank you.
Fujio EGAMI

President
Science Council of Japan

ADRESS OF DR. ARNOLD 1. JOHNSON

Mr. Chairman, Distinguished Guests, Ladies and Gentlemen: this symposium represents
the fulfiliment of a long dream. It was about four years ago that Mr. Joseph Callahan
and I started corresponding from the United States to Drs. Naomi Miyabe and Soki
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Yamamoto, regarding plans for an international symposium on land subsidence. Thus,
1 receive double pleasure in giving a few opening remarks as a representative of the
International Society for Soil Mechanics and Foundation Engineering.

As you may know, this international society held its Seventh International Conference
in Mexico City the last week of August. The attendance at that meeting was between
two and three thousand—the largest conference in the history of the Society. You will
be interested in learning that Dr. T. Mogami of the University of Tokyo was elected
Vice-President for Asia for the International Society.

Now, I take pleasure in saying that the International Society for Soil Mechanics and
Foundation Engineering is proud to be one of the organizations sponsoring this Interna-
tional Symposium on Land Subsidence. We congratulate the Japanese Organizing Com-
mittee for their excellent arrangements and fine program.

Thank you.
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DIRECTIONS OF RESEARCH ON LAND SUBSIDENCE

Naomi MIYABE

ABSTRACT

Considering the results of investigations carried out until now with regard to the
land subsidence in various regions, further research on this subject should be advanced
in directions;

(1) to develop laboratory experiments on models and analogs;

(2) to extend chemical and mineralogical analyses of soil that constitute the beds in the
area under consideration;

(3)to extend hydrological studies on aquifers underneath wider areas including land
subsidence areas, and

(4) to extend studies on the compaction of deep seatcd soil layers.

The results of advanced studies will be more help in placing into effect preventive
measures against disasters due to the land subsidence.

RESUME

Considérant le résultat des investigations effectuées jusqu'a ce jour au sujet de laffais-
sement des terrains dans les diverses régions, on devrait développer une recherche plus
avancée sur ce sujet dans les directions suivantes :

(1) développer les expériences sur les modéles et les analogues en laboratoire ;

(2) étendre les analyses chimiques et minéralogiques du sol constituant les couches dans
la région considérée ;

(3) étendre les études hydrologiques sur les aquiféres des régions souterraines plus vastes
comprenant la zone d’affaissement, et

(4) étendre les études sur la compaction des strates les plus profondes.

Les résultats des études avancées faciliteront la mise en ceuvre de mesures préventives
contre les désastres dus 3 I’affaissement des terrains.

1. The phenomenon known as land subsidence has been found in the industrial areas as
the results of abnormal lowering of the ground-water level, which might have been caused
chiefly by excessive withdrawal of ground water. This land subsidence has brought about
serious influences on public properties, through lowering and deformation of the land
surface. In order to prevent the occurrences of disasters caused by the land subsidence,
various devices have been furnished and fundamental research on the nature of this phe-
nomenon has been developed, based on the results of observations obtained by means of
precise levelings and compaction recorders at various places, and those of experimental
investigations with regard to the soil samples taken from core borings, as well those of
hydrological studies with regard to the aquifer systems concerned.

This fundamental research aims at finding proper methods to minimize the harmful
effects of land subsidence. The scope of land subsidence may be represented by a simple
Jdiagram as given in figure 1, in which the balance of withdrawal and natural supply of
ground water is shown, expressed as the input to a system of aquifer and soil layer, which
may yield the output of land subsidence. It is quite natural that our research has been
concentrated on the explanation of the mechanism of the action of the system of aquifer
and soil layer which transforms the unbalance in the ground-water pressure into land
subsidence.

2. An important finding in the main direction of our research was the linear relation
between the rate of subsidence of clayey soil layer and the ground-water pressure, as given
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by Wadati and Hirono (1], in the form
u = k(p—po), (»

in which k and p, are assumed as constants. In finding this relation, every five days’
amount of subsidence was taken for the rate of subsidence, and the mean value of the
heights of the ground-water level during the same interval of time was taken for p. This
relation was a clue to the application of Terzaghi’s theory of consolidation in explaining
the phenomenon of the land subsidence [2].

input oulpul

GROUND WATER SOIL LAND
WITHDRAW, L »f SOIL > SUBSIDENCE

NATURAL WATER AQUIFER
SUPPLY

FIGURE 1. Diagrammatic illustration of scope of land subsidence

A question may then arise whether the same relation applies to the case where more
than five day’s amount of subsidence is taken for the rate of subsidence. Trial plots of
five days’, ten days’, fifteen days’ and thirty days’ are made with regard to the compaction
records, against the heights of the ground-water level for the same time interval obtained
at the Kameido observation station, Tokyo, and those obtained at Yamanosita obser-
vation station, Niigata. The results are shown in figures 2 and 3.
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FIGURE 2. Relation between rate of subsidence and the height of ground-water level; at Kameido
station, Tokyo

In figure 2, the straight lines designating respectively the relations between the five
days’, ten days’, fifteen days’ and thirty day’s rates of subsidence and the heights of the
ground-water level for corresponding time intervals are seen to have slopes in the
ratio of 5:10:15:30, which are just the same as the ratio of the time intervals to which
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the respective rates of subsidence are due. Of course, the relations designated by the
straight lines are accompanied by certain amounts of fluctuations. In contrast, in the case
of the compaction obtained at Yamanosita (Niigata), as given in figure 3, the straight lines
designating the relations between the rates of subsidence and the heights of the ground-
water level have slopes in the ratio of 5:8:10:19, with wider ranges of fluctuations.
These facts suggest, on the one hand, that there may be no objection to take thirty days’
rate of subsidence instead of five days’ rate, in discussing the relation between the rate of
subsidence and the height of the ground-water level, with regard to the compaction
obtained at the Kameido station, Tokyo, but, on the other hand, a similar procedure
would not apply to the case of compaction obtained at the Yamanosita station, Niigata.
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FIGURE 3. Relation between rate of subsidence and the height of ground-water level; at Yamanosita,
Niigata

From the relation between the rate of subsidence and the height of the ground-water
level with regard to the observations at Yamanosita, Niigata, it is inferable that the actual
subsidence may be the integration of various influences yielded by the changes in the
heights of the ground-water levels in a number of aquifers concerned.

3. Asseen in figure 2, the thirty days’ or montly rate of subsidence is equally meritorious
in applying to deduce the above mentioned relation, with regard to the compaction
observed at Kameido station, Tokyo. The values of montly subsidences are then plotted
against the monthly mean heights of the ground-water level, observed at this station, and
the results are shown in figure 4. As seen in this figure 4, the constant k in the equation
does not hold for extremely low ground-water level. This fall of the constant k will make
the explanation of the mechanism of land subsidence more complicated.

On the other hand, it is evident that the land subsidence, once caused as the results of
lowering in the heights of the ground-water level, does not recover even when the ground
water has recovered as before; that is, the land subsidence is said to be an irreversible
phenomenon. In this connection, it may be conceivable that the compaction of soil layer
is attributed to the rearrangements of soil particles which constitute the soil mass structure.
In this concept, the stress applied to the soil mass as the results of decay in the pressure
of the confined aquifer may cause the rearrangement of soil particles and yield strain
within the soil mass. The constant which links the stress and the strain thus yielded may
be dependent on the modes of arrangements of soil particles [3].
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The above-mentioned concept is, of course, introduced for one of the possible solutions
to the question of irreversible land subsidence, in connection with the fact that the monthly
rate of subsidence decreases with further lowering in the ground-water level when it has
become extremely low.
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FIGURE 4. Variation of monthly subsidence with descending ground-water level

4. In going on with the quantitative analyses of the land subsidence, it is thought desirable
to take into consideration the fact that the soil layer, being compacted as the result of
lowering in the ground-water level, is composed of various components with various
thicknesses. This was suggested by the results of studies on partial compaction of soil
layers in Tokyo [4] and in Niigata [5].

The soil layer in the northern and eastern parts of Tokyo is composed of layers with
various constituent materijals. It may roughly be divided into three parts; that is, the
upper part, composed in main of loose clay and silt, is regarded as alluvial deposits; the
middle part, composed of rather fine sand with insertions of clayey sheets, is regarded as
the upper part of diluvial deposits and the lower part of the diluvial deposits is generally
composed of alternate coarse sand and gravel-containing sand layers, underneath of
which appears the tertiary bed of harder rocks.

The observed amount of land subsidence owes its principal part to the compaction of
alluvial and diluvial deposits on lowering in the ground-water level. There is of course
some indication of the compaction of tertiary layer, situated underneath the diluvial
deposits, as may be referred to shortly later.

Under these circumstances, it would be desirable to partition the contributions to the
land subsidence of each soil layer which constitute the alluvial and diluvial layers. Studies
in this direction were first tried by Miki [6], who assumed that the observed amount of
land subsidence « is a linear combination of partial compactions of three composite soil
layers, each teing proportional to the thickness of the corresponding layer; that is, u is
given by

u = ¢ h +chy+cshy, 2

where Ay, h,, h; are respectively the thickness of the composite layers and ¢, ¢, , ¢5 are
characteristic constants of respective layers for the compaction or the subsidence.
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Similar investigation was also developed by Aoki and the present author [7]. In our
study, the rate of land subsidence (per year) is assumed as a function of the mean height
of the ground-water level, p, and the change in the height of the ground-water level, Ap,
during the period concerned; that is, the rate of compaction u is given by

u =Y ap—po) + b;4p, &)

where a; and b; are constants which characterize the contribution of the i-th con-
stituent soil layer.

For an example, the results of analysis with regard to the records of compaction
obtained at Kameido station are herewith referred to. At this station, the reference tube of
the compaction recorder is piled down to the depth of 64 metres and fixed there. As the
results of core boring, the underground structure at this spot is known to be such that,
except for surface reclamation earth 2 or 3 metres thick, the alluvial clay deposit exists to
the depth of 33.0 metres, and then comes a sandy layer of diluvial deposits to the depth of
74.0 metres. The observed land subsidence will then be the sum of compactions of these
two kinds of soil layers in response to the decline in the ground-water pressure in the
second layer. It is assumed that, if the ground-water level designated by the height,
measured from the bottom of the second layer, stands at higher level than the boundary
of the first and the second layer, but lower than the ground surface, and, if the depression
in the ground-water level occurs as a linear function of time, that is g = at, the expression
(3) is to be replaced by

u = kyahy+kyah,+kiAph/+k,Aph, 6]

where 4’, and 4’, are effective thickness of the first and the second layers, Ap is the depres-
sion in the ground-water pressure due to the time interval concerned. For the Kameido
station, the depth from the ground surface to the bottom of the first layer is 2; = 33.0m.,
and the thickness of the second layer is A, = 41.0 m, and the depression of the ground-
water level amounted to 19 metres during the time interval from 1956 to 1967.

The results of analyses mentioned above show that the clayey layer plays a leading
part during the period in which the subsidence is taking place in response to relatively
rapid decline in the ground-water pressure, while the sandy layer is important during the
period in which the ground-water level becomes lower than the bottom level of the first
layer and the subsidence advances in response to slower decline in the ground-water
pressure.

5. Since we first noticed the land subsidence as the results of repeated precise levelings,
this method of survey has been employed as the most useful means in finding the areal
distribution of the land subsidence. As the results of repeated precise levelings, the gradual
changes in the patterns of the distributions of the land subsidence in Tokyo, Osaka and
Niigata are obtained. Thus it has been made possible to discuss the development of subsi-
dence with increasing withdrawal of the ground water, as may be expected from increasing
industrial activity, and its decay under some remedial measures taken for control of the
declining ground-water level.

Since it is very difficult to collect reliable information on the amounts of ground-water
withdrawal for a certain period, notwithstanding it is quite indispensable in the investi-
gation of water balance, we tried to study the gradual changes in the distribution patterns
of subsidence on the basis of theory of diffusion [8], substitutive of studies in slow migra-
tory changes in the heights of the ground-water level, expected from withdrawal of the
ground water.

Considering the field of vertical displacements of subsidence, the amount of annual
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subsidence at any point in the field at any time is assumed to satisfy the equation

2 ~2

a—U=D<6 U+‘3—U), ©)

ot ox*  ay?
where U designates the amount of annual subsidence, D is a constant analogous to the
diffusion constant, x and y are taken eastward and northward respectively, referring to
a certain point in the field as an origin. An example of the distribution of D thus obtained
is shown in figure 5, which may be some indication of subsurface structures, as compared
with figure 6, in which the diluvium surface topography in the area under consideration
is given. Thus we may imagine that the lowering in the ground-water level due to excessive
withdrawal of the ground water at a certain place will spread about, though very slowly,
influenced by the subterranean structures of soil layers with various hydrogeological
properties, and so does the land subsidence also.

Hydrology of ground-water balance would then be an important subject of our concern

in connection with the land subsidence.
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FIGURE 5. Example of distribution of “D”, in Koto Region of Tokyo
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6. By the diagram in figure 1, it was shown that the balance of the positive (natural water
supply) and the negative (leakage and withdrawal of ground water) inputs is turned out
to output (subsidence) through the system of soil layer and aquifer. Now this analog
model would be supplemented in some respects; that is, some external disturbance is
operative, either directly or indirectly, on this system of soil layer and aquifer.
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FIGURE 6. Diluvium topographic features in Koto Region of Tokyo, (reproduced from geological
map of Tokyo, published by Tokyo Institute of Civil Engineering)

Since these external disturbances will modify the subsidence through the system of
soil layer and aquifer, the system may be said to behave in response to these disturbances
as it does in response to the negative input of lowering in the ground-water level.

The compaction records generally contain secular change superposed with periodic
or quasi-periodic changes, which may be separated by taking the deviations of the values
of hourly readings from their twenty five hours’ moving averages. This procedure enables
us to remove the terms of secular subsidence, and the residuals are mostly of the disturb-
ances with diurnal, semi-diurnal and like periods.

Among the periodic fluctuations obtainable as the results of the present analysis,
the term of diurnal change looks most remarkable. This diurnal change is characterized



Naomi Miyabe

with a remarkable daytime swelling, which is just in phase with the diurnal change in the
atmospheric pressure [9]. In this case, the land surface yields apparent expansion of
approximately 0.2 x 10~?mm per mili-bar pressure decline (see figure 7). We also notice
slower change in the ground surface, superposed on the secular subsidence. This quasi-
periodic slow change seems to be associated with the fluctuations in the atmospheric
pressure as in the case when a cyclone passed by the observation station. In this case,
however, the movement of the ground surface is not found in phase with the slow change
in the atmospheric pressure. The ground surface movement in this case is rather parallel
to the changes in the height of the ground-water level, which may be moved under the
influence of the slower change in the atmospheric pressure, though with considerable
phase lag. It may thus be surmised that the changes in the atmospheric pressures influence
the up and down movements of the ground surface directly, on the one hand, and indi-
rectly, on the other hand, through the movements of the ground water.

FLUCTUATION OF
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FIGURE 7. Relation between fluctuations of compaction and those of barometric pressure.

In order to delineate a model for concrete explanation of the above-mentioned pheno-
menon, and, consequently, to contribute in explaining the mechanism in detail of the
response of the soil layer to the external disturbances including secular changes in the
heights of the ground-water level, it is thought necessary to develop further research in
this direction.

It is also notable that the ground surface undergoes acute subsidence or abrupt
settling in association with the occurrence of the earthquake of considerable intensity, as
has already been discussed by the author in collaboration with Inaba [10]. An example
of the relation between the acute subsidence and the earthquake intensity is shown in
figure 8, which shows a general tendency for the acute subsidence to be larger when the
earthquake shock is stronger. Although the detailed discussion on this subject is herewith
omitted, this fact is thought to be derived from the rheological nature of the materials
which compose the soil layer concerned. It may also be remarked that this acute subsi-
dence could be related in some respects with the periodic changes in the heights of the
ground surface mentioned above.

7. It may be worthy of remark that there are some indications of the compaction of soil
layers of the tertiary deposits.

As has been referred to, there are a number of reference tubes of the compaction
recorders, of which two tubes at least are evidently fixed to the tertiary deposits. One of
these tubes, situated at the Todabasi observation station, which is piled down to the depth
of 290 metres from the ground surface and fixed there, underwent subsidence of 45.9 mm
during 1967, and the other tube, situated at the Sin-edogawa observation station, which
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is piled down to the depth of 450 metres from the ground surface and fixed there, under-
went subsidence of 24.9 mm during the same interval of time. Although these amounts
of subsidence are only a fraction of the amount of subsidence measured at the bench-
marks near the respective stations for the same interval of time, the amount of subsidence
of several centimeter per year should not be regarded as negligible.
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FIGURE 8. Relation between the intensity of earthquake (represented by the quantity corresponding
to velocity) and the amount of associated acute subsidence

However, the fact that these soil or rock layers are situated at the depth of several
hundred metres or so, is a mortal difficulty in explaining the compaction of probably
hardened soil there, until som new device to overcome the difficulty is developed.

8. Taking into consideration the results of studies which have been developed until now,
it may be thought desirable, besides the routine surveys and observations to be carried on,
to develop further research in the following directions:

(a) Model experiments such as executed by Murayama [11] would be extended under
various conditions. Special attention would be concentrated on the thermal conditions
on executing these experiments; because thermodynamical consideration would be
necessary in understanding the results of the experimental studies and in applying them
to practical cases. The experiments on models and analogs are recommendable, be-
cause their results may provide the basic concept required for the explanation of the
phenomenon of land subsidence.

(b) Chemical and mineralogical analyses of the materials which constitute the soil layer
of the subsidence area would be requirable; because the chemico-physical properties
of soil particles are largely dependent on the composition and are important factors
for the constitution of microscopic structure of soil mass. In our opinion, the change
or the rearrangement in this microscopic structure of soil mass willl be the main source
of the compaction. Consequently, the results of analyses will be an approach to
complete understanding of the phenomenon of land subsidence, particularly its
irreversible character.

(c) The hydrological studies on the states of aquifer systems with their changes in the area
concerned would be developed in more detail and for a widely extended area. Main
difficulties in this field of study may consist in obtaining reliable information on
amounts of ground-water withdrawal, and also in investigating the chronic changes in
the heights of ground-water level which may be caused by migratory movement of
the ground water through heterogeneous aquifers. These difficulties may be overcome
by tenacious efforts in field observations and simulation studies.

(d) Studies on physical properties of hardened soil or rock situated at deeper level would
be developed. The land subsidence was once understood as the results of compaction
of loose soil mass deposited over the low land. But, as already referred to, we have
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some information indigating the compaction of deep-seated hard soil, or hard soil
mass of tertiary formation. Such subsidence as is occurring in the area of hard soil
is particularly noteworthy in the area where the underground gas or some buried
resources, inclusive of ground water, are being withdrawn. It is therefore desirable to
develop studies on the physical and chemical properties of these hard deposits, as we
have done with the loose soil of the upper layer in the subsidence area; as well as the
investigation on actual movements (subsidence) of these deep-seated layers discrimin-
ated from the compaction of the overlaying layers.

The developments of scientific research in directions mentioned above may not only
contribute to the advancement of science, but also develop a way of approach to the
solution. of the problem how to make possible the prediction of future land subsidence
which is required on planning the preventive measures against disasters expected as the
result of advancement of land subsidence.

In conclusion, the author would like to express his sincere thanks to the colleagues of
Tokyo Institute of Civil Engineering for their kind cooperation on preparation of the
present report.
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DISCUSSION

Intervention of Mr. Arnold, A. JOHNSON, in answering Dr. Miyabe’s suggestion on orga-
nization or machinery for continuing international exchange of information on land
subsidence.

Comments of Mr. JOHNSON:

Dr. Miyable, I believe that land subsidence definitely is an interdisciplinary problem and
that this problem will be with the world for many years to come. Furthermore, land subsi-
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dence problems will increase in number and complexity. Thus, some mechanism must be
found by which scientists and engineers of all disciplines may easily coordinate studies of
land subsidence and may communicate to each other the results of their researcht, both
within a country and internationnally.

A large percentage of land subsidence appears to be due to hydrologic causes and
most of the studies are being made by hydrologists at present. This cause and the interest
of hydrologists in land subsidence probably will increase in the future.

Thus, some international hydrologically oriented scientific society probably would be
the most effective sponsor of international communication and coordination for studies
of land subsidence. The International Association of Scientific Hydrology would be such
an organization. ISAH could cooperate in such activities with other international
societies related to other disciplines also interested in land subsidence such as the Inter-
national Society for Soil Mechanics and Foundation Engineering.

As a first step, I would propose that a questionnaire, sponsored by IASH, be given
world-wide circulation to determine the interest and progress in studies of land subsidence.
The assistance of ISSMFE also could be solicited to obtain the widest possible circulation
of the questionnaire. The resulting information not only would provide back ground for
planning the most efficient arrangement for handling cooperation and communication on
land subsidence between scientists of many disciplines, but also could be published and
thus provide another means of communication on the subject.

The information received from the questionnaires also could indicate the frequency
for holding symposia on land subsidence in order to provide optimum communication
amoung interested scientists. In my opinion national symposia on this subject could be
held in the most concerned countries every 2 or 3 years, but international symposia
should not be held more frequently than 5 or 6 years minimum. Speaking unofficially for
the U.S. National Commitees for IASH and ISSMFE, I believe that these organizations
would be interested in cooperating in another symposium on land subsidence if it were
to be held approximately 6 years from now.

STATUS OF PRESENT KNOWLEDGE AND
NEEDS FOR ADDITIONAL RESEARCH ON
COMPACTION OF AQUIFER SYSTEMS®

J.F. POLAND
U.S. Geological Survey, Sacramento, California

ABSTRACT

The deposits that are compacting in areas of major subsidence are relatively uncon-
solidated, chiefly alluvial and lacustrine sediments, of late Cenozoic age, in confined
aquifer systems of heterogeneous texture.

Parameters needed to predict compaction include compressibility; initial stress and
change in stress; number and thickness of compressible beds, and vertical hydraulic
conductivity. Methods used for estimating compaction involve computing it from laboratory
test results on cores, or deriving parameters for the entire aquifer system from field stress-
strain relations. Methods used to measure compaction (or expansion) of sediments include
depth-bench-marks and counterweighted-cable or free-pipe extensometers, periodic casing-
collar logging, and periodic measurement of emplaced radioactive bullets.

1. Publication authorized by the Director, U.S. Geological Survey.
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Additional rescarch is nceded on the effect of multi-cyclic loading; improvement
of field mcthods for determining compressibility of aquifer systems and measuring com-
paction and pore pressures; estimating preconsolidation loads; development of mathematical
and electronic models capable of simulating compaction of confined aquifer systems;
and several other topics.

RESUME

Les alluvions qui s’accumulent dans des régions de considérable affaissement sont
relativement inconsistantes, surtout les sédiments alluviaux et lacustres, du Cénozoique
récent, dans les nappes aquiféres ariésiennes de texture hétérogéne.

Les parametres nécessaires pour prédire la compaction incluent la compressibilité,
la pression initiale et le changement dans la pression, le nombre et ’épaisseur des couches
compressibles et la perméabilité verticale. Les méthodes utilisées pour évaluer la com-
paction comprennent le calcul de celle-ci d’aprés les résultats d’essais de laboratoire
sur carottes de sondage ou d’aprés les paramétres qui dérivent des relations pression-
tension relevées sur le terrain, pour la nappe aquifére entiére. Les méthodes utilisées
pour mesurer la compaction (ou l’expansion) des sédiments incluent des repéres indica-
teurs de profondeur et des cables & contrepoids ou des extensométres & tuyau libre, des
inspections périodiques de “casing-collar logging” et des mecsures périodiques de balles
radioactives placées dans le sol.

Des recherches supplémentaires sont néccssaires pour déterminer leffet de charges
multicycliques ainsi que pour ’amélioration des méthodes sur le terrain afin de déterminer
la compressibilité des nappes aquiféres et mesurcr la ccmpaction ct les pressions des
pores des couches, de méme que pour évaluer les poids de préconsolidation et pour
développer dcs maquettes mathématiques et électroniques capables de simuler la compac-
tion des nappes aquiféres ainsi que pour plusicurs autres sujets encore.

INTRODUCTION

The worldwide exploitation of ground-water resources and the consequent water-level
declines are creating many areas of land subsidence and associated problems. Poland and
Davis (1969) summarized available pertinent information on areas of substantial known
subsidence due to fluid withdrawal as of 1963. These included oil fields in Goose Creek,
Texas, and Wilmington, California, USA, and Lake Maracaibo, Venezuela; gas fields in
Niigata, Japan, and the Po Delta, Italy; and ground-water reservoirs in Japan, London,
England, Mexico City, Mexico, and in USA-Savannah, Georgia; the Houston-Galveston
area, Texas; Denver, Colorado; the Eloy-Picacho area, Arizona; Las Vegas, Nevada;
and the San Joaquin and Santa Clara Valleys in California. Since 1963, subsidence of
30 cm (1 foot) or more over confined aquifer systems has been reported in Baton Rouge,
Louisiana, USA (Davis and Rollo, 1970), and in the Taipei Basin, Taiwan (Tang, Min-
1967). Van der Knaap and van der Vlis (1967) have contributed substantially to know,
ledge on the characteristics of the compacting sediments in oil fields at Lake Maracaibo,
Venezuela.

We can anticipate that in the next few decades areas of land subsidence will multiply
and hence that problems will become more widespread. The problems caused to date by
land subsidence due to the withdrawal of fluids are a principal reason for this International
Symposium at Tokyo. Therefore, it is appropriate at this time and place to assess the state
of knowledge concerning subsidence and aquifer-system compaction, the deficiencies in
knowledge, and the needs for additional research.

TYPICAL SUBSIDENCE ENVIRONMENT
The deposits that are compacting in areas of major subsidence due to groundwater-

extraction are unconsolidated to semiconsolidated clastic deposits of late Cenozoic age
(see table 1). Most are alluvial and lacustrine deposits. The compacting sediments on the
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Texas Gulf Coast and at Baton Rouge, Louisiana, were laid down in a fluviatile and
shallow-marine environment. All areas are characterized by confined aquifer systems
containing permeable aquifers of sand and (or) gravel of low compressibility, interbedded
with clayey aquitards of low permeability, high compressibility, and variable thickness.

TABLE 1. Description of areas of major land subsidence due to ground-water extraction

Location Depositional Depthrange of Maximum Area of Time of
environment compacting subsidence  subsidence principal
and age beds below (meters) (sq km) occurrence
land surface
(meters)
Japan, Osaka, and Alluvial (?); 10-200 (?) 3-4 ? 1928-1943
Tokyo Quaternary (?) 1948-1965 +
Mexico, Mexico City Alluvial and Chiefly 8 25+ 1938-1968 +
lacustrine; late 10-50
Cenozoic
Taiwan, Taipei Alluvial, late 30-200 (?) 1 1004+ ? -1966+
Basin Cenozoic
Arizona, central Alluvial and 100-300+ 2.3 ? 1952-1967 +

lacustrine (?);
late Cenozoic

California, Santa Alluvial; late 50-300 4 600 1920-1967+
Clara Valley Cenozoic
California, San Alluvial and 90-900 8 9,000 1935-1966+
Joaquin Valley lacustrine; late
(three areas) Cenozoic
Nevada, Las Vegas Alluvial; late 60-300 (M) 1 500 1935-1963 +
Cenozoic
Texas, Houston- Fluviatile and 50-600-+ 1-2 10,000 1943-1964+
Galveston area shallow marine;
late Cenozoic
Louisiana, Baton Fluviatile and 40-900 () 0.3 500 1934-1965 +
Rouge shallow marine;
Miocene to
Holocene

All the compacting deposits are presumed to be normally consolidated. All are tapped by
water wells, to depths ranging from 200-900 m. Porosity of the cored, primarily fine-
grained, deposits in the central California areas averages about 40 percent and specific
gravity of the grains about 2.7 (Johnson, Moston, and Morris, 1968); montmorillonite is
the predominant clay mineral in the subsiding areas in Texas (Corliss and Meade, 1964),
central Arizona (Poland, 1968), central California (Meade, 1967), and in Mexico City
(Marsal and Mazari, 1959), comprising 60-80 percent of the clay-mineral assemblage.
Clays rich in montmorillonite are more porous and more compressible under a given load
than clays consisting mainly of illite or kaolinite. ,

Head decline in the conflned aquifer systems has ranged from about 30 m at Mexico
City and Las Vegas, Nevada, to 150 m on the west side of the San Joaquin Valley,
California.
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CAUSE OF LAND SUBSIDENCE DUE TO EXTRACTION OF WATER

The withdrawal of water from wells reduces the head in the aquifers tapped and increases
the effective stress (grain-to-grain load) borne by the aquifer matrix .As first stated by
Terzaghi (1925)

p=p+u,
where:

p total stress (total overburden load or geostatic pressure);

p’ effective stress (effective overburden pressure or grain-to-grain load), and
u,, neutral stress (fluid or pore pressure).

As shown by figure 1, the lowering of head in a confined aquifer system does not
change the geostatic pressure (except for the water removed by expansion of the fluid and
by compaction of the aquifer system, which is small and is disregarded in this diagram).
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FIGURE 1. Pressure diagram for an unconfined and a confined aquifer, with head reduction in
confined aquifer only

Therefore, the effective stress increase in the confined aquifers is equal to the decrease in
fluid pressure. The aquifers respond essentially as elastic bodies. Hence the compaction
in these is immediate and is chiefly recoverable if fluid pressure is restored, but usually
is very small.

On the other hand, in the aquitards and aquicludes which have low hydraulic conduc-
tivity and high specific storage, the vertical escape of water and adjustment of pore pres-
sure is slow and time-dependent. Hence, in these fine-grained beds the stress applied by
the head decline becomes effective only as rapidly as pore pressures decay toward
equilibrium with pressures in adjacent aquifers. The pattern of excess pore pressure decay
is illustrated diagrammatically in figure 1. It is the time-dependent nature of the pore-pres-
sure decay in the aquitards and aquicludes that complicates the problem of estimating
or predicting compaction of heterogeneous aquifer systems.
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CONSOLIDATION THEORY VERSUS AQUIFER-SYSTEM COMPACTION

The theory of time-dependent soil consolidation pioneered by Karl Terzaghi (1925) for
the solution of soil settlement problems was developed primarily for appraisal of the
effects of load applied at the land surface. It supplies a useful approach to quantitative
analysis of compaction due to head decline. However, certain basic differences should be
recognized because they affect the application of the theory to estimates of compaction
and subsidence due to ground-water extraction from depths as great as 900 m.

LOAD APPLIED AT THE LAND SURFACE

For a load applied at the land surface, the following conditions usually exist:

1. The area loaded is small, usually not more than a few acres, and the applied stress
decreases with depth.

2. The load normally is applied in a period of months and is constant thereafter.

Total geostatic load is increased, usually in the range of 0.2 to 2 kg/cm?.

4. In the fine-grained compressible layers of low permeability, increase in stress is borne
initially by an increase in pore pressure, similar to the response to loading in the
standard consolidometer test.

5. The time-duration of the load usually is sufficient to permit excess pore pressures to
decay to equilibrium and hence for effective stress and consolidation to reach ultimate
values (neglecting secondary consolidation).

6. Significantly compacting layers are at shallow depth and few in number. Hence, the
collection and laboratory testing of an adequate number of “undisturbed” cores and
the installation of piezometers for observing pore-pressure change usually is economi-
cally feasible.

bt

STRESSES APPLIED BY HEAD REDUCTION IN A CONFINED AQUIFER SYSTEM

For the areas of major land subsidence described in table 1, the following conditions
generally prevail:

1. The area of substantial stress change (and appreciable subsidence) usually is laterally
extensive, from 102 to 10* km?.

2. The long-term increase in applied stress is gradual (10-50 years or more) but its magni-
tude is constantly changing; overall increase may be as much as 10 kg/cm?; the annual
variation (seasonal head change) in applied stress may be 5-20 times as great as the
average annual increase; also, applied stress may be decreased by appropriate water-
level changes.

3. Total geostatic stress is unchanged, except for the water squeezed out by compaction;
but if the water table changes, geostatic stress also changes.

4. Stress changes induced by the artesian-head decline are seepage stresses. Change in the
position of an overlying water table changes both gravitational and seepage stresses.

5. Because head in the aquifers fluctuates with time, pore pressures in the aquitards
seldom reach equilibrium with the head in adjacent aquifers/

6. Compacting zones span large depth intervals (50-800 m) and aquitards are numerous
and usually highly variable in thickness and vertical permeability, both vertically and
laterally. Hence, the collection and laboratory testing of “undisturbed” cores, and the
installation of multiple piezometers for the observation of pore-pressure changes are
expensive, and usually funds are not available for obtaining adequate vertical and
areal control.
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METHODS OF OBTAINING ESSENTIAL PARAMETERS

The essential parameters and criteria in evaluating present or potential subsidence are
compressibility (or a related measure, such as C,, the compression index, derived from
time-consolidation tests); initial stress and change in stress with respect to depth and time;
appraisal of whether fine-grained beds are normally loaded or are overconsolidated
[estimated from plots of void ratio vs. the logarithm of load (e-log p’ plot) from one-
dimensional consolidation tests]; the number and thickness of the fine-grained compres-
sible beds; and the coefficient of consolidation, c,, which is obtained from the time-
consolidation test.

According to soil-consolidation theory, the time, ¢, required for a homogeneous con-
solidating clay bed draining from both faces (aquitard) to reach a specified percentage of
ultimate compaction can be calculated from

T’
C

)

v

The parameter ¢, = K’/S’;, the hydraulic diffusivity (Domenico and Mifflin, 1965).
Therefore, in hydrologic terms,

= T S.(b'[2)?

X (@)

where

T a dimensionless time factor obtained from type curves for percent consolidation vs
time;

8’ the specific storage;

b’ the bed thickness, and

K’ the vertical hydraulic conductivity of the clay bed.

Thus, the time required to achieve a specified percentage of ultimate compaction varies
directly as the square of the draining thickness and the specific storage, and inversely as
the vertical hydraulic conductivity.

The problem of time-dependent aquifer-system compaction can be investigated by
one or both of two methods, which I have termed the laboratory approach and the field
approach.

LABORATORY APPROACH

This approach includes drilling core holes, running geophysical logs, and making labora-
tory tests of the core samples. These tests should include particle-size distribution, dry
unit weight, specific gravity of solids, porosity, Atterberg limits, and one-dimensional
consolidation and rebound tests to give compressibility (m,) and hydraulic diffusivity,
from which K’ and S’ can be computed. Direct permeameter tests for hydraulic conduc-
tivity (horizontal and vertical) also are useful but techniques for testing clayey cores are
critical and subject to further research and verification (Johnson and others, 1968, p. A26;
Olsen, 1966).

The antecedent records of head change in the confined aquifer system and of the water
table are needed to determine the history of stress changes. We have found it quantitatively
convenient in treating complex aquifer systems to compute effective stresses and stress
changes in terms of gravitational and seepage stresses (Lofgren, 1968). The number,
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thickness, and lithologic character of the aquifers, aquitards, and aquicludes can be deter-
mined from the sample log and the electric log.

Ultimate compaction and subsidence due to known or assumed changes in applied
stress can be computed (Gibbs, 1960) by utilizing representative e-log p’ plots and the
equation

m 3

in which

Am compaction;

e initial void ratio;

e, void ratio after loading, and

m  thickness of the aquifer-system segment.

Equations 1 or 2 can be utilized to estimate the percentage of ultimate compaction
(the magnitude of transient compaction) accomplished at any time in response to a speci-
fied stress increase. This method was used by Miller (1961) in computing subsidence at
core holes in the San Joaquin Valley. Although this approach supplies useful predictions,
estimates made for thick heterogeneous aquifer systems by this method are subject to
considerable latitude. The numerical result depends in part on the number and distribution
of cores tested, but especially on judgment as to what tests from samples about 2 ¢cm thick
are representative of lithologic intervals of variable texture.

FIELD APPROACH

In problems of evaluating potential compaction of heterogeneous aquifer systems, a field
approach to the determination of response of the aquifer system to change in applied
stress, and derivation of the controlling parameters from the measured stress-strain
relations, is to be preferred to the procedure and the problems of summing up characteris-
tics of a large number of individual beds or zones. For the same reason, the advantages of
utilizing the overall response of the system for estimating transmissivity and storage
coefficient of aquifer systems have led to the widespread use of aquifer pumping tests.

Several methods have been used to measure the change in thickness of compacting
sediments in response to increase in stress. These include (1) the depth-bench-mark and
counterweighted-cable extensometers and recording and amplifying equipment developed
and used by the US Geological Survey in California, Arizona, and Texas, and described
by Lofgren (1961, 1970). (2) Somewhat similar extensometers utilizing “free” pipes with
centering guides within an outer casing and employing an amplifying lever-system at land
surface have been developed and used in Tokyo (Miyabe, 1962, 1967) and Niigata (Com-
mittee for Investigation of Earth Level Subsidence in Niigata, 1958), Japan. (3) At Long
Beach, California, in the Wilmington oil field, the depth of compacting zones and magni-
tude of compaction have been measured successfully by running casing-collar logs periodi-
cally in a single well and comparing the distance between casing collars with the distance
shown by the original casing tally when the well was drilled. As much as 17 feet of casing
shortening (and compaction) has been measured in a single well by repeated surveys
(Poland and Davis, 1969, fig. 9). (4) Also at Wilmington and in Venezuela, radioactive
bullets have been emplaced in the formation behind the casings at known depths and their
position has been resurveyed by radioactive detector systems at later time. At Wilmington,
the results reportedly have not been very satisfactory, partly due to cable-stretch and
equipment problems and partly to the difficulty of accurate resolution of the radioactivity
pickup curves. (5) At Niigata, Japan, the radioactive bullet technique has been refined by
use of observation wells (up to 950 m deep) in which radioactive bullets were shot into
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the strata every 40 m, and radioactive reference pellets were attached to the casing every
20 m. Special logging equipment was developed to eliminate some of the mechanical
causes of error. Observations have been made at about 1-year intervals since 1961 and
apparently have been reasonably successful in determining the depth location and general
magnitude of compaction (Sano and Kanaya, 1966).

Significant horizontal strain at the land surface in the vicinity of a pumped well has
been measured by Davis, Peterson, and Halderman (1969). They observed a zone of com-
pression near the well and a zone of tension farther away. They also measured vertical
strain simultaneously. Additional research is needed to find whether measured displace-
ments can be related directly to the hydrologic and mechanical properties of the producing
aquifer system.

The utility of stress-strain curves derived from measurements of compaction and
change in artesian head (stress) in confined aquifer systems to obtain compressibility
parameters in both the plastic and the elastic range of stress application is discussed
in a separate paper being presented at this conference (Riley, 1970). One example in
the elastic range, for a well 176 m (577 ft) deep, on the west side of the San Joaquin
Valley, is presented here (fig. 2). The plot extends from March 1967 to July 1968. The
obviously purely elastic response between November 26, 1967, and February 26,1968,
indicates that the component of the storage coefficient due to deformation of the aquifer
system skeleton is 1.2 x 10~ 3, The quifer system is 85 m (280ft) thick. Therefore, the com-
ponent of specific storage contributed by deformation of the system skeleton is
1.4x1073m~1(4.3 x 10~ °ft ~ 1) and the compressibility of theskeletonis 1.4 x 10~ *cm?/kg
(1x107 3psi™ 1),

If the compaction and water-level measurements are adequate to yield stress-strain
plots that define compressibility in the plastic-plus-elastic range (stress exceeds precon-
solidation stress) for the full compacting interval, approximate ultimate compaction (and
subsidence) for a specified stress increase can be computed by use of the equation

Am =M, mAp’

where:

M, gross coefficient of volume compressibility for the system;
m  thickness of system, and
Ap’ change in effective stress.

In the elastic range of deformation, the compaction or expansion of the system can be
computed from a similar equation in which M, is replaced by g, the gross compressibility
in the elastic range.

A second field approach to direct determination of pertinent parameters is by stressing
aquifer systems through pumping tests. Recent advances in interpretive procedures that
recognize and include the storage yielded by semipervious compressible aquitards and
aquicludes adjacent to pumped leaky aquifers were pioneered by Hantush (1960). Recent
papers by Witherspoon and Neuman (1967) and Neuman and Witherspoon (1968) develop
simplified methods of evaluating aquiclude permeabilities under field conditions (1967)
and analytical expressions and type curves for drawdown in aquicludes adjacent to
pumped slightly leaky aquifers (1968).

NEEDS FOR ADDITIONAL RESEARCH

The needs for additional research on the subject of aquifer-system compaction include but
are not necessarily limited to the following topics.
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Status of present knowledge and needs for additional research on compaction of aquifer systems
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FIGURE 2. Stress-strain-plot for well 18/19-20P2, western Fresno County California

1. The effect of multi-cyclic loading of clays and sands within the same stress range, as
compared to the usual loading technique in time-consolidation tests.

2. Research on development of field methods for determining approximate gross com-
pressibility of an aquifer system from aquifer pumping tests, in both the elastic and
plastic-plus-elastic ranges.

3. Research on improved methods for measuring compaction or expansion of aquifer
systems under changing stress. Use of free pipes, as practiced in Japan, decreases the
friction problem encountered with cables, but is expensive in deep wells. Potential
frictionless methods include use of energy sources to measure changes in aquifer-
system thickness by measuring reflection from a depth bench mark, by elapsed time,
phase displacement, or other methods.

4. Additional research on vertical and horizontal strain in the vicinity of a pumped well,
combined with measurements in observation wells, to explore whether direct deter-
minations of the hydrologic or mechanical properties of the aquifer system can be
derived from such data.

5. Improved methods for determining preconsolidation loads of compressible beds
(aquitards) at substantial depth.

6. Improved geophysical methods for logging density, porosity, close-up and other
physical properties in bore holes in unconsolidadet deposits.

7. Further development of numerical and electrical simulation methods capable of
predicting compaction in heterogeneous compressible deposits.
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8. Research on the importance of secondary consolidation in the ultimate compaction
of fine-grained sediments. In Mexico City, secondary consolidation is of substantial
importance (Zeevaert, 1957).

9. Research on the influence and importance of other internal or external stresses on
aquifer systems, such as electrochemical stresses, the influence of physico-chemical
factors, and the effect of bonded or adsorbed water.

10. Additional research on the relation between liquid limit and the compression index;
in some places, a good correlation exists (Terzaghi and Peck, 1948, p. 66), but in
others there is little correlation (Johnson and Moston, 1970). Obtaining cores and
making one-dimensional consolidation tests are expensive. Samples for determining
liquid limit and clay content can be obtained from water wells during drilling, and the
tests are inexpensive. Therefore, in areas where these tests do furnish approximate
compression characteristics of aquitards, they can be used to advantage in extending
compressibility estimates areally from cored holes.

11. Research on compressibility and elasticity of sands, including effect of shape, size,
sorting, mica content, and multi-cyclic loading.

12. Development of economic methods of determining pore pressures in fine-grained
clayey beds in situ.

13. Improved methods of obtaining “undisturbed” cores.
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LAND SUBSIDENCE PROBLEMS IN TAIPEI BASIN

Jui-Ming HWANG" and Chian-Min WU?

ABSTRACT

Releveling of bench marks in 1968 and 1969 indicates that subsidence of the land
surfacz in the Taipei Basin has now exceeded 1.3 meters. In the sharp subsidence area,
subsidence which was as much as 0.6 meter in 1966 now has about doubled. The maximum

1. Vice Dr. Maintenance Div., Public Works Bureau, Taipei Municipal Government, Rep. of

China.
2. Chief, Hyd-Lab. Water Resources Planning Commission, MOEA., Republic of China.
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rate of subsidence in recent years has been about 25 cm a year. Plots of subsidence
against decline in artesian pressure suggest that pressure decline is a major cause of
the subsidence. Consolidation data are used to verify the relationship between the
pressure drop and the subsidence. However, other causes such as compaction of soil,
tectonic adjustment and loading at land surface may have contributed to the subsidence.

RESUME

Le renivellement de repéres en 1968 et 1969 indique que l'affaissement de la surface
du sol dans le Bassin de Taipei dépasse maintenant 1,30 m, Dans la zone des forts affais-
sements, la descente du sol qui était de 0,6 m. en 1966, a maintenant sensiblement doublé.
Le taux maximum de laffaissement dans les derniéres années a été d’environ 25 cm
par an. Des diagrammes de I’affaissement en fonction du déclin de la pression artésienne
suggérent que la diminution de pression est une cause majeure de Vaffaissement. Des
données sur la consolidation sont utilisées pour vérifier la relation entre la chute de
pression et laffaissement. Cependant d’autres causes comme la compaction du sol, des
ajustements tectoniques et la surcharge de la surface du sol peuvent avoir contribué a la
production des affaissements.

INTRODUCTION

For many years substantial subsidence of the land surface has been occurring at several
places in Taipei Basin, figure 1. However, little attention was received until 1964 when
the large scale groundwater |development resulted in rapid decline of ground water level.

Information on the magnitude of the subsidence is available chiefly through first- order
leveling and releveling of the Provincial Water Conservancy Bureau, with supplementary
leveling available from several other agencies. The subsidence area is about 125 square
kilometers, nearly half of the total basin area. Subsidence was as much as 30 centimeters
in 1961 and is now tripled. The maximum rate of subsidence is recent years has been
about 25 centimeters per year.

This paper presents information on the status of subsidence in the Taipei Basin,
describes what is being done at the present time to determine the causes and to predict
the extent, magnitude, and rate of future subsidence, and suggests additional work needed
as a basis for making plans to alleviate or minimize the various problems caused by land
subsidence.

GENERAL FEATURES

The Taipei Basin is located in the northern corner of Taiwan, Republic of China, bordered
by Hseuling on Tahan Creek, Hsintien on Hsintien Creek and Sungshan on Keelung River,
having an area of 243 square kilometers and with a general elevation of less than 9 meters
above sea level (fig. 1). This basin is roughly triangular in shape, defined by the surface
geology at the foothill line of the surrounding hills and in the southwest, at the line formed
by the uplifted older sediments.

Taipei City is located at the eastern edge of the basin. With a population of 1,200,000
(1969), most of the basin area is extensively developed. Tamshui River drains an area of
2,726 square kilometers along a length of 195 kilometers and is the main stream system
in the basin.

Wells have been used for domestic water supply in Taipei Basin since about 1895. In
a field examination in 1894-1896, W.K. Bardon and others found that the area of flowing
artesian wells extended south from Chinmei to almost all of the basin area. It was also
known that an extensive area of free water underlaid the whole basin. However, as a result
of the accelerated urbanization of the Basin, most of the modern ground water develop-
ment has occurred since 1957, with pumpage tripling from 1957 to 1964. In 1964 it was
about 329.1 x 10°cubic meters.
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The strata exposed and the deposits containing fresh water in this area are all of
unconsolidated Quaternary sediments, extending to depths from less than 1 meter to at
least 240 meters below the land surface. They can be divided into three main formations:
(1) an upper unit of Recent alluvium and soil, chiefly consisting of sand and gravel, that
extends from the land surface to depths of about 3 meters; disseminated peat lentils are

°
N BM.T 8 KEY MAP

SHIHLIN

() KEELUN (.ﬁ\: e

e
S

e

BMT4/  pgin chunG
9541
o

BMT? ] CHIN MEI
HSEULING 2\1/ »
o -
0 J7EMTe v
HSINTIEN
I 0 1 2 3 4Km
ettt

FIGURE 1. Location map and land subsidence in the Taipei City, 1963-1967 (lines of equal subsidence
in meter)

found in its lower part in the southeastern part of the basin, (2) a middle unit, named
Sungshan formation, composed mainly of gray mud and sandy mud with intercalated
sand and gravel, commonly 40 to 60 meters thick, and (3) a lower unit, named Linkou
formation, composed essentially of gravel and subordinately of sand and clay, with or
without impervious reddish lateritic cover, 90 meters to 130 meters thick. The Linkou
formation unconformably overlies the Tertiary formations. With the exception of the
western part of the basin, this formation often pinches out toward the margin forming the
intake area of the groundwater basin.

A body of semiconfined to free water occupies most of the middle unit (Sungshan
formation); the water table is 1 meter to 10 meters below the land surface. The ground-
water in the lower unit (Linkou formation), the lower water-bearing zone, is confined in
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Land subsidence problematic in Taipei Basin

most of the area by the Sungshan formation and the impervious reddish lateritic cover.
Most of the pumping draft, probably 99 percent or more, is from the lower unit. The
general position of the middle and lower water-bearing zones and the impervious lateritic
clay that separates them, as encountered along line A-A’ (fig. 1), are shown in figure 2.

The water table in the middle water bearing zone is controlled by the fluctuation of
the stream flow, but has not changed much from its initial position. On the contrary, the
heavy pumping draft has decreased the pressure head in the lower water-bearing zone as
much as 32 meters in the past 11 years. The decline has ranged from 25 meters near
Shungshan on the northeast to roughly 32 meters near Taipei City and 5 meters on the
south. Since 1964 the average rate of yearly decline has been 1 to 2 meters in the northern
part and 2 to 3 meters in the southern part of the area. With this increasing rate, it is
expected that in 1972 the piezometric head would probably drop below the top of the
pressure aquifer.

SUBSIDENCE

Subsidence of the land surface in the Taipei City area was noted as early as 1961, when
releveling of the first order bench marks established in 1950 indicated changes in altitude
of several centimeters to 3 decimeters in some areas. Subsequent levelings in 1963, 1966,
1967, and 1969 indicate the maximum subsidence along the line has been 1.35 meters
since 1950 at bench mark 9536, figure 1, indicating an average rate of about 7.4 centimeter
per year.

Levelings by the Provincial Water Conservancy Bureau (PWCB). in 1963, 1966, and
1967 have supplied the data for the map showing subsidence from 1963 to 1967 (fig. 1).
Approximately 125 sq. km is enclosed within the subsidence line. The sharp subsidence
area, in which the decline exceeded 40 centimeters during 4-year period of 1963 to 1967
(fig. 1), is located in the central part of the Taipei City where sharp decline in artesian
head also is noted (fig. 3).

Profiles of land subsidence and decline in artesian head of the lower water-bearing
zone along the first-order leveling line of figure 1, presented on figures 4 and 5, respectively,
show the relationship of subsidence to decline in head in the years 1961 to 1969. Although
the ratio of subsidence to decline change along the profile, the profiles along this line
indicate a rude correlation.

Figure 5 shows changes in altitude at bench marks 9536 and 9537 and change in pres-
sure head in well 2770/349 NW 1, as well as the maximum and minimum pressure heads
in nearby wells. Both the hydrograph and the maximum and minimum pressure heads
show seasonal fluctuations and the long-term water-level trend since 1957 in typical wells
tapping the lower confined aquifers. They show a continuing decline from 1957 to date,
evidently a result of overdraft on local supplies of groundwater.

The plot of change in altitude of bench marks 9536 and 9537 (fig. 5) was included
merely to show conditions in the area of greatest 18-year subsidence, but leveling to other
bench marks in the vicinity suggests that the rate has been increasing in recent years,
especially in the south-eastern part of the basin (fig. 1) where the development of industry
has accelerated in recent years. The ratio of subsidence to pressure decline as shown for
the bench marks in figure 5 for the 5-year 1962 to 1967 was 1/27. However, the corres-
ponding ratio in the vicinity of the bench marks was 1/20 to 1/30.

CAUSES OF SUBSIDENCE

Subsidence of the land surface has been noted in many areas and ascribed to various
causes. However, as was stated above, comparison of change in artesian head in confined
aquifers and subsidence of the land surface shows fair correlation, suggesting that decline
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in artesian head has been a primary cause, if not the major cause, of subsidence in the
Taipei Basin. There may be other causes, however, such as tectonic adjustment, loading
at the land surface, and compaction due to irrigation. No specific measurements of subsi-
dence of this nature are yet available to assist in evaluating its relative importance. In
an effort to evaluate its importance, samples from each stratum were obtained and the
rate of consolidation was computed to verify the result.
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FIGURE 3. Piezometric head in Taipei Basin, 1968

STRATIGRAPHY AND SOIL CHARACTERISTICS

According to geohistorical study, Taipei Basin is a tectonic basin formed by the sinking
of huge crust blocks by faulting [1]. The sea water and its marine organismes transgressed
into the basin probably through the original water gap at Kuantu, resulting in two cycles
of deposition of the Sungshan formation. As the deposition of the Sungshan formation
was under a lacustrine environment characterized by shallow depth, weak current and
quite water, and took place in less than 350 years, most of the subgeology is still muddy in
nature. Thus, the stratigraphic study of the subgeology plays a great roll in the evaluation
of the potential subsidence in this area. As the depositional environment of the lower unit,
Linkou gravel, was interpreted as a transitional coastal environment, relatively consoli-
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dated in nature and comparatively deep in stratum, detailed stratigraphic study was made
on the Sungshan Formation. The large amount of subsurface data and adequate well logs
from more than 50 drill holes serve as a basis for stratigraphic study and subdivision of
the Sungshan formation—which has two cycles of deposition and can be divided into six
main members. In ascending order, the six members and their soil characteristics are
described in table 1.
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line, Taipei Basin

PREDICTION OF LAND SUBSIDENCE

It is well known that lowering of the water table within or above a stratum ultimately
increases the intergranular pressure accompanied by strains in accordance with the stress-
strain relationships for the material in question. The resulting displacements produce
a settlement of the ground surface. The analytical methods for dealing with settlement due
to this pressure must be chosen in accordance with the properties of the subsoil and the
nature of stratification. The intergranular pressure, p, in a typical section bounded by a
free and confined aquifer (fig. 6,) is computed as shown in table 2.

With the rate of change of piezometric head as shown on figure 4, increases in inter-
granular pressures in each clay stratum are computed.
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Displacements due to those intergranular pressure changes are computed by using the
Terzaghi theory on the one-dimensional consolidation of clay as a first approximation.
Then, Mikasa’s modified consolidation theory was applied for further simultation [2].
As the characteristics of clay strata in Taipei Basin are comparatively harder than those
of described by Mikasa, no significant difference was noted.
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Figure 7 shows the results of settlement computed by Terzaghi theory using subsurface
log data at Ambassador Hotel, about 1 km north of BM 9536, as well as actual changes
in altitude at BM 9536. The graphs of computed subsidence is about 75 pct less. This is
expected because subsidences in the cohesiveless strata are not taken into consideration.
Again, other causes such as loading at land surface, vibrations at or near land surface,
compacting due to seepage water and tectonic movement might contribute appreciably
to the overall land-subsidence. Computation results show that the second clay layer
contributes the largest part of the soil settlement, and also show that even if the drawn-
down of the confined aquifer were to cease, the land surface would continue to settle for
several years. Hence, on the basis of presently available data it is concluded that the
extensive drawdown of the confined water and the softness of the muddy strata have been
the major cause of subsidence in the Taipei Basin. Application of the laboratory physical
property and field drawdown data might be used to estimate with fair accuracy the
location, rate, and magnitude of future subsidence of the land surface.

28



6C

TaBLE 1. Stratigraphic Sequence & Soil Characteristics In Taipei Basin

Thickness Size Analysis mm Alt‘t:;ﬁ;rg Specifi
Rock Unit Lithologie & Unified Classiffication o 0.005 0005~ 0.074 % 3" — . ‘I;V"':i; }ft
, ” ” iquid Plastic
0.074  #4 4~o3 Limit  index
Alluvium Sand and Gravel. CL to CL-ML, ML-OL 3
Unconformity ? 40~60 28~52 45~47 20~ 0 — — 30~45 10~20 2.68~2.74
Sungshan Formation
Upper Part:
Sixth member Mud; ML-OL, CL 15~45 55~45 30~10 — —_ 20~50 5~20 2.60~2.67
Fifth member Sandy Silt; SM 5~10 10~40 85~50 — — — — 2.67~2.71
Fourth member Sandy Mud; CL to CL-ML, ML-OL 10~14 35~60 35~0 — — 20~45 5~20 2.67~2.73
Lower Part:
Third member Sand; SM 0~10 10~50 75~40 15~0 — — — 2.61~2.72
Second member Sandy Mud; CL-CL-ML 20~45 404 40~15 — — 20~40 7~19 2.67~2.73
First member Gravelly Sand; GM 0~10 0~40 60~45 4~05 — — — 2,71+
Unconformity
With or Without
Linkou Formation Gravel, GW Lateritic mantle 100~130 0 0 30~20 70~30 20~10 2,714
Unconformity

Tertiary System
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TaBLE 1. Stratigraphic Sequence & Soil Characteristics In Taipei Basin

Shear Strength

Thickness Field Wet Field Water Void ratio Unconfined Bearing
Rock Unit Lithologie & Unified Classiffication Density  Content, % Compressive ~— o 7o T/m?
m, gfemli T/m?2 C 2 fﬁ Stress
T/m
Alluvium Sand and Gravel. CL to CL-ML, ML-OL 3
Unconformity ? 40~60 1.78~1.96 25~40 0.7~0.8 4~10 1.5~2.5 18~22 5~15
Sungshan Formation
Upper Part:
Sixth member Mud; ML-OL, CL 1.52~1.90 20~60 0.5~0.7 0~6 0.5~2.0 15~30 1~5
Fifth member Sandy Silt; SM 1.91~2.25 15~30 0.65 0~1.8 25~45 5~20
Fourth member Sandy Mud; CL to CL-ML, ML-OL 1.80~2.0 20~40 1.0+ 5~20 1.1~3.0 15~30 5~10
Lower Part:
Third member Sand; SM 1.91~225 15~30 0.5~0.65 0.2~2.4 10~40 15~30
Second member Sandy Mud; CL-CL-ML 1.80~2.0 20~40 1.0~0.70 5~20 1.1~3.0 15~30 5~20
First member Gravelly Sand; GM 1.91~2.25 15~30 — 20+
Unconformity
With or Without
Linkou Formation Gravel, GW Lateritic mantle 100~130 —_ 50+
Unconformity

Tertiary  System
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TaBLE 1. Stratigraphic Sequence & Soil Characteristics In Taipei Basin

Consolidation

Thicknes Permea- Transmis- Specific
Rock Unit Lithologie & Unified Classiffication Cv Pe s bil;ty ) gibility. Capacit)_' Clay Minerals
m, 3 2 m?/m?*min m3/m/min  m3/m/min
cm®fsec  kgfcm
Alluvium Sand and Gravel. CL to CL-ML, ML-OL 3 Well-crystallized
Unconformity ? 40 60 ILLITE and
Sungshan Formation CHLORITE
Upper Part: ‘
Sixth member Mud; ML-OL, CL 120~30 0.2~4.8
Fifth member Sandy Silt; SM 4
Fourth member Sandy Mud; CL to CL-ML, ML-OL 20~80 0.3~4.8 ”
Lower Part:
Third member Sand; SM "
Second member Sandy Mud; CL-CL-ML 20~80 0.5~0.7 ”
First member Gravelly Sand; GM "
Unconformity
With or Without 0.293 2.53 2.36 ILLITE, Well-
Linkou Formation Gravel, GW Lateritic mantle 100~130 ~0.094 ~-5.85 ~1.58 crystallized;
Unconformity CHLORITE,

Tertiary System

Poorly-crystallized;
mixed-layer clay
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TaBLE 2. Computation of intergranular pressure

Positi Total vertical Porewater Intergranular
osition pressure, p pressure, iy pressure, p
Top
Zo =0 hiry, hyry 0
Bottom
[
zo = Hp Horo+(hy+Ho)r,, (Ho—h)ry Horg+(hy +h3)r,
where :
Gy — G
r = upit weight of water, rg = s T w,

fo ©
Gy = specific gravity of dry particle,

Gy = specific gravity of water,

fo=1-+e e =void ratio

!
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FIGURE 6. Definition sketch
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FIGURE 7. Computed subsidence, Ambassador Hotel, Taipei Basin
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Land subsidance problematic in Taipei Basin

PROBLEM CAUSED BY THE SUBSIDENCE

The subsidence of the land surface in Taipei Basin poses serious problems in connection
with maintenance of limited flood control works and construction of proposed additional
levee works, as well as in construction and maintenance of other engineering structures
such as pipeline, drainage, sewerage, power, and water-supply systems, highways, railroads
buildings, and in various aspects of land development and use. Again, because the defor-
mation and failure of water-well casings and the resulting loss of wells are a common
occurrence in the Taipei Basin, continued ground water withdrawal or expanded develop-
ment becomes critical in the region.

SOLUTION AND STUDIES NOW BEING MADE

As an immediate action to alleviate the problems caused by land subsidence and ground-
water over-draft, a groundwater development management Code has been adopted.
However, detailed knowledge concerning the extent, magnitude, rate, and causes of land
surface subsidence is essential to proper planning for repair, maintenance, and construc-
tion of structures, as well as for continued ground water withdrawal and development,
and for most economical land use. This can be done only by adequate investigation of the
area in which subsidence has occurred to date.

Basic data are necessary for appraisal of a groundwater basin. One of the most diffi-
cult problems in basin appraisal in Taipei Basin will be the establishment of a criteria for
safe yield. Two particular dangers exist for most Taiwan groundwater basins: (1) intrusion
of salt water and (2) consolidation due to depletion of hydrostatic pressures in both free
and confined aquifers. Both of these factors required a minimum flow through and
disposal of water to sea. Enough data are not available on the magnitude of this required
minimum flow. Studies of the mean hydraulic gradient of the ground water and the
amount of electrical energy consumed during the year lead to an estimate of safe yield.
Figure 8 shows the result of the safe yield study. As can be seen, after a period of signifi-
cant drawdown, the linear relation between average annual draft and average annual
change in ground water level was no longer in existence even though the moving average
method was adopted. The safe yield thus obtained is 150 x 10%cubic meters per year.
Likewise, data on recharge are meager but they may be estimated by the hydrologic
equation. The mean annual rainfall in this area is 2810 mm, equivalent to 7530 x 106 m3
per year. Analysis of base flow data shows abundant water is available for recharging
the ground water basin. The estimated base flow amounted to 1,410 x 10® m3 per year.
Though 170 x 10° m? is considered to be contributed to ground water, its contribution
to the free aquifer and confined aquifer is not well known. Again, other times items
included in the hydrologic equation are often more difficult to evaluate, even qualitatively,
than the full hydrologic equation. Evapotranspiration, for example, is not measured. The
average rate of evapotranspiration as computed by the Thornthwaite formula is 587 mm
(1,600 x 10% m3); whereas by the Blaney-Criddle method it ranges from 350 mm to 400mm
per year (940-1,080 x 10° m® per year). Hence, the probable error of the computed ground
water inflow and outflow is affected by the evapotranspiration. A continuing inventory
program is now being carried on, so as to bridge the gap and to achieve an optimum
development of the ground water resources in this basin.

Recently, stabilization of the subsoil by quicklime piles has been one of the most
successful measures in the Taipei Basin. Test results showed that use of quicklime piles
induced reduction in water content and void ratio of the soil, and consequently increased
the apparent angles of shearing resistence and improved the bearing capacity of the soft
material [3).
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ADDITIONAL WORK NEEDED

Though some study has been made of the land subsidence in Taipei Basin, the results are
not extensive enough to be conclusive. Additional work, such as (1) the establishment and
maintenance of adequate verticals, both at surface and at selected depth intervals in wells,
(2) adequate programs of water level measurement and inventory of groundwater draft,
and (3) proper sampling and testing of subsoil, are badly needed.

Recently, land subsidence has been of widespread interest in the field of engineering,
agriculture, geology, soil science, meteorology, hydrology and economics. Cooperation
of the various professional fields is badly needed for the further investigation of the
problem.
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FIGURE 8. “Direct” determination of ground water basin yield, Taipei Basin
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SUBSIDENCE IN THE NORTH GERMAN COASTAL REGION

R. DOLEZAL and M. PETERSEN
Kiel, Germany

ABSTRACT

We distinguish wide subsidences, settlements and lowerings.

Subsidences are tectonic processes, witk could not yet be shown in the north
coastal region by repeated “Feinnivellements”. The notcd changes of niveau can
now only be explained by rising of the water levcl.

Settlement are found in limited regions, in which the relation between water and
soil has been disturbed by the withdrawal of water.

Lowerings originate from soil, regional limited, which is compressed and condensed by
pressure.

Our examination is rectricted to settlements in “holozine” sea and river marshes,
which are blocked by dikes against floods with salty sea and brakish river water.
The soil of the sea marshes mainly consists of pure sand with more or less organic
components (silt). In river marshes organic components are dominate (moor).

These days the demands of intensive utilization of the lower grounds has caused
a deeper withdrawal of water, that is obtained by the sum of withdrawing water
(bigger ditches, drainage sluice, and pumping stations). The waterlevel will be held lower
in relation to the land surface and absolutely lower than necessary for extensive utilization.

Fixed pipe supports and lowering plates are used to measure settlements. Fixed pipe
supports are built through the stratum of “holozine” just into the “pleistozéne” by taking
care of certain demands for the purpose of avoiding them to take part in the settlement.

Plates are located 25 cm under the surfacc.

Each vyear the height of the fixed pipe supports and plates is controlled and deter-
minated by “Feinnivellements”. In diagrams of time and position the change at height will
be computed. These measurements are completed by observing the ground water.

RESUME

Nous distinguerons les larges affaissements, les tassements et les dépressions.

Les affaissements sont dus & des processus tectoniques qui ne peuvent pas &tre montrés
maintenant dans la région cotiére allemande par des nivellements répétés. Les change-
ments de niveau considérés ne peuvent &tre expliqués actuellement que par la montée
du niveau d’eau.

Les tassements se rencontrent dans des régions limitées dans lesquelles les relations
entre 1’eau et le sol ont été perturbées par les pompages.

Les dépressions ont leur origine dans le sol régionalement limité, qui est comprimé
et condensé par la pression.

Notre étude est réduite aux tassements dans les marais fluviaux et maritimes qui
sont protégés par des digues contre les crues d’eau de mer salée ou d’eau de rivicre
sauméitre. Le sol des marais maritimes consiste surtout en sable pur avec plus ou moins
de matiéres organiques (vase). Dans les marais fluviaux les maticres organiques ont la
prépondérance.

A T’heure présente, l'utilisation intensive des sols bas a provoqué un retrait consi-
dérable de l'eau obtenu par des dispositifs d’évacuation des eaux (fossés plus larges,
écluses de drainage, stations de pompage).

Des supports fixes de canalisation et des plaques sont utilisés pour la mesure des
tassements. Les premiers traversent l'holocéne jusque dans le pleistocéne en prenant
certaines précautions pour qu’ils ne prennent pas part au tassement.

Les plaques sont placées 25 cm sous la surface.

Des nivellements de précision déterminent chaque année la cote des repéres. Des
diagrammes présentent les résultats des mesures qui sont complétés par des obser-
vations sur I’eau souterraine.
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GENERAL REMARKS

We distinguish between subsidences, settlements and lowerings.

Subsidence is a tectonic phenomenon involving comparatively large areas. The pos-
sibility of such a subsidence in this region was investigated by comparing two North Sea
coastal levellings, the first made in the years 1928-1931 [9] and the second between 1948-
1955. The base lines were arranged on high and dry land upon the pleistocene “Geest ™.
Five subsoil points each about 24 meters below the German land level (N.N.) were
considered and the levels related to a bench mark at a point on a large diluvial sand area
nearly 150 kilometers distant from the coast.

Comparisons of these two surveys indicated that the observed changes in the relative
elevation of water and land could not be explained by subsidence of the coastal region
and must therefore be explained by a rise in water level.

Settlements are of a more limited extent than subsidences and are due to a disturbance
of the relationship between the soil and water [6] due to de-watering. On moorland, bor or
peat;subsoil the settlement may be very great. Such strata compressed by the dead weight
of the soil above may lose substance by chemical means [3].

In the years immediately following poldering the volume of fresh marsh clay will be
reduced by de-watering, de-salination, de-liming and by the deprivation of nutritive
material. In comparison with this loss the loss of mass in old marshes is slight. The
groundwater level is high and the loss of soluble salts occurs only in the upper two meters.
Borings have shown that deeper clay strata are firm and tight.

Thus large settlements in these circumstances are not possible. Thus tectonic subsidence
and regional settlements can be measured and explained [10] [11].

Recent intensive cultivation of the lowlands involving bigger ditches, drains, sluices
and pumping works have caused a deeper de-watering in these areas. Currently the water
Ievel is held lower in relation to the land surface and absolutely lower than formerly.

Lowerings are of even more limited extent. The soil is compressed and condensed by
artifical loads such as buildings, streets, dams, dykes, sluices etc. [2] [5]

SETTLEMENT AREAS AND MEASURING METHODS

Our examination was restricted to settlements in “holozéine™ seamarches and river mar-
ches protected by dykes against floods of sea water and brackish river water.

Figure 1 shows the regions involved between the North Sea, the Baltic Sea and the
mouth of the river Elbe. The surface of these lowlands is generally below NN +2.50 m
but goes down to —2.50 m in the river marshes [8].

The following two representative examples serve to explain the investigations carried
out.

Seamarsh [1] with relatively young sandy-clay soil, poldered since 1925 and currently
de-watered by sluices.

River Marsh [2] with relatively high parts on bog, moor, peat and clay subsoil,poldered
since the middle ages and because of the low position, de-watered by pumping works [4].

Depending on different soil structures there are many different methods suitable for
observing settlement. In sector 1, fixed pipes were driven through the stratum of holozine
and were surrounded by a group of three plate measuring stations located in the highest
strata 25 centimeters below the land surface.

In the second sector (river marsh) the geological structure is much less regular. There-
fore, an extensive system of sixteen settlement measuring stations was chosen. Three of
these (A, B and C) are discussed in this paper.

The soil profiles belonging to the fixed pipe supports shows the geological section
(Wilster march 2).
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FIXED PIPE SUPPORTS

Settlement is indicated by a change in the relative position of the pipe and plate [7].
After the Oldenburg and Hamburg tests the construction of these instruments was
improved as follows.

1. The pipes now penetrate 5 m into the pleistocene.

2. After reaching a certain depth the pipe is rammed until the resulting penetration
becomes nearly zero.
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FIGURE 5. Fixed pipe support A

Figure 5 shows the relationship between penetration and ramming for the point A.
After 1,000 ram-beats the pile penetrated only 160 mm’s. On the other hand the pile in
point B penetrated 2,000 mm’s after 1,000 ram-beats (fig. 6).
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FIGURE 6. Fixed pipe support B
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In both cases the firmness of the fixed pipe has been assured.
3. A winter proof mantle has been installed against the elements

GROUND WATER LEVELS

The region River marsh 2 may be used to explain the different behaviours of the ground
water levels.

MEASURING PLACE : Varder-Neuendor! A
MEASURING POINT: NN « 073 m

AVERAGE TERRAIN HEIGHT: u MP 100 m
BOTTON BELOW MEASURING POINT 24 m

MEASURING PLALE : Possfeld 8
MEASURING POINT . NN -022m
AVERAGE TERRAIK HEIGHT.0 MP 0A7m
BOTTON BELOW MEASURING POINT: 17,50m,

MEASURING PLACE : Yaale

MEASURING POINT - NN ~ 10,64 m T
AVERAGE TERRAIN HEIGHT :uMP 045m | [~
BOTTON BELOW MEASURING POINT :2470m)

RIVERMARSH 11

FiGuURe 7. Ground water hydrograph

The measuring places A (Vorder-Neuendorf) and B (Possfeld) can be represented by
the settlement measuring stations A and B. Only the ground water measuring place, Vaale,
is located at the limit of the marsh—* Geest”, nearly 4.5 km north-east from the measuring
station C (Vaalermoor).

The ground water hydrograph indicates the climatic changes during the observation
period: falling water level during the dry years 1955-1960, rising water levels in humid
years when the soil is filling with water.

EVALUATION

Figure 8 indicates the process of settlement in the seamarsh.

In the young polder settlement is active. Later the curves flatten to indicate the slower
settlement rate in the older polders. In the period immediately following the construction
of a new dyke influencing the soil water relationship the newly poldered seamarsh will
quickly settle.

On the other hand in the very young and as yet unpoldered land in front of the dyke
the plates move relative to the fixed pipe to the rythm of the tides, but without any general
trend. ‘

The river marsh polder, de-watered centuries ago, shows little change of settlement
rate (A B).
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At all measuring places a large settlement of the plates relative to the pipe was observed
immediately after installation. This phenomenon is no doubt connected with extreme
dry year 1959.

How far the dead weight of the plates installed on soil more or less broken up, influen-
ces the shape of the time settlement curves cannot be assessed at this time.

SUMMARY

Our examination was restricted to settlements in holozine sea-and river-marshes blocked
by dykes against floods of sea water and brackish river water. The soils of the sea marshes
consist mainly of pure sand and more or less organic components (silt and clay). In the
river marshes organic components (bog and peat) predominate.

Fixed pipe supports and plates free to move with the subsidence are used to measure
settlements. The former are inserted through the holozine stratum into the pleistocene,
care being taken to avoid the pipes undergoing settlement. Near the fixed pipes the plates
are located 25 centimeters below the land surface.

Each year the height of the fixed pipe and the relative level of the plates is determined
by “Feinnivellements”. Graphs of the Relative height with time indicate the progress of
the settlement. These measurements are completed by observing the ground water level.
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LAND-SURFACE SUBSIDENCE IN
THE HOUSTON-GALVESTON REGION, TEXAS!

Robert K. GABRYSCH?
United States Geological Survey

ABSTRACT

In the Houston-Galveston region of Texas, the principal cause of land-surface subsi-
dence is the lowering of pressure heads due to the removal of water and oil from subsurface
strata. This paper emphasizes the effects of removal of water.

The region is underlain by a thick section of unconsolidated lenticular deposits of
sand and clay. Clays separating beds of sand retard the vertical movement of water,
thus creating artesian conditions within the aquifers. The ratio of sand to clay, which
is a major factor controlling the degree of compaction, varies from place to place in
the aquifers. Reduction of pressure due to withdrawal of water causes additional load
to be transferred to the skeleton of the aquifer system, thus causing compaction.

As much as 5 feet of subsidence has occurred in the Houston-Galveston region between
1943 and 1964, and as much as 200 feet of water-level decline has occurred during the
same period. The rate of subsidence increased from about 0.2 foot per year during the
1954-59 period to about 0.24 foot per year during the 1959-64 period. The decline in
water levels increased from about 4 feet per year to about 7 feet per year in those same
periods.

RESUME

Dans la région de Houston-Galveston, Texas, la raison principale de l’affaissement
du terrain naturel est la réduction de la hauteur piézométrique dans les couches souter-
raines du fait du pompage de puits & pétrole, et de puits & eau. On examine en particulier
ici les résultats de I'extraction de I’eau souterraine.

A partir du terrain naturel on rencontre successivement d’innombrables couches ou
des lentilles de sable et d’argile. Les couches sont discordantes, d’épaisseur variable,
et plus ou moins compactes. L’'inconvénient majeur pour le débit de l’eau et pour la
perméabilité en direction verticale est constitué par les couches d’argile. Dans les couches
de sable se trouvent des nappes d'eau captives. La distribution quantitative des sables
et des sables argileux est un des facteurs trés importants, qui peut influencer sérieuse-
ment le degré de compactage des couches. La réduction de la pression hydrostatique
dans les couches sablonneuses par le pompage de I’eau souterraine, est telle que la charge
et la contrainte & la compression sur les couches est cause de compaction et d’affaissement
sensibles.

INTRODUCTION

The phenomenon of land-surface subsidence has been attributed(Poland and Davis, 1956,
pp. 294-295) to: (1) Loading of the land surface, (2) vibrations at or near the land surface,
(3) compaction due to irrigation, (4) solution due to irrigation, (5) drying and shrinkage
of deposits, (6) oxidation of organic materials, (7) decline of the water table, (8) decline
of artesian pressure in water sands, (9) decline of pressure in oil zones due to the removal
of oil and gas, and (10) tectonic movements.

In the Houston-Galveston region, the principal cause of subsidence is the lowering of
pressure heads due to the removal of water and oil. The other possible causes are either
insignificant or ineffective.

The Houston-Galveston region, as described in this report, includes all of Harris and
Galveston Counties, and parts of Brazoria, Fort Bend, Waller, Montgomery, Liberty and
Chambers Counties.

1. Publication authorized by the Director, U.S. Geological Survey.
2. Hydrologist; Houston, Texas.
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GEOLOGIC AND HYDROLOGIC CONDITIONS

The Houston-Galveston region is underlain by a thick section of unconsolidated lenticular
deposits of sand and clay. Pertinent geologic formations in this section are, from oldest
to youngest: Fleming Formation of Miocene age, Goliad Sand of Pliocene age, Willis Sand
of Pliocene (?) age, and Lissie Formation and Beaumont Clay of Pleistocene age. The for-
mations crop out in bands roughly parallel to the coast and dip toward the coast at an
angle greater than the slope of the land surface.

The geologic formations compose the principal aquifers of the region, the Evangeline
aquifer and the Chicot aquifer. Within these aquifers, the interbedded sands and clays
are saturated with water almost to the land surface, but the clays retard the vertical move-
ment of water, creating artesian conditions within the aquifers.

Withdrawal of water from the artesian aquifers results in an immediate decrease in
hydraulic pressure, which partially supports the weight of the overburden. With reduction
in pressure, an additional load is transferred to the skeleton of the aquifers, and a pressure
difference between the sands and clays causes water to move from the clays to the sands.
Most of this process of the sediment compaction takes place in the clays. Because the clays
are mostly inelastic, the compaction is permanent.

The ratio of sand to clay, which is a major factor controlling the degree of compaction,
varies from place to place in the aquifers. At the western edge of the region, the aquifers
contain from 60 to 70 percent sand and from 30 to 40 percent clay. The percentage of clay
increases downdip. Near the southern part of Harris County and the northern part of
Galveston County, from 50 to 60 percent of the sediment is clay.

The clay-mineral assemblage — montmorillonite, illite, and kaolinite —in the Houston-
Galveston region, is similar to the assemblages found in the two major areas of subsidence
in the San Joaquin Valley of California. Montmorillonite is the major clay-mineral consti-
tuent of the material finer than 2 microns, making up at least half of the assemblages in all
samples examined.

PUMPAGE AND DECLINE OF WATER LEVELS

Prio to 1954, nearly all water supplies were obtained from ground water. In 1954, water
from Lake Houston on the San Jacinto River became available fort part of the industrial
and municipal needs. The use of surface water temporarily lessened the ground-water
draft, but the increase in water use and greater demands on the ground-water supply have
required the construction of additional wells.

The ground-water draft in 1964 was 411 mgd (million gallons per day) compared to
354 mgd in 1953. Thus the Houston-Galveston region used 57 mgd more ground water
in 1964 than in 1953 even with tha added Lake Houston supply of about 100 mgd. Pum-
page by the city of Houston for public supply alone increases at the rate of about 5 mgd
per year.

Ground-water is being extracted in the six major areas shown in figure 1. The average
daily ground-water pumpage in 1964 in each area was as follows:

Pumpage area Average daily pumpage (million gallons per day)
Houston 132
Pasadena 90
Baytown-La Porte 26
Texas City 11
Alta Loma 11
Katy 141
Total 411
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Figures 2, 3, and 4 show the changes in water levels in wells tapping the heavily pum-
ped sands in the Houston-Galveston region for the periods 1954-59, 1959-64, and 1963-64,
respectively. These periods correspond to the periods of relevelling of lines of bench marks
by the U.S. Coast and Geodetic Survey. In the Pasadena area, where ground-water with-
drawals are heavily concentrated, the decline of water levels in wells has been about 200
feet during the period 1943-64.

RATE AND EXTENT OF SUBSIDENCE

Figures 5, 6, and 7, show the amount of subsidence in the Houston-Galveston region for
the period 1954-59, 1959-64, and 1943-64. The maps are based on the results of the U.S.
Coast and Geodetic Survey levelling program, supplemented by data from local industries.

A comparison of the water-level and subsidence maps shows a close correlation
between water-level or pressure-head declines and land-surface subsidence. The maximum
rate of subsidence increased from about 0.2 foot per year during the period 1954-59 to
about 0.24 foot per year during the period 1959-64. The decline map (fig. 2) for the period
1954-59 shows much smaller declines (and recovery) than does the decline map for the
succeeding five years (fig. 3). i

Because of a lag between lowering of the piezometric head and compaction, correlation
between subsidence and pressure-head decline may not be obvious for short periods of
time. This lag is illustrated by the graphs in figure 8 which show declines in water levels
in wells compared to subsidence of the land surface. The graphs show that the rate of
decline in water levels decreased from 1954 to 1959, but the rate of subsidence did not
decrease proportionately during the same period.

Figure 8 shows, since 1943, about 1.3 feet of subsidence for bench mark N-8 per 100
feet of water-level decline in well LJ-65-14-878 nearest the city of Pasadena and about
1.1 feet of subsidence for bench mark S-54 per 100 feet of water-level decline in well
1L.J-65-14-908 in the area farther northwest of Pasadena. This difference in the relationship
between subsidence and pressure decline is due to the amount of clay present in the inter-
val affected by the decline in pressure; the greater the percentage of clay, the greater the
amount of subsidence.

Figure 9 shows the general relationship in the Houston-Galveston region between the
percentage of clay and the amount of subsidence due to pressure-head decline. The per-
centage of clay was determined from interpretation of electrical logs; the pressure-head
decline was determined from measured water levels in wells; and subsidence values were
taken from changes in nearby bench-mark elevations.

Records from compaction recorders in the Houston-Galveston region are in-sufficient
to relate compaction to depth. Most of the compaction probably is occuring near surface
because near-surface clays have been subjected to less overburden than deeper clay. In a
test in California, Poland and Ireland (1965) found that only about 0.01 feet of a total of
1.2 feet of compaction occured below a depth of 1,930 feet.

EFFECTS OF SUBSIDENCE

The detrimental effects of land-surface subsidence are: (1) Structural damage, probably
due to faulting, that has cracked buildings and disrupted pavements; (2) damage to well
casings; and (3) submergence of coastal lowlands.

Winslow and Wood (1959) suggested two beneficial effects of subsidence: (1) About
one-fifth of the water pumped from wells in the region has come from compaction of clay,
and (2) subsidence has deepened the Houston Ship Channel and thus reduced the amount
of dredging required to keep the channel at the required depth.
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CONCLUSIONS

Pumping of ground-water in the Houston-Galveston region will increase and subsidence
will continue until additional surface-water sources are available.

After additional surface-water supplies become available, it is likely that there will be
a decrease in the rate of ground-water withdrawal and possibly a stabilization of the pres-
sure levels in the heavily pumped sands. The total amount of subsidence will depend upon
the ultimate pressure-level decline which, in turn, is dependent upon the ground-water
withdrawals.
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SURFACE DEFORMATION ASSOCIATED WITH OIL AND GAS
FIELD OPERATIONS IN THE UNITED STATES

R.F. YERKES and R. O. CASTLE
U.S. Geological Survey, Menlo Park, California 94025

ABSTRACT

Surface deformation associated with oil and gas field operations in the United States
consists of (1) differential subsidence centering on the fields, (2) centripetally directed
horizontal displacements, and (3) faulting. The number of documented examples and
maximum measured movement for each effect are:

Number of fields Maximum recorded movement
Effect Amount
California Texas (meters) Period Field
Differential subsidence 22 4 > 8.8 1928-1966 Wilmington, Calif.
Horizontal displacement 3 — 3.66 1937-1966 Wilmington, Calif.
Faulting 5 7 0.74 1932-1967 Buena Vista, Calif.

Faulting is commonly high-angle, normal, and peripheral to the subsidence bowl
{(Goose Creck and Mykawa, Texas; Inglewood and Kern Front, California), but may be
low-angle, reverse, and central (Buena Vista, California).

Strain patterns developed over these fields are similar to those measured by D. V. Deere
over a Texas salt dome where all three surface effects were observed during Frasch
extraction of sulfur. In this case, a central compressional zone extended out to beyond
the 0.35 § isobase (§ = maximum subsidence) and a surrounding tensional zone extended
to the periphery of the bowl, where high-angle normal faulting occurred.

RESUME

La déformation superficielle subséquente & I’exploitation de gisements pétroliferes
aux Etats-Unis se compose (1) d’un affaissement dont 12 maximum est centré au-dessus des
gisements, (2) de déplacements horizontaux centripétes, et (3) de faillage. Le nombre de cas
suivis et le déplacement maximum associé aux divers types de déformation sont repris
ci-dessous :

Nombre de champs Déplacement maximum observé
Type de déformation Total
Californie Texas (métres) Période Champ
Subsidence 22 4 > 8,8 1928-1966 Wilmington (Cal.)
Déplacement horizontal 3 — 3,66 1937-1966 Wilmington (Cal.)
Faillage 5 7 0,74 1932-1967 Buena Vista (Cal.)

Les failles sont en général de pendage élevé, normales et en bordure du bassin de
subsidence (Goose Creek et Mykawa (Texas); Inglewood et Kern Front (Calif.)), mais
il en est de faible pendage, inverse et occupant le centre du bassin (Buena Vista,
California).

Les types dc déformation observés sont semblables & ceux qui ont été mesurés par
D.V. Deere au sommet d’un déme de sel (Texas). Ici, les trois effets de surface ont
été observés lors de extraction du soufre par le procédé Frasch. Dans ce cas, une zone
de compression centrale s’étendait jusqua I'isobase 0,35 § (§ = subsidence maximum)
et était ceinturée par une zone de tension périphérique ol s’est produit un faillage normal
avec pendages élevés.
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INTRODUCTION

More than 40 known examples of differential subsidence, horizontal displacement, or
surface faulting have been associated in time and space with operation of 27 California
and Texas oil and gas fields (table 1). Altough the magnitudes of these movements rarely
attain those developed over the Wilmington oil field, each effect has led to costly damage
or destruction of surface structures. The necessity of avoiding such effects in urban areas
emphasizes the importance of detecting and monitoring them; this necessity may require
volume-for-volume replacement of withdrawn liquids.

DIFFERENTIAL SUBSIDENCE

Differential subsidence is the most common and widespread of the effects, but it is easily
detected only in shoreline areas. Where level surveys have determined the size and shape
of the subsidence bowl, it centers over and extends well beyond the producing area. Pro-
duction in the listed fields comes from unconsolidated to poorly lithified and poorly
sorted sands, generally Miocene or younger in age. Median depths of production range
from about 360 to 3 900 m and exceed 1 800 m in only four cases.

Differential subsidence associated with oil field operations was first recognized in the
Goose Creek oil field, on the Texas Gulf Coast. The producing strata consist of essentially
unconsolidated sands and intercalated clay stringers; median depth of production is about
600 m. Production began in 1917; by 1925 subsidence centered over the producing area
had exceeded 1 m and involved an area of about 11 km?2, and normal faults as long as
0.7 km, having displacements downware on the oilficld side, as great as 0.4 m, had formed
along of the long margins of the eliptical subsidence bowl (fig. 1). The subsidence was
accompanied by submergence of considerable near-sea level areas within the producing
limits. Litigation was then initiated by the state over title to the newly-submerged “tide-
lands” and the value of the extracted minerals. Title was awarded to the oil field operators
who contended that the subsidence was caused by removal of large volumes of materials
and was therefore an act of man.

The most spectacular and costly case of differential subsidence is that of the Wllmlng-
ton oil field, near Long Beach, California. By 1966, after 30 years of production and 8 of
repressuring by injection, an elliptical area of more than 75 km? had subsided more than
8.8 m (see Poland and Davis, 1969, for a comprehensive, up-to-date review). Production
is from poorly sorted, unconsolidated to semi-consolidated sand containing thin interbeds
of silty shale and the median depth of production is about 1 000 m (fig. 2a). Successive
collar surveys of well casings in the subsiding area at Wilmington for the first time have
quantitatively related surface subsidence to subsurface compaction. Although the pro-
ducing section extends to depths greater than 2 300 m, subsurface compaction was con-
centrated in the 650 to 1 200-meter interval (fig. 2b). Cumulative compaction of nearly 3 m
had occurred in the Upper Terminal zone (960-1 125 m) by 1960; a similar amount occur-
red in the Tar and Ranger zones above, which aggregate about the same thickness (180 m)
as the Upper Terminal. The cumulative compaction in the several zones agrees roughly
with the surface subsidence at the well during the same time interval (Allen, 1968, p. 25).
The surficial deposits above 650 m were in tension and well casings were stretched at least
0.6 m before full scale injection began in 1957; during the succeeding 215 years of repres-
suring the casings were shortened as much as 0.75 m as the underlying producing zones
expanded.

Large subsidence bowls have also been delineated over the Huntington Beach oil field,
at the shoreline just southeast of Wilmington; over the Long Beach field immediately
northeast of Wilmington; and over the Inglewood field, an inland field about 30 km north-
west of Wilmington. Although differential subsidence over these fields has been minor
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TasLE 1. Documented surface deformation over United States oil and gas fields
(Compiled from published and unpublished sources and field work by the authors during 1958-1969)

Differentia ! subsidence®

Field and Discovery Year Maximum Horizontal displacement Surface faulting
producing  Median del.o th Maximum  Area of Period of Maximum Period of Type? Displacement Length Year
area of production measured  subsidence measurement measured measurement first
(km?) (m) @  Gm?) N (m) (m) (m) observed
California
Buena Vista 1910 48 1130 0.27 1957-1964 0.39 1932-1959 Lr 0.74 2600 1932
2.3 1942(7)-19643
Dominguez 1923 7 1430 >0.07 1945-1960
Edison* 1928 6 1100 >0.09 1926-1965
Fruitvale* 1928 14 1370 >0.04 1953-1965
Greeley* 1936 9 3235 >0.01 1953-1965
Huntington Beach 1920 16 930 1.22 37 1933-1965
Inglewood 1924 5 900 1.73 11 1911-1963 0.76 1934-1963 Hn >0.15 700 1957
Kern Front 1912 19 745 >0.34 1903-1968 Hn >0.34 5000 19437
Long Beach 1921 7 1690 >0.6! 31 1925-1967
McKittrick 1898 6 360 (@) Hr 0.030 >8 1932
Midway-Sunset*
Central Area 1901 65 555 >0.49 1935-1965
Globe anticline 1912 15 1020 >0.43 1935-1965
Sunset area 1900? 20 590 >0.18 1935-1965
Paloma* 1939 23 3800 >0.07 1957-1965
Playa del Rey 1929 2 1520 >0.29 1925-1937
Rio Vista (gas) 1936 98 1300 >0.30 1939-1964
River Island (gas) 1950 18 1250 >0.23 1935-1964
San Emidio Nose* 1958 4 3900 >0.06 1935-1965
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TABLE 1 (continued)

Differential subsidence

Horizontal displacement

Surface faulting

Field and Discovery Year Maximum
producing Medium depth Maximum Area of Period of Maximum  Period of Type 2 Displacement Length Year
a’ei of production measured subsidence measurement measured measurement (m) (m) first
(km®) (m) (m) (km?) (m) observed
Santa Fe Springs 1919 6 1300 0.66 16 1927-1963
Tejon, North4 1957 10 2800 >0.09 1935-1965
Torrance 1922 27 1230 >0.10 1953-1960
Unnamed
(Orange Co.) 1909 5 1480 >0.05 1959-1964 Hr 0.05 305 1968
Wilmington 1936 29 1000 >8.84 >175 1928-1966 3.66 1937-1966
Texas
Clinton 1937 12 820 Hn >0.64 >900 1962
Eureka Heights 1935 6 2540 Hn 0.24 >1000 1962
Goose Creek 1916 6 600 >1 11 1917-1925 Hn 0.41 >700 1925
Mykawa 1929 900 >0.1 Hn Undermined 1000 1962
Saxet 1930 25 1800 | >0.93 1942-1959 H >0.61 2.5km  1950(?)
South Houston 1935 7 1200 0.09 Hn 0.46 >1000 1962
Webster 1937 11 1670 Hn Undermined >1000 1962

1. Determined with respect to local control near margins of fields; any regional subsidence gradient removed. In many cases, determ ined only for a point within the field and maximum

subsidence not known.

HWN

. H, high angle; L, low angle; n, normal; r, reverse.
. Data courtesy R.D. Nason, 1969.
. Data on differential subsidence courtesy B. E. Lofgren, 1969.
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(less than 1.75 m) in comparison with that at Wilmington, that at Inglewood was accom-
panied by horizontal displacement and surface faulting that led to costly destruction of
surface structures near and beyond the periphery of the bow! (see California Department
of Water Resources, 1964),
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FIGURE 2. Upper producing zones and compaction at the Wilmington oil field, southern California
2a, approximate thickness and age of upper producing zones near the center of subsidence; 2b,
cumulative compaction in the upper three zones during 1945-1965 as based on casing joint measure-
ments in a well (W-2) about 600 m southeast of the center of subsidence. Adapted from Allen (1968,
figures 2 and 5)

HORIZONTAL DISPLACEMENT

Centripetally directed horizontal displacements commonly accompany differential subsi-
dence, but these can be documented only by triangulation and hence have been determined
in only three United States oil fields. In the Inglewood and Wilmington fields the maxi-
mum horizontal displacement exceeded 35 percent of the maximum differential subsidence;
it was located about halfway up the flanks of the subsidence bowl, from which location
it decreased progressively to zero at both the center and periphery of the bowl. The maxi-
mum known horizontal displacement occurred within the Wilmington oil field (fig.3),
where 3.66 m was measured between 1937 and 1966. This displacement resulted in hori-
zontal strains greater than 1.2 percent. Between 1957 when repressurization began and
1967, several survey stations along the east part of the subsidence bowl (an aera where
vertical rebound of about 17 percent of the total differential subsidence has occurred) -
recovered as much as 80 percent of their measured horizontal displacement.

SURFACE FAULTING
In addition to being the most prominent and easily documented effect, surface faulting

may develop suddenly and it is therefore potentially more damaging to surface structures.
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Surface deformation associated with oil and gas field operations in the United States

Subsidence-associated surface faulting is most commonly high-angle and normal, periph-
eral to the subsidence bowl and downthrown on the oil field side; it commonly trends
subparallel to the isobase contours. Exemples of this type are over the Goose Creek and
Mykawa fields in Texas, and over the Inglewood and Kern Front fields in California.

HORIZONTAL STRAIN(Percent)

Compransion
o

Figure 3-a

T

MORIZONTAL
DISPLACEMENT

VERTICAL SUBSIUENCE

[ S S-S A.:;JALAA_TLKJ_L
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Fiqure 3-b

FIGURE 3. Surface deformation over the Wilmington oil field. 3a, horizontal strain; 3b, horizontal
displacement during 1937-1962 and vertical subsidence during 1928-1962. Profile is drawn along
the minor axis of the subsidence bowl. Figure 3b from an unupblished study by Jan Law and D.R.
Allen, Department of Oil Properties, Long Beach, California

The surface fault at Kern Front is, at 5 km, the longest known; it follows a pre-existing
subsurface fault of even greater extent that forms the east boundary of the Kern Front
field. Displacement on the fault has not been great, but movement has been continuous
for more than 20 years. The displacement has been described in the confext of tectonic
faulting unaccompanied by seismic activity (Hill, 1954, p. 11). However, the fact that it
(1) is associated with measured differential subsidence, (2) continues with continuing
extraction, (3) occurs along a pre-existing fault that dips toward the differential subsidence
over the Kern Front field, and (4) has not been accompanied by seismicity, suggests that
it is attributable to effects of subsurface compaction.

A second type of faulting, low-angle, reverse, and central to the subsidence bowl, has
been recognized in only one field. A gently north-dipping reverse or thrust fault about
2.6 km long in the center of the Buena Vista oil field, California (fig. 4), has been known
for more than 35 years. Dip slip of at least 0.74 m accumulated during the interval
1932-1967 (Nason and others, 1968, fig. 2), giving a average, fairly constant rate of about
2 cm/year —a rate that continues. Faulting between 1942 and 1964 was accompanied by
differential subsidence exceeding 2.3 m, and by horizontal displacement of 0.39 m between
1932 and 1959. Even though the fault cannot be traced to depth in the numerous wells,
it has long been cited as an example of active tectonism (Koch, 1933; Wilt, 1958); it has
more recently been related to withdrawal of oil (Whitten, 1961, p. 319).
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FiGURE 4. Map of Buena Vista oil field, Kern County, California, showing (1) approximate boun-
daries of the Buena Vista Front and Buena Vista Hills areas of the Buena Vista field and two adjacent
oil fields; (2) trace of active thrust fault along the south flank of the Buena Vista Hills area (Wilt
1958, pp. 170, 172); (3) adjusted elevation changes for the period 1957-1964 at selected bench
marks (US Coast and Geodetic Survey, 1966, pp. 5-6, 18) and (4) horizontal displacement for the
period 1932-1959 relative to an undefined network (Whitten, 1961, pp. 318-319)
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Surface deformation associated with oil and gas field operations in the United States

MODELS

The published literature contains few models that relate subsidence and other surface
effects to extraction of subsurface materials. Probably the most carefully documented
“controlled experiment” is the case history of surface effects measured during Frasch-
process extraction of sulfur described by Deere (1961). Deere’s results verify the analytical
“tension center” model described by Stanford Research Institute (1949), and also resem-

ble the results of analysis of cumultative surface deformation over the Wilmington oil
field.

FRASCH-PROCESS CASE HISTORY

Deere (1961) has described differential subsidence, simultaneous horizontal displacements,
and surface faulting associated with Frasch-process extraction of sulfur from a depth of
397-488 m within the cap rock of a Texas Gulf Coast salt dome; the cap is overlain by un-
consolidated sands, gravels, clays, and clay-shales. During thefirst 31 months of operation,
differential subsidence as great as 1.75 m developed over an elliptical area exceeding 5 km?
that centered directly over the narrow linear producing zone. A normal fault about 650 m
long, downdropped as much as 0,1 m on the mining side and peripheral to the subsidence
bowl, developed suddenly during the fifth month of production. By the 31st month, it had
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FIGURE 5. Surface deformation during Frasch-process extraction of sulfur from cap rock of a Texas
Gulf Coast salt dome. 5a, horizontal strain in percent developed between 9 and 31 months’ production
(after faulting had begun); 5b, vertical differential subsidence during the same period, and approxi
mate total differential subsidence after 31 months production. Based on Deere (1961, figs. 1, 4,
and 5)
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increased to about 800 m in length and 0.3 m in displacement. The fault dipped about
40° inward directly toward the top of the producing zone, and it formed at a point of
maximum surface tension as determined by surveys (fig. 5).

QUALITATIVE MODELS

The “tension center ” model was developed during a private study of the Wilmington oil
field subsidence (Stanford Research Institute, 1949). The model assumes (1) a homoge-
neous, isotropic earth; (2) that all stresses remain within the elastic limit; (3) a spherical
compacting region or “tension center”;and (4) a negligible weight for the removed mate-
rial. This model predicts a central zone of compression surrounded by an annular zone
of tension that extends out to the periphery of the bowl!, a strain pattern similar to that
developed in the Frasch-mining case.

The quantitative results of Deere’s investigation also support the qualitative models of
Grant (1954), Rellensmann (1957), and Lee and Shen (1969). Grant (1954, p. 21) compared
the subsiding prism of deposits at Wilmington to a bending beam, in which the greatest
horizontal displacement of points on the surface occurs over the point of inflection (or
point of greatest slope of the subsidence profile). Rellensmann (1957, fig. 2) presented
dimensionless profiles of subsidence, horizontal displacement (“shift”), and horizontal
strain as developed at the surface over relatively shallow mining excavations. Very similar

Tension—
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<
2
-
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; n
E Producing limits, Wilmington —»{
o
l // —>{ Excovated zone, shallow mine
p—— Producing zone, Frosch process
|
——-— Wilmington oil field
———— Frasch-process extraction
Figure 6 .

Shallow mining

FIGURE 6. Qualitative comparison of horizontal strains developed during subsidence over (1) the
Wilmington oil field (relatively deep extraction of fluids over a broad area), (2) Frasch-process
extraction of sulfur (from a narrow zone at intermediate depths), and (3) shallow mining of solid
ores (Rellensman, 1957, fig. 2). Relative limits of producing areas are also indicated

1. The Stanford Research Institute report (1949, pp. 76-68) presents an expression relating
horizontal displacement («) at a radius () from the center of subsidence to the differential
subsidence (w) at that radius and the depth (k) beneath the original surface to the center of
compaction: ¥ = rw/h. By this expression, horizontal displacement varies from zero at the
center of subsidence (where r = 0), through a maximum, and back to zero at the periphery
(where w = 0).
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dimensionless curves are presented by Lee and Shen (1969, fig. 1), who investigated hori-
zontal displacement during subsidence due chiefly to surface loading; they supported the
curves with both model studies and theoretical finite element analyses. A profile of the
horizontal strain developed during subsidence over the Wilmington oil field (extraction
of fluids over a broad area from a median depth of about 1 000 m) is compared in figure 6
with that developed during Frasch mining of sulfur (extraction from a narrow zone at
a median depth of about 440 m), and with that developed over relatively shallow mining
or tunnelling.

The following conclusions may be drawn from this brief review: (1) Differential subsi-
dence commonly accompanies extraction of fluid or solid materials from poorly consoli-
dated sequences; (2) subsidence is commonly accompanied by centripetally directed hori-
zontal displacement, which varies from zero at the center of subsidence, through a maxi-
mum over the point of steepest slope of the subsidence profile, and back to zero at the
periphery (as described by the tension center model and by Grant and Rellensmann);
(3) the accompanying horizontal strains are most intense at or near the center of subsi-
dence, where greatest compression is attained and thrust or reverse faulting may occur.
In all cases analyzed, the greatest tension, and tensional faulting, develop in the outer
parts of the subsidence bowl, peripheral to:the annulus at which the steepest slope of the
subsidence profile develops.
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DISCUSSION

Intervention of Dr. Sakuro MURAYA (Japan)

Questiob:

This morning, Dr. Miyabe mentioned acute subsidence due to the earthquake in Tokyo.
I think there were some earthquakes in Long Beach. Do you have any experience about
influence of earthquake on the movement of surface?

Answer of Mr. YERKES:

There has been earthquakes during oil production in Long Beach but the relations are
complex and T do not clearly understand.

Intervention of Dr. Jose G. MENDEZ (Venezuela)

Question:

I think there have to be room for certain legal aspects. Who is respensible for the damage ?

Answer of Mr. YERKES:
I am not in the position to answer that.

SUBSIDENCE IN THE WILMINGTON OIL FIELD,
LONG BEACH, CALIFORNIA, U.S.A.

M. N. MAYUGA! and D. R. ALLEN?

ABSTRACT

The subsidence area is in the shape of an elliptical bowl superimposed on top of
California’s largest oil giant, the Wilmington Oil Field. The center of the bowl has subsided
over 9 meters (29 feet) since 1926. Horizontal and vertical movements have caused extensive
damage to wharves, pipelines, buildings, strects, bridges and oil wells necessitating costly
repairs and remedial work, including the raising of land surface areas to prevent inunda-
tion by the sea. Remedial costs have already exceeded US$100 million. Most investigators

(1) Assistant Director and
(2) Subsidence Control Engineer, Department of Oil Properties, City of Long Beach,
California, U.S.A.
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agreed that the withdrawal of fluids and gas and the consequent reduction of subsurface
pressures in the reservoirs caused compaction in the oil zones. A massive repressurization
program, by injection of salt water into the oil reservoirs, has reduced the subsidence
area from approximately 50 sq. kilometers to 8 sq. kilometers. The rate of subsidence
at the historic center of the bowl has been reduced from a maximum of 75 cm (28 inches)
per year in 1952 to 0.0 cm (0.0 inch) in 1968. A small surface rebound has occurred
in areas of heaviest water injection.

RESUME

La région subsidente a la forme d'une cuvette elliptique qui se superpose au top
du plus grand champ pétrolier de Californie, le gisement de Wilmington. Au centre de
la cuvette la subsidence a dépassé 9 métres (29 pieds) depuis 1926. Les mouvements
horizontaux et verticaux ont causé des dégats importants aux jetées, pipelines, immeubles,
rues, ponts et puits de pétrole, nécessitant des réparations cofiteuses et des travaux de
protection, tels que I’élévation du niveau du sol pour empécher les inondations par la
mer. Les travaux de protection ont déja cotté plus de $100 millions. La plupart des
spécialistes sont d’accord que le soutirage de production d’huile et de gaz, et la réduction
conséquente de pression dans les réservoirs a causé la compaction des zones productrices.
Un programme de recompression massive, par injection d’eau salée dans les réservoirs,
a réduit la région subsidente de 50 & 8 km?, environ. Le taux de subsidence au centre
de la cuvette a été réduit d’un maximum de 75 cm (28 inches) pa ran en 1952, 3 0.0 cm
(zéro inch) en 1968. Un léger gonflement de surface s’est produit dans les régions o
Pinjection d’eau a été la plus forte.

1. INTRODUCTION

Ranking high among the many causes of land subsidence are those related to man’s
exploitation of the earth’s natural resources. One of the most widely known cases of
induced subsidence occurred in Long Beach, California, USA. The subsidence in the
Long Beach area has been related directly by most investigators to the production of oil
and gas from the huge Wilmington Oil Field. The subsidence here has attracted world-
wide attention because of its location and magnitude. Situated within the bowl of subsi-
dence is one of California’s most highly industrialized areas, including the Port of Long
Beach and one of the United States Navy’s most important shipyards. Figure 1 shows
an airphoto of the area with contours of total subsidence as of October, 1968. Total
vertical movement is about 9 meters (29 ft.) at the center of the bowl of subsidence. Hori-
zontal movements of nearly 3 meters (10 ft) also have been measured within the area.
There appears to be a definite relationship between the shape and location of the axis of
the bowl of subsidence and that of the underlying Wilmington oil structure.

2. GEOLOGIC FEATURES

The Wilmington Oil Field, located near the southwestern margin of the Los Angeles
Basin in Southern California was discovered in 1936. The geologic structure is a broad,
assymetrical anticline broken by a series of transverse normal faults (fig. 1). The structure
was “buried” or covered by approximately 550 to 600 meters of late Pliocene, Pleistocene
and Recent sediments deposited almost horizontally over a Lower Pliocene-Upper Plio-
cene unconformity. The sediments above the unconformity contain no commercial oil
and gas. Below the unconformity are seven major producing zones which range in age
from Lower Pliocene to Upper Miocene (fig. 2). These productive zones span a vertical
section of about 1 500 meters. Oil and gas are produced primarily from sands of varying
thickness and consolidation which are interbedded with layers of shale or siltstone. The
degree of consolidation of sediments is generally related to depth of burial. The sands at
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shallow depths are loosely consolidated and the shales become progressively softer and
grade to claystones and mudstones toward the surface. Oil bearing sands are generally
poorly sorted with a high percentage of fine materials. Porosities vary from 25 percent in
the deep zones to approximately 35 to 40 percent in shallower zones. The “shales” at

SYERBUNDEN
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FIGURE 1. Subsidence and Geologic Cross Section Wilmington Oil Field

shallow depths are more accurately described as siltstones due to the high percentage of
silt materials which they contain. The beds are either flat or dip gently near the crest of the
structure. The primary production mechanism essentially has been a solution-gas drive.
Due to a very limited water encroachment the pressure decline in the oil and gas reservoirs
was relatively rapid. The substantial reduction of reservoir pressures and the compacta-
bility of rocks within the oil producing zones are considered by most investigators to be
the primary causes of subsidence in the area.

The oil reservoirs were developed by zones and fault blocks. From November 1936
to July 1, 1969 the oil field has produced approximately 203, 360, 000 cubic meters
(1.279 billion barrels) of oil.
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3. SUBSIDENCE HISTORY

Small amounts of regional subsidence had been detected in the Long Beach-Wilming-
ton-San Pedro area at various times prior to 1940, but little attention was given because
the amount was very small. A noticeable amount of subsidence did not occur until after
the major oil field development began in 1939-1940. By coincidence, the first major eleva-
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FIGURE 2. Wilmington Oil Field— Composite log and Stratigraphic Units

tion changes were recorded in 1940 and 1941, when 40 centimeters (cm) (1.3 ft.) of land
subsidence was observed at the easterly end of Terminal Island, apparently due to shallow
dewatering operations in a nearby area for a large US Navy graving dock. It was assumed
that the land subsidence would cease when the dewatering operations stopped. In July
1945, long after the dewatering operations had ceased, a survey by the US Coast and
Geodetic Survey showed a surface subsidence of more than 122 cm (4 ft.) at the casterly
end of Terminal Island. The rate of subsidence and the size of the affected area continued
to increase during the following years. Continuing damage to surface and subsurface struc-
tures and the threat of inundation of the surface area caused serious concern. The average
ground elevation of the harbor area prior to subsidence was only a few meters above the
extreme high tides of the bay. As the ground subsided, the tidewater backed up through
the storm drain systems at high tide and flooded the streets (fig. 5). By 1963, over 1 300
hectares of natural and artifically created industrial land which had been above high tide
level before subsidence, had settled well below that level. Extensive diking, filling and land
raising operations were undertaken throughout the harbor area. Remedial operations
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included raising and replacement of wharves, transit sheds, warehouses, oil wells, pipe-
lines, and buildings of all types. The deepest part of the subsidence bowl, which is located
over the crest of the oil structure, sank about 9 meters (29 ft.) between 1926 and 1968
(fig. 1). The maximum subsidence rate of 71 cm (28 in.) per year at the center of the bowl
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was reached in 1952 (fig. 4). The horizontal movements which accompanied the vertical
land subsidence have caused extensive damage to many surface and subsurface structures
necessitating costly repairs and replacements. Many oil wells have been damaged or

destroyed by subsurface shearing associated with subsidence.

In order assist the harbor engineers in planning new construction and remedial work,
various experts were engaged to predict the amount of ultimate subsidence in the area.
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FIGURE 5. Flooded Area Due to Subsidence

FIGURE 6. Buckled Pipelines
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Some early predictions ranged from 2.1 meters (7 ft.) to 3.6 meters (12 ft.) at the center
of the bowl, but these were soon exceeded. Later estimates ranged as high as 22 meters
with most investigators predicting between 9 to 13,5 meters (30 to 45 ft.).These predictions
were made before it was known that repressurization of the oil reservoirs by water injec-
tion would stop subsidence.

A massive repressurization program, which started in 1958, has succesfully reduced
the surface area and vertical rate of subsidence. The rate of vertical movement at the
historic center of the bowl was reduced from a maximum of 71 cm (28 in.) in 1951 to
0.0 cm per year by 1968 (fig. 4).

4. EXTENT OF DAMAGE

The horizontal movements associated with the land subsidence built up great stresses
in the surface and near-surface structures. The elastic limit of ordinary construction mate-
rials was easily exceeded. Evidence of horizontal movements was manifested on the sur-
face by buckling of asphalt paving and railroad tracks. Buried pipelines often buckled
when the overburden was removed, (fig. 6) showing the great stress imposed by the hori-
zontal movements. Large buildings were among the most seriously affected structures due
to the shortening of the ground, which pulled the foundation system with it, while the more
rigid roof system successfully resisted the movement. The result was shear failures in the
gunite walls and cracking of columns (fig. 7). A transit shed built with concrete walls and
steel frames showed buckling of side trusses which caused compression failure of the
concrete lintel in the exterior wall (fig. 8).

The Commodore Heim Bridge, a lift bridge which connects Terminal Island with the
mainland to the north, suffered considerable damage (fig. 9). This bridge and its elevated
approach roadways, about 1 220 meters (4 000 ft.) long, underwent approximately 2.3
meters (7.5 ft.) of shortening due to horizontal movements. The heavily reinforced con-
crete columns within the pier structure of the bridge were sheared off by the horizontal
movements (fig. 10). The supporting towers moved horizontally and were tilted out of
position making it impossible to operate the bridge.

Severe shear forces were imposed on the oil well casings by the earth movements and
caused widespread casing damage. These subsurface stresses were relieved several times
by sudden earthquake generating horizontal movements along claystone and soft shale
beds between 450 and 600 meters below the surface. As a result of these movements,
steel casings of several hundred oil wells were sheared or severely damaged along the
planes of movement. Five such earthquakes were recorded between November 1949 and
April 1961. A movement of 23 cm (9 in.) was observed along one subsurface horizon at
about 470 meters (1 550 ft.) after one of the earthquakes. A slow continuing or “creeping”
horizontal movement was also evident between the periods of earthquakes as many oil
wells were continually being damaged along suspected of movements. Evidence of well
damage was manifested by protrusions of tubing and casing at well heads, constriction of
casing diameters, corkscrewing of pulled pipe and failure of liner hangers (fig. 15).

5. REMEDIAL WORK

(@) SURFACE STRUCTURES

As early as 1940, some remedial work was initiated at the waterfront area. As previously
stated, it was imperative that the land area and the surface structures be protected from
inundation by the sea. This protection took the form of nearly every type of engineering
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FIGURE 7. Shear Cracks on Wall

construction work, including the raising of land areas with earth fills, raising of wharves
and buildings, a complete replacement of badly damaged structures and facilities, con-
struction of earth dikes, raising of bridges and approaches, increasing the height of bulk-
heads and rebuilding of railroad tracks and streets to provide access to the facilities. An
interesting example of surface remedial work is shown in figure 13, a transit shed damaged
by horizontal movements. To remedy the conditions, contraction-expansion joints were
cut entirely though the width of the building approximately 60 meters (200 ft.) apart. As

FIGURE 8. Crushed Concrete Lintel
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FIGURE 9. Commodore Heim Bridge

F1GuURre 10. Sheared Bridge Columns

the threat of inundation of the area increased, however, it was physically lifted, under-
filled around and lowered on new foundations at higher elevation. It has been estimated
that over one hundred million dollars have been spent for surface remedial work due
to subsidence.

(b) O1L WELLS

To prevent inundation of oil wells in seriously affected areas, a large number of wellheads
were raised during land fill operations (figs. 11 and 12). Oil wells which were damaged
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B

FIGURE 11. Oil Wells Before Raising

beyond repair by subsurface horizontal movement were abandoned, but many were re-
placed by new ones. Partially damaged wells were repaired by installing smaller diameter
casing opposite the damaged section. In order to protect new oil wells being drilled within
the area where subsurface horizontal movement was anticipated, a unique oil well com-
pletion technique was designed which allowed a small amount of subsurface horizontal
movementZto occur without shearing the well casing (fig. 16). The design provided for

FIGURE 12. Raising Oil Wells During Land Fill
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enlarging the usual 30 cm (12-1/4 in.) hole to 76 cm (30 in.) hole straddling the suspected
interval between 425 meters (1 400 ft.) and 600 meters (2 000 ft.). Normal size casing was
run inside the hole and the 76 cm (30 in.) cavity known as the “bell hole”, was filled with
high gel oil-base compound resembling asphaltic mastic. The technique was so successful
that it became the standard completion method for many years in areas where subsurface
movements were anticipated. It was discontinued during recent years due to the success
in abating subsidence. It is estimated that the cost of damage to oil facilities due to subsi-
sidence has exceeded twenty million dollars.
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FIGURE 13. Raising of Transit Shed

FIGURE 14. Raising of Land Surface
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6. CAUSE OF SUBSIDENCE

The cause of subsidence and the mechanics of compaction of subsurface rocks in the Wil-
mington Field are discussed in greater detail in the companion paper prepared for this
Symposium (Allen and Mayuga, 1969). Several possible causes of subsidence were investi-
gated by many authorities including geologists, engineers, soil mechanics experts, and
mathematicians. Among the possible causes investigated were:

1. Lowering of hydraulic head due to ground water withdrawal;
2. Oil reservoir compaction due to gas and fluid withdrawal;
3. Compaction of shales and siltstones interbedded with the oil sands;
4. Surface loading by land fill and building facilities;
5. Vibrations due to land usage;

6. Regional tectonic movements and local movement along known faults in the field;
7. Lack of structural rigidity of the anticlinal structure and overlying sediments;

8. 5 Lack of preconsolidation in sediments.

Regional tectonic movement, ground water withdrawals, surface loading and vibra-
tions due to land usage may have all contributed to the land subsidence but the magnitude
of vertical movement that has taken place is far greater than could be attributed to these
causes. Most investigators agreed that the withdrawal of fluids and gas from the oil zones
and the consequent lowering of subsurface pressure caused compaction in the oil sands
and interfingered silts and shales. The relative amount contributed to subsidence by the
shales and the sands has been a controversial issue. An interesting correlation of rate of
subsidence with rate of oil production is shown in figure 4. The maximum subsidence rate
of 75 cm (28 in.) per year was reached in 1952, only eight to nine months after the primary
peak production of oil was reached in the area. Figure 1 also shows an interesting relation-
ship between the deepest part of the subsidence bowl and the crest of the subsurface oil
structure where the largest gross oil production per unit surface area had been obtained.
Figure 3 shows a relationship between cumulative primary oil production and cumulative
subsidence.

To determine the location and magnitude of compaction of the subsurface formations,
a casing joint measuring method, using a magnetic collar detecting device, was developed.
Results of these collar locating surveys are described in another paper dealing with mechan-
ics of compaction (Allen and Mayuga, 1969). In general, most of the compaction appar-
ently took place in the oil zones between 600 and 1 200 meters.

7. REPRESSURIZATION PROGRAM

Although surface remedial work which was previously described kept the area in opera-
tion, it was obvious to most observers the ultimate answer had to be the abatement of
subsidence. The apparent solution to the problem, based on several studies, was to repres-
sure the oil reservoirs by water injection. By 1961, after resolving the complex legal,
engineering and economic problems involved, a full scale water injection operation was
in progress in the Long Beach harbor area. Approximately 174,900 cubic meters (1.1 mil-
lion barrels) of water per day are currently being injected into the field. It is estimated
that a total of 366 million cubic meters (2,3 billion barrels) have been injected since the
expansion of the waterflood operations in 1958. Subsidence has now been stopped over
a large portion of the field and the area has been reduced from 50 square kilometers
(20 sq. miles) to 8 square kilometers (3 sq. miles). A small rebound has occurred in areas
of heaviest water injection. (Allen and Mayuga, 1969).

In addition to ameliorating subsidence, the water injection program has also been
a great economic success, as shown by the increase in daily oil production since 1959
(fig. 4). Approximately 75 percent of the present daily production rate in the Long Beach
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harbor area is credited to water injection stimulation. Water currently being used for
injection is sea water produced from shallow beds directly connected with the ocean.
Produced oil field water is also being injected into the formations. Before the end of 1969,
the largest operator in the field will commence the injection of “renovated” sewage water
which will help reduce the use of high sulfate-bearing sea water and produced brine.

8. SUBSIDENCE SURVEILLANCE PROGRAM

As a subsidence surveillance program, the City of Long Beach establishes the elevation of
approximately 900 bench marks within the affected area on a quarterly basis. Reservoirs
are also being closely monitored by periodic subsurface pressure surveys in selected wells.
Tidal gauges have been installed on the drilling islands off Long Beach as a means of
detecting subsidence. Several strategically located wells are also surveyed periodically by
the “collar counting” technique to detect any changes in casing joint lengths which would
be an indication of subsurface compaction.
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DISCUSSION
Intervebtion of Dr. J.F. ENsLIN (Republic of South Africa)

Question.:

What machinery, if any, exists in the U.S.A. whereby property owners may legally be
entitled to claim compensation in the event of damage to their properties as a result of
surface subsidence due to extraction of oil ?

Answer of Dr. MAYUGA:

As you may have heard, we did have a lawsuit in Long Beach. The U.S. Navy, with their
naval shipyard in the area and who has no interest at all in the oil, sued the City of Long
Beach, the State of California, who is our partner in this oil production, and all the oil
operators in the area for damage to their installations allegedly due to subsidence. That
case was never actually adjudicated, because a compromise of financial settlement was
made. So the responsibility was not actually established by the courts.

Most people who have been damaged in the Long Beach area are themselves involved
in oil operation and received benefits from the oil production. I do not know yet what the
responsibility would be or who would be liable, if someone files a claim. I think, this is a
good case for lawyers. This will be argued for some time. We thought the U.S. Navy’s
case against the oil operators, including the City of Long Beach, would establish liability
but it did not. The case was not adjudicated.
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LAND SUBSIDENCE IN THE TOKYO DELTAIC PLAIN

Takamasa NAKANO, Hiroshi KADOMURA and Tware MATSUDA
(Tokyo Metropolitan University)

ABSTRACT
The following facts should be mentioned:

a) Core area of land subsidence expanded northward in the earliest period of land
subsidence and in the periods before and after the end of the Second World War, and
in the last several years several small core areas of land subsidence were separated.

b) Five levels of buried terraces, scarps and dissecting valleys were restored based on
boring data. The core areas of land subsidence coincid with high density areas
of buried valleys.

¢) Eastward expansion of core area of land subsidence after the regulation of ground-
water use in the western section of the Tokyo Lowland can also be pointed out.

RESUME
Les faits suivants sont a prendre en considération :

a) Le noyau de I'affaissement s’est étendu vers le Nord au début de laffaissement et
au cours de la période avant et aprés la seconde guerre mondiale mais au cours
des derniéres années plusieurs autres centres d’affaissements se sont séparés.

b) Cinq niveaux de terrasses enfouies, d’escarpements et de vallées ont pu étre établis
en se basant sur les résultats des sondages. Les centres de I’affaissement coincident
avec les zones présentant une grande densité de vallées enfouics.

¢) On peut aussi rappeler l'extension vers l’est de la zone d’affaissements massifs aprés
les mesures pour régulariser l'utilisation de I’eau dans la partie ouest des régions
basses de Tokyo.

1. INTRODUCTION

As a result of long discussions on land subsidence in the Tokyo Lowland among the
specialists concerned, the following have been clarified.

1. Land subsidence has been caused mainly by the compaction of soft clayey layers
within aquifers subject to over-pumping of ground water.
2. Compaction is progressing not only in Alluvium, but also in Diluvium.

3. Generally speaking, the amount of land subsidence is shown by the amount of com-
paction of Alluvium and that of the layers below Alluvium.

4. Relationship between the amount of land subsidence and the thickness of Alluvium

is rather clear, particularly in case of land subsidence due to pumping of ground water
from A11uv1um and Upper D11uv1um water bearlng layers
; it

5 T - o RS )
Unfortunately, however, areal characteristics of land sub51denoe have not been fully
understood in previous studies. In this respect, the authors intended to analyse the charac-
teristics of areal differentiation of land subsidence in the Tokyo Lowland and to consider
the causes of such areal differentiation based on land subsidence data since 1930;and
geological and geomorphological studies.

2§ MIGRATION OF THE CORE-AREA OF LAND SUBSIDENCE

The rate and mode of land subsidence in the Tokyo Lowland have changed annually
and regionally. Such changes are throught to have been caused both by the areal difference
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of ground conditions, above all by the areal variation in the thickness of soft compressible
clayey layers, and by the areal difference of rates of lowering of groundwater levels due
to pumping.

In order to make clear the regionality of land subsidence, areal variation of land
subsidence is analyzed by using data obtained from repeated levelings during the following
periods; 1930-1938, 1951-1955, 1961 and 1966, each of which represents 1) peak period of
subsidence before the Second World War, 2) the recurring period after the wazi, 3) the peck
period after the war, and 4) the declining period, respectively. In this analysis the area
which subsided at a rate of more than 100 mm/year is defined as the Core-area of land
subsidence because annual subsidence of 100 mm is thought to be an indicator showing
the intensity of subsidence, and corresponds approximately to the maximum annual
compaction withing the shallower deposits —shallower than 35-70 m, almost all of which
are the Recent Deposits, as deduced from data obtained from the land subsidence gauge
during the peak period after the war.
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FIGURE 1. Migration of core-area of land subsidence. (a) Azuma-Higashi; (b) Central Joto:
(c) South Joto; (d) Central-North Edogawa; (¢) Central-South Edogawa; (f) East-South Edogawa;
(g) Adachi; (h) Johoku

Areas a)-h) are the core-areas of land subsidence in the Tokyo lowland, and are Jocated
in the limited part of the lowland. As show on figure 1, annual and areal differentiations
of the Core-areas are clearly pointed out as follows:

1. The core-areas until 1955, at the end of the recurring period, are found in the Koto
District including the areas a) ) and ¢), and in the northern part g). Among these
areas a) is noted as the area of maximum subsidence.

2. After 1957, the beginning of the peak period of subsidence after the war, the main body
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of the core-area expanded rapidly not only over both the west and east bank areas
of the Arakawa Discharge Channel, but also to the far northern part of the lowland

3. During 1966, the maximum period of subsidence, the maximum annual subsidence
exceeded 180 mm in areas a), b), and g), and the core-area occupied the widest extent,
about 69 km?>.

4. In the Johoku area (4) in the northwestern part of the lowland, the area has subsided
at a rate of more than 100 mm/year since 1955, and extended even over the Yamanote
Upland in the peak period.

5. Annual subsidence in the main body of the core-area has been decreasing since 1963,
accompanying the decrease in total size of the core-area. The cause of decrease of
subsidence is due mainly to the regulation of pumping of ground water in this area.

6. But, in the southeastern coastal area intensive subsidence with a rate of 100-180
mmy/year has occurred since 1961. The southeastern coastal area located on the east
bank of the Arakawa Discharge Channel is the major area of subsidence in recent
years.

3. RESTORATION OF BURIED LANDFORMS AND THE SIGNIFICANCE TO
LAND SUBSIDENCE

a) BURIED LANDFORMS OF THE TOKYO LOWLAND

Generally speaking, terraces and valleys are buried under the coastal lowlands, which
were formed by rejuvenation due to eustatic change of sea level. These terraces and valleys
consist of harder layers than the layers covering them and an unconformity is present
between them. The soften sediments comprise the layers near the ground surface and are
indication of their physical properties. From this standpoint, the upper loose sediments are
defined as Alluvium in this study, and are essentially the same as the Recent Alluvium
employed in geological studies. Alluvium consists mainly of marine clayey sediments (AC
Alluvial clay in fig. 2) overlain by deltaic sandy sediments (US: upper sand). The clayey
layer is divided into three parts according to N-value (fig. 2).

In order to investigate the distribution of the thickness of Alluvium, the authors tried
to reconstitute the landforms buried by the Alluvium, that is, landforms expressed by the
base of the Alluvium. In the first place, the cross sections along Subway No. 5 (A-A’")
and Metropolitan Expressway No. 7 (B-B’") ware drawn as the datum profiles (fig. 2).
Then analysing other data obtained from borings, the distribution of buried landforms
was clarified as shown on the geomorphological map (fig. 5).

According to these data, landforms have been identfied:

1. Upper shallow terrace (Ia)

The terraces at about 10 meters depth below sea level are shown on the western end
of the cross section A-A’" and along the eastern part of the cross section B-B’’. They are
buried coastal terraces with a width of 2-4 kilometers and are distributed along the fringe
of the Diluvium uplands, Yamanote and Shomosa Uplands. The eastern terrace named
Koiwa Daichi inclines southward gently and reaches 13 meters below sea level at its
southern end.

2. Lower shallow terrace (1b)

There is a terrace at a depth of 20-30 meters below sea level as shown in the eastern
part of cross section A-A’’. This buried coastal terrace named Urayasu Daichi is present
under the southeastern part of the lowland. Ie and 15 consist of well consolidated sandy
layers.
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3. Upper middle terrace (Ila)

The terraces at a depth of approximately 30 meters below sea level are indicated between
borings No. 10 and No. 21 of cross section A-A’’ and along the western part of the
cross section B-B’’, but they are parts of the same terrace with broad distribution under
the western area of the lowland. This terrace can be regarded as a buried river or fluvial
terrace because it consists of gravelly layers overlain by tephra, Kanto Loam, of variable
thickness.
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FIGURE 2. Cross sections along Subway No. 5 (4-A’") and Metropolitan Expressway No. 7 (B-B’")
Location of sections is shown in figure 5.

4. Lower middle terrace (IIb) X

This terrace is indicated between borings Nos. 38 and 55 of cross section A-A”’. It
slopes westward at about 20-30 meters below sea level, but its distribution is restricted
to a small area in the southern part of the lowland and its origin remains unexplained.

5. Deeper terrace (III)

The lowest terrace under the central part of the lowland is shown in the middle of both
cross sections A-A’’ and B-B”’, 30-40 meters below sea level. The materials comprising
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the terrace are clayey and sandy sediments, and vary both vertically and horizontally
from place to place. They also vary in density, so it is often impossible to define the base of
the Alluvium.

6. Underground valley

Several valleys dissect the terraces mentioned above and manifest themselves in both
cross sections, though they are in different sizes. The largest is under the central part of the
lowland at a depth of 60 meters below sea level and in the southern part of the lowland
it is considered as a main valley.

As mentioned above, the upper shallow, buried terraces which are composed of well
consolidated materials, are present beneath both sides of the lowlands. The upper shallow
terraces are connected in the western part with the upper middle terrace, which is compo-
sed of Alluvial gravelly layers with tephra, and in the eastern part with the lower middle
terrace. Also the lower terrace is present between the middle terraces where the several
valleys modify these landforms.

The idealized schematic profile showing subsurface geology and landforms is presented
in figure 3. The depths of buried terraces and valleys and the thickness of Alluvium co-
vering them are given in table 1.

Shimousa
Yamanote Upland
piand 1, Ia T  Ib I Ta

FIGURE 3. Simplified geological section of the Tokyo Lowland. Buried terrace—Ia: Higher upper;
Ib: Lower upper; IIa: Higher middle; ITb: Lower middle; III: Lower. Stratigraphy— Alluvium:
US: Upper Sand; AC: Silt and Clay; Diluvium & older: 1: Tephra; 2: Uppermost Clay; 3—5: Tokyo;
6: Narita G.; 7: Miura G.

TasLE 1. Depht of the buried landforms and thickness of Alluvium (in meters below sea leve

Alluvial clay (AC)

Buried Upper sand (US)

landforms Depth (3-20) (0{1) (»_}_17) (61.1116)
Upper shallow terrace 0-10 0-6 0 0
Lower shallow terrace 20-30 5-10 2-5 0
Upper middle terrace 30 4-8 6-16 4-8 0
Lower middle terrace 3040 10-20 2-6 0
Deeper terrace 30-40 11-22 6-12 0
Valley bottom 30-60 11-22 6-12 0-12

Figurss in the parenthese denote N-value.
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b) RELATIONSHIP BETWEEN LAND SUBSIDENCE AND BURIED LANDFORMS

The areas subsided at a rate of more than 100 mm/year, in the core-area of land subsi-
dence which is limited to the central part of the Tokyo Lowland, as disccussed previously.
In order to explain such areal differentiation of land subsidence the realtionship between

and subsidence and ground conditions is analyzed annually and regionally by using
restored buried landforms.

The relationship between cross sections of buried landforms along Metropolitan
Expressway No. 7 and Subway No. 5, and the amount of subsidence measured by bench
marks near the sections during 1930-1938, 1961 and 1966 is shown in figure 4. The following
apparent relationships can be recognized from this illustration:

1. The difference in the rates of subsidence is shown clearly between areas on both sides
of the lowland which are underlain shallow buried terraces, and areas in the central part
of lowland where Alluvium is thickest.

2. The eastern edge of the core-area of subsidence (subsidence rate of more than
100 mm/year) has never extended beyond the underground scarp limiting the western
margin of the Koiwa, the Nishi-Ichinoe and the Urayusu Daichi. The western edge
of the core-area coincides approximately with the eastern scarp of the Honjo Daichi,
and has never extended far over the terrace area even in the peak period of subsidence.
In the southern part of the Tokyo lowland, the main part of the core-area of subsidence
almost always has been limited to the central part of the lowland, where the lowest
buried terrace and valleys are deeper than 30 m below sea level—the area where the
total thickness of the Alluvium exceeds 30 m.

3. In the southeastern part of the lowland subsidence at a rate of more than 100 mm/year
has occurred recently in and around deep buried valleys in the Urayasu Terrace.
4. Comparing the rate of subsidence over the Honjo Daichi with that over the eastern

shallow terrace group, the following contrasts can be recognized: Although mean
annual subsidence of 50-100 mm was observed over the Honjo Terrace during 1930-
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FIGURE 4. Relationship between buried lanforms and ground subsidence, in cases of bench marks,
along Metropolitan Expressway No. 7 (B-B’) and Subway No. 5 (A’-A’’). Location of sections is
shown in figure 5
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1938, slight uplift of land surface was recorded over the Koiwa and the Urayasu Daichi
during the same period. However, during 1961 and 1966, annual subsidence over the
Koiwa and the Urayasu Daichi was 30 mm greater than that over the Honjo Daichi.
This may reflect the annual variation of ground-water level in these areas.

From the above, it is natural to conclude that buried landforms which determine the
areal variation in the thickness of soft compressible clayey layers has played an important
rol in the magnitude regionality of land subsidence. But, in order to prove the exact role
of buried landforms, it is necessary to determine the ratio of the relative amount of soil
compaction from the surface to the base of Alluvium to the total amount of subsidence.
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FIGURE 5. Geomorphological classification of buried landforms in the south Tokyo Lowland.
1: Yamanote Upland; Buried terrace—2: Higher upper (Ia); 3: Lower upper(Ib); 4: Higher middle
(Ia); 5: Lower Middle (IIb); 6: Lower (III),; 7: Buried scarp; 8: Buried valley— (1) : Showadori-
dani; (2): Main valley; (3): Myokenjima-dani; (4): Urayasu-dani; (5): Maeno-dani; A-A""" &
B-B’: Location of cross sections in figure 2 and figure 4

According to observed data on partial soil compaction using standard iron tubes,
60-100% of the total subsidence has been caused by the compaction of soil layers within
the shallow deposits, shallower than 35-70 m, which corresponds approximately to the
thickness of Alluvium. Among the shallower deposits, the marine clay layer (Ac), the
distribution of which is governed by buried landforms, is the main compaction layer
because of its engineering properties and thickness. (figs. 2-3, tab. I).

Therefore, buried landforms are significant indicators of the areal characteristics of
land subsidence.
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4. CONCLUSION

In conclusion, the following facts are presented

a) Core-areas of land subsidence expanded northward in the earliest period ofland
subsidence and in the end periods before and after the end of the Second World War,
In the last several years several additional small core areas of land subsidence have
been identified.

b) Five levels of buried terraces scarps and dissecting valleys were recognized based
on boring data. The core-areas of land subsidence coincided with high density areas of
buried valleys.

¢) Eastward expansion of the core-area of land subsidence after the regulation of
ground water use in the western section of the Tokyo Lowland can also be recognized.

REVIEWS OF LAND SUBSIDENCE RESEARCHES IN TOKYO

Yoshi INABA, Iwao ABE, Susumu IWASAKI, Shigeru AOKI, Takeshi ENDO and
Ryozo KAIDO

ABSTRACT

The present paper deals with an historical review of development of land subsidence
research in Tokyo during about thirty years. Three periods are distinguished; the
purposes, methods and results of the research in each period are briefly summarized
in relation to advancement of the land subsidence phenomena in Tokyo.

RESUME

Une revue historique des recherches sur les affaissements a Tokyo au cours des
30 derniéres années est présentée, Trois périodes peuvent étre distinguées; les buts,
méthodes et résultats des recherches dans chaque période sont briévement résumés en
relation avec I'avancement de la subsidence 4 Tokyo.

1. INTRODUCTION

The land subsidence in the lowland of Tokyo was discovered as a result of repeated precise
levelling which had been carried out in 1924, in order to study the post-seismic crustal
disturbance associated with the Kwanto Earthquake of 1923. The recognition of such
an abnormal subsidence of land is said to be the first one in Japan or elsewhere.

The present paper is a historical review of the progress of the land subsidence pheno-
mena in Tokyo and of the related investigations.

The writers” acknowledgements are given to Dr. Naomi Miyabe for his kind super-
vision and for reading this manuscript, and to the members. of our Institute for their
valuable assistance in the preparation of this manuscript.
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2. HISTORICAL REVIEW

A historical review of the land subsidence observed in Tokyo and the related explorative
activities is shown in table 1. Three periods can be distinguished in the history of develop-
ment of the land subsidence phenomena and the related exploration in Tokyo. These are

summarized in the following paragraphs.

TasLe 1. Historical Review of Land Subsidence and Related Explorations in Tokyo

Year Phenomena, Disasters, Countermeasures Explorations, surveys
1923 (Kwanto Earthquake occurred). Precise levelling started.
1924 Abnormal subsidence of bench marks

in Koto Delta discovered.

1929 Geological maps of Tokyo and
Yokohama published.

1932 The degree of land subsidence became

remarkable.
1933 Observation well with compaction
recorder constructed, and soil tests
undertaken.
1938 Land subsidence advanced. Repeated precise leveliling in Koto
Delta.
1940 Fukugawa observation well of 35 m
depth constructed
1941 (The 2nd World War broke out) Tokyo Metropolitan Conferences for
Land Subsidence Problems made plan
for land subsidence exploration. Six
observation wells of 32-35 m depth
constructed.
1942 Azuma observation well of 19 m depth
constructed.
1944 Land subsidence had not advanced.
1945 (Koto region attacked and devastated Observations well destroyed. Precise
by bombers. levelling for all bench marks stopped.
The 2nd World War ended). Local levelling continued.

1957 Subsided area invaded by high water Relevelling started.
influx caused by typhoon.

1949 Subsided area invaded by high water

influx caused by typhoon. Land
subsidence revided.

88



Reviews of land subsidence researches in Tokyo

Year Phenomena, Disasters, Countermeasures Explorations, surveys

1951 A series of land subsidence exploration
for five years started.

1952 Iron Tube of observation wells sinking. Kameido observation well of 60.5 m
constructed. Amount of industrial
ground water withdrawal surveyed.
Chemical components of ground water
studied.

1953 The degree of land subsidence in the Two observation wells of ground

Johoku district became remarkable. water table constructed.

1954 Regional hydrogeological survey in and
around Tokyo by G.S.J. started.
Amount of industrial ground water
withdrawal resurveyed.

1955 Land subsidence in the Koto Delta Azuma-B observation well of 115 m

remarkably advanced. depth constructed. Future amount of
land subsidence for five years estimated.

1957 Local land subsidence occurred along Adachi observation well of 115 m

river valley in upland area of Tokyo. depth constructed. Survey on amount
of ground water withdrawal in whole
lowland area started.

1959 (Ise Bay Typhoon struck Nagoya City).  Geological map of Tokyo Published.

1960 Repeated precise levelling for embank-
ment of subsidence started. Future
amount of land subsidence reestimated.

1961 Control of industrial ground water Group of observation wells of different

withdrawal in the Koto Delta decided. depths constructed at several localities,
i.e., Nanagochi No. 1 (50.5 m)—No. 1
(27 m depth)—No. 4 (290 m depth) etc.
1962 Control of ground water withdrawal Hydrogeological map published.
for building use decided.

1963 Control of industrial ground water Three observation wells constructed.

withdrawal in Johoku district decided.

1966 Rate of land subsidence decreasing. Observation well of 450 m depth

Ground water table rising. Shrinkage constructed.
of deeper soil layers advanced.
Construction of outer embankment of
Koto Delta completed.
1968 Four observation wells constructed in

upland aarea. Geological map of
Tokyo published.
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2.1 THE FIRST PERIOD (1923 to 1945)

Since the discovery of land subsidence in the lowland of Tokyo following the severe
earthquake, it became quite remarkable (see fig. 1). As a result of repeated precise levelling,
the several bench marks in the Koto Delta had undergone subsidence of 10 cm or more/
year during the years 1938 to 1940 (see fig. 2).

The exploration and research during this first period were concentrated on the cause
of such an abnormal subsidence of land. In the early phase of this period, the cause of
the land subsidence was thought to be one of the following.

(i) Crustal or tectonic movement.
(ii) Shrinkage of subsurface layer.
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FIGURe 1. Total subsidence of several bench marks in the lowland of Tokyo
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FIGURE 2. Land subsidence during 1938-1940 (in mm)

In association with the advancement of the land subsidence, the apparent lift up of
masonry buildings and deep well pumps had become remarkable in the subsided area.
The foundation of masonry buildings and the bottom of deep wells in the affected area
usually rest on the deep-seated pleistocene sand and gravel beds which are covered by the
holocene soft soil layer. Therefore, such phenomena suggested that the land subsidence
had been caused by shrinkage of the layer of holocene deposits. In order to carry out
research on the said phenomena, the first observation well of 35 m depth was contructed
by Miyabe at the Kazuya Primary School, in the Koto district, in 1933. This well was
equipped with a type of compaction recorder. Subsequently, several wells of the same
type were constructed at various locations by the Tokyo Metropolitan Government
during 1940 and 1941.

As a result of observation at the said wells, the shrinkage of the subsurface soft soil
layer was recorded and, therefore, the land subsidence research was then concentrated on
and analysis of the cause of shrinkage of this soft soil layer. In connection with the
construction of the observation wells, soil tests on the samples derived from the bore
holes had been undertaken for the purpose of physical and mechanical analysis of the soil
layer shrinkage.

91



Yoshi Inaba, Iwao Abe, Susumu Iwasaka, Shigeru Aoki, Takeshi Endo and Ryozo Kaido

In the later phase of this period, various theories concerning the cause of shrinkage
were presented as follows:

The shrinkage of the soft soil layer was caused (i) by direct compaction due to the
excessive weight of structures, or to traffic vibration in the urban areas; (ii) by natural
consolidation of the soft clay layer; (iii) by the pumping up of ground water; (iv) by the
variation of atmospheric pressure, tidal movement, and so on.

In 1941, when the 2nd World War Broke out, the Tokyo Metropolitan Conference
for Land Subsidence Problems had made plans for land subsidence explorations, such as
the construction of deeper ground water observation wells, ground water surveys by the
injection of isotopes, geological explorations by means of test drilling, and so on, but
these plans could not be put into practise due to advancement of the war. In 1945, the
lowland area, especially the Koto district of Tokyo, was attacked and destroyed by large
bombers, and thus the observations at several wells and precise levelling for the whole
bench mark network within the said area was stopped, except for local levelling of the
top-marks of the iron tube at the observation wells.

TOKYO BAY

l

FIGURE 3. Land subsidence during 1944-1947 (in mm)
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FIGURE 4. Land subsidence during 1951-1952 (in mm)

2.2 THE 2ND PERIOD (1946 to 1960)

During the years 1944 to 1947, no advancement of the land subsidence in the area under
consideration was noticeable from the local levelling on the top-marks of the iron tubes
(see figs. 1 and 3). Subsequently, the result of relevelling which was executed after 1947
showed the revival of the land subsidence (see figs 1 and 4). These facts suggested that the
land subsidence of the lowland area of Tokyo had a close relationship with industrial
activity in the said area, and particularly with pumping up of ground water for industrial
use.

The first survey on the amount of industrial ground water withdrawal was carried out
by the Tokyo Imstitute of Civil Engineering in 1952, and it has been continued by the
Bureau of Capital City Development, Tokyo Metropolitan Government. Continuous
records of the variation of the ground water table were started in 1952 at the Kameido
observation well (of 60.5 m depth), and now 25 observation wells have been coustructed,
as shown in figure 5. As a result of the above-mentioned survey and observations, (see
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FIGURE 5. Distribution of observation wells in Tokyo

fig. 6), it was recognized that a close relationship exists between the lowering of the
confined ground water table, the amount of the ground water withdrawal for industrial
activities, and advancement of land subsidence. The amount of ground water withdrawal
at the factories within the Koto delta was approximately 190,000 m?/day in 1961;it is
considered to be the maximum within the said area during this second period.

A regional hydrogeological survey in and around Tokyo was been undertaken by
the Geological Survey of Japan between 1954 and 1962, the result of which was published
as basic data for the control of ground water withdrawal. These surveys, however, were
for the purpose of developing of ground water resources in and around Tokyo for
industrial use, not for the purpose of controlling the land subsidence due to ground
water withdrawal.

On the other hand, the high influx caused by typhoons had frequently invaded the
lowland or the so-called “zero meter” area of Tokyo in the early phase of this period
(see fig. 7). In order to construct the anti-high water embankment around the Koto Delta,
the Tokyo Metropolitan Government made a series of land subsidence explorations and
surveys for the five years, starting in 1951. The research, supported by the Tokyo Metro-
politan Conferences for the Land Subsidence Problems, was concentrated on the estima-
tion of the future land subsidence in Tokyo, based on Terzaghi’s consolidation theory
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FIGURE 7. Height distribution in the lowland Area in 1951 (in meters)

and other methods. As a result of this research the estimated amount of the land subsi-
dence for the five years following. 1955-was approximately 1 meter. In comparison with
the actual rate of land subsidence for the same five years, this estimation was re-examined
by statistical analysis in 1960.

2.3 THE 3RD PERIOD (1961 TO THE PRESENT TIME)

Based on the various explorations and research, the Government decided to control the
ground water withdrawal for industrial use within the Koto Delta after 1961. Since the
progress of control of the ground water in Tokyo is discussed in another paper of this
Bulletin (by Athara, Ugata, Tanaka and Myiazawa), the present paper will not deal
with it.

Since control was applied on ground water withdrawal, the continuous observation
of the ground water table at the observation wells and the repetition of preciselevelling
have been carried out. As a result, the ground water table of several observation wells in
the Koto Delta has changed from lowering to rising, and the rate of the land subsidence
has been decreasing since 1965 (see figs. 1 and 6).

Since 1952, it had been noted that the iron tube of observation wells, which were set
up on the subsurface pleistocene sand and gravel or about 30 to 70 m depth, had been
sinking every year. Such a phenomenon suggests that the shrinkage of the subsurface
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layers might occur not only in the holocene soft clay layer, but also in the lower or
deeper pleistocene bed. A group of observation wells have been constructed in several
localities for the purpose of an analysis of such a partial compaction of the subsurface
layers. These are composed of two or four wells with different depth in the same locality.
As a result of observation since 1961, the ratio of shrinkage between the shallower sub-
surface layer and the deeper one has been estimated as approximately 50%. In association
with the analysis of partial compaction of the soil layer, mineralogical and paleonto-
logical analysis of soil samples of the geological and stratigraphical structures have also
been undertaken.

Recently, in spite of control of the ground water withdrawal, the land subsidence
and the overall lowering of the ground water table have continued, and the area of
subsidence has been extending towards the surrounding lowland and upland areas as
shown in figure 8. Judging from the recent geological research, the lower pleistocene
deposits which contain abundant confined water are widely distributed within the large
sedimentary basin of the southern Kwanto region. The removal and variation of the
ground water contained in the said deposits, which might have a close relationship with
the land subsidence, should be studied from a view point of hydrologic water balance
within the ground water basin.

The recent and the near-future projects of the land subsidence investigation should
be concentrated on an analysis of the mechanism of partial compaction of different
layers and on an analysis of water balance of the ground water basin. Also, repeated
precise levelling and the various observations should be continued in order to provide
information on the development of the land subsidence.

RESULTS OF REPEATED PRECISE LEVELLINGS IN
LAND SUBSIDENCE AREA IN TOKYO

Susumu IWASAKI, Ryozo KAIDO and Naomi MIYABE

ABSTRACT

The amounts of land subsidence in the Koto region of Tokyo, the well known subsidence
area, have been measured once a year by repeating precise levelling there.

By wusing as data the yearly amounts of land subsidence thus measured, the
gradual expansion of the subsidence area was studied after the manner in which the
phenomenon of diffusion are analyzed. The local values of constants D, analogues to
the diffusion constant, are calculated and their distributions are examined. As a result,
the distribution of D thus obtained may be regarded as some indication of under-
ground hydrogeological structures which are closely related to the occurrence of land
subsidence.

RESUME

Le nivellement précis et répété, effectué une fois par an, donne toutes les mesures
de l’affaissement de la région de Koto, zone bien connue de la région de Tokyo pour
son affaissement.

En utilisant les données annuelles de 'affaissement ainsi mesurées, on a étudié 'exten-
sion de la zone d’affaissement de la méme mani¢re que le phénoméne de la diffusion a été
traité. Les valeurs locales des constantes D, analogues & la constante de diffusion, sont
calculées, et leur distribution est examinée. Par conséquent, la distribution des constantes D
ainsi obtenues peut étre considérée comme une certaine indication des structures hydrogéolo-
giques souterraines, qui ont un rapport étroit avec la production de 1’affaissement.
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1. For the purpose of determining the distribution of land surface subsidence and its
development, the precise levelling surveys have been carried out repeatedly in the land
subsidence area in Tokyo. Changes in elevation were measured by these repeated
levellings at more than 300 bench-marks in the area under consideration.

In Tokyo, such precise levelling surveys had been repeated at two years intervals during
the period from 1938 to 1944, in the main part of the subsidence area, that is, the eastern
part of the city of Tokyo. The precise levelling survey has been executed every year since
1951, when the development of land subsidence has brought about serious disturbance in
the active industrial area.

On executing the levelling survey in the subsidence area, it is required that it be carried
out as quickly as possible because the land surface undergoes continual subsidence and
the measured heights at the bench marks may not present an accurate picture of condition
if the survey operation takes too long. For example, if there is a difference in vertical
displacements of 36 mm between two adjoining bench marks during a year, which is a
modest possible amount, the height-difference between these two bench-marks may
increase or decrease by about 0.1 mm a day on the average. The height-difference will
consequently deviate by about 6 mm from the correct value, for the interval of two months.
This amount of error, if included, is too large in comparison with the value which would
be required from the specified accuracy.

It is also required that the results of the survey be as accurate as those of a first order
survey operation.

The levelling survey is executed during the first three months of every year which may
favour the requirement of quick survey. The accuracy of the results of these levelling
surveys was tested statistically by taking frequency distribution of disclosures between
forward and backward sighting from one bench-mark to another. The frequency distri-
bution of the disclosures is obtained as shown in figure 1, from which the constant 42 of
the Gaussian distribution curve

b _h%e?
fle) = ——=e (1)
2yn
is deduced to be 0.288, and this value of % leads to the probable error of about +-1.1 mm

for single observation. This value of the probable error may be satisfactory for the present
discussion.

50 T .
40

3o

-32 -24 76 =08 g9 08 16 24 32
—~ & mm.

FIGURE 1. Frequency distribution of disclosures of levelling survey operations
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2. As a result of repeated precise levellings, the areal distributions of annual subsidence
are obtained for the period from 1961 to 1968, in an area of more than 100 km? in the
eastern and northern parts of Tokyo. Of these, the distribution of subsidence during the
period 1961-1962 and that during 1967-1968 are shown, as examples of distribution pat-
terns of subsidence, in figure 2 and figure 3. Of course, the distributions of annual subsi-
dence before 1961 also are available. They are omitted, because this paper deals with
recent gradual expansion of the subsidence area correlated with the phenomenon of
diffusion, by using the distribution of annual subsidence obtained for every year since
1961.

As has already been pointed out by Wadati [1], the rate of subsidence of the land surface
of clayey soil layer due to the lowering of the ground-water level is given by

u = 3Sj0t = k(p—po); )
where:

p is the pressure of the ground water in the underlying aquifer, and k and p,
are constants.

I
IR I
7 -
<</\\j jjﬁ_‘T Y |

FIGURE 2. Distribution of vertical displacements (subsidences, negative signs being disregarded)
in Koto Region, for the period 1961-1962
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FIGURE 3. Distribution of vertical displacements (subsidences, negative signs being diregarded)
in Koto Region, for the period 1967-1968

Since p may be regarded as proportional to the height of the ground-water level, the
above mentioned relation indicates that the rate of land subsidence is proportional to
the height of the ground-water level.

The equation which determines the height of the ground-water level, when the ground
water is moving through the porous media, the aquifer, will be deduced from Navier
Stokes’s hydrodynamical equation, taking into consideration Darcy’s law and assuming
that the flow of water through the aquifer is sufficiently slow, so that the vertical
movement of water particle is negligible and horizontal velocity of water is uniform
with regard to depth. Thus we can introduce the equation which is satisfied by the
height of the ground water level { at any place and at any time, as

6_C_/£<5_2€+6_2£>
at  u \ox* ay?/)

which is similar with the equation of diffusion.

)
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We therefore assume that, considering a field of subsidence, the field intensity U, that
may represent the yearly amount of subsidence, should satisfy an equation like (3), that is,

?U  o*
Y - D(— - ‘2]>, @
ot 0x dy

where D denotes the constant analogous to the diffusion constant.

3. The constant “D”, defined above, are calculated by using as the data the values of
annual subsidence at bench-marks distibuted in the eastern part of Tokyo, following the
procedure given below.

SCALE FOR MAP
o] 1 2KM

—— -

FIGURE 4. Distribution of ,,D”, for the period 1961-1962

On executing the calculation, a grid of one kilometre mesh is set over the land sub-
sidence area under consideration. From the distribution of annual vertical displace-
ment (annual subsidence) of the bench-marks measured for the period from the epochs
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SCALE FOR MAP
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FIGURE 5. Distribution of ,,D”, for the period 1967-1968

f,—1 to 5, the vertical displacement in the same period at each mesh point, U,-"j is esti-
mated, of which x- and y- coordinates are designated by x; and y;. Then the values of
(6%U]0 x 2+ 02U/ dy?) are calculated by

(1/h?) (UiK+1,j+UiK—1,j+U{,(j+1+Ufj—1—4U§j)’ ©)

while U/t is given by
AU =-U5).

iJ
Therefore the values of D at (x;, ¥, D, ; are given by
Dy = (R0 (UF' = Uilfj)/(Ul'IiI,j',' UiK—l,j"‘ UiI,(j+1 + UiI,(j—i _4Ui1,(j) (6)

iJ
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where 7 is the time interval between the successive survey operations, normally taken as
1 year, and /4 the separation of adjoining mesh points, that is, one kilometre in our case.
Therefore the value of 22/t is to be taken as unity, and the values of D, ; are given in the
unit of km? per year.

Two examples of distribution pattern of D;; thus calculated for 1961-1962 and 1967-
1968 are shown in figures 4 and 5.

5. From the distribution of D,;, it may be noted that there are several areas where the
values of D;; are negative. Although we are not sure what this negative D;; means, it may
at least be suggested that no expansion of the subsidence area will be expected in these
areas of negative D; ;.

It may also be considered that, because the rate of land subsidence is assumed to be
proportional to the effective height (negative) of the ground-water level which is largely
affected by the water flow through the aquifer under consideration, the distribution of the
values of D;; obtained above may be some indication of the under-ground. distribution of
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FIGURE 6. Diluvium surface topography in Koto Region, reproduced from geological map of Tokyo,
published by Tokyo Institute of Civil Engineering
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a certain parameter which controls the ground-water flow. One of the parameters consid-
ered as the controlling factor is the water permeability of the aquifer, multiplied by the
gradient of ground-water pressure, which describes the lateral flow of ground water
according of Darcy’s law. The distribution of D;; obtained above may therefore be some
indication of the distribution of the ground-water flow or that of the water permeability
within the aquifer concerned. If so, the distribution of D;; may have some relation to the
underground geological features, since the water permeability within the aquifer is depend-
ent on the size of particles which constitute the soil layer and its compactness.

Referring to the geological map of Tokyo [2], the geological structure in the region
under consideration is such that the water bearing sandy layer of diluvial deposits is
covered with the clayey soil layer of alluvial deposits.

Therefore, the configuration of contour lines which represent the surface topography
of diluvium, shown reproduced in figure 6, may have some relation to the distribution of

The fact that there are several regions where the values of D;; are in turn positive and
negative, cannot yet be explained. When this question is answered, the solution of the
problem of unusual distribution of land subsidence will be approached. The complete
explanation of areal extension of land subsidence will be approached by further advance-
ment of research on the related phenomena, such as the behaviour of the ground water on
the basis of water balance and so on.

In conclusion, the authors wish to express their sincere thanks to the colleagues and

the staff members of Tokyo Institute of Civil Engineering for their kind assistances in
preparing this report.
D;; given in figures 4 and 5. On comparing the distribution of D;; with the diluvium
surface topography, it may be noted that the areas of negative D, ; tend to be concentrated
in the zone of the diluvial valley, and in the coincident industrial centre, where the with-
drawal of the ground water is most actively carried on. It is also observed that, in several
parts of the region, the values of D;; are always positive, while, in some other parts, the
values of D;; are sometimes positive and sometimes negative, though the diluvium topo-
graphic features which favour the distribution of D;; is not observable.
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LAND SUBSIDENCE IN OSAKA

S. MURAYAMA
Dr. Eng., Professor, Disaster Prevention Research Institute, Kyoto University, Kyoto, Japan

ABSTRACT

One of the typical examples of land subsidence in Japan can be scen in Osaka city,
where the maximum subsidence amounts to about 2.5 m during the last 25 years. Such
remarkable ground subsidence is due mainly to the consolidation of clay strata caused
by the decrease in the artesian pressure. This can be confirmed by the results of the
following investigation.

* Dr. Eng., Professor, Disaster Prevention Research Institute, Kyoto University, Kyoto,
Japan,
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(1) There was a close correspondence between the level of ground water and the actual
rate of subsidence. When the water level recovered, the subsidence became slight
and sometimes it stopped.

(2) The distribution of the- pre-consolidation pressure in the normally consolidated
alluvial clay in Osaka shows the decrcase in the artesian head in the aquifer.

In the Symposium the following topics on the land subsidence in Osaka will be
reported:

(a) History and outline of the land subsidence;

(b) Geological constitution and some physical properties of earth materials;

(c) Review of research on the land subsidence in Osaka;

(d) Field instrumentation and the results measured;

(e) Regulation against the use of ground water and its result on the land subsidence.

RESUME

Lun des exemples typiques d’affaissements au Japon se trouve a Osaka, ol la
subsidence maximale s’est élevée a4 environ 2,5 m au cours des 25 derniéres années. Cet
affaissement est dii en ordre principal 4 la consolidation des couches d’argile causée
par la diminution de la pression artésienne. Ceci peut &tre confirmé par les résultats
des recherches suivantes :

1. 11 y a une correspondance étroite entre le niveau dc 'eau souterraine et le taux actuel
d’affaissement. Quand le niveau de l'eau remonte, P'affaissement devient faible et
parfois s’arréte.

2. La distribution de la pression de pré-consolidation dans l’argile alluviale normalement
consolidée montre la diminution de la pression artésienne dans l'aquifére.

Les points suivants sur les affaissements & Osaka seront présentés :

a) Histoire et description des affaissemecnts ;

b) Constitution géologique et quelques propriétés physiques des échantillons de sol ;

¢) Revue des recherches sur les affaissements 4 Osaka ;

d) Instrumentation et résultats de mesures ;

e) Mesures régulatrices de l'usage de I’eau souterraine et leurs résultats sur les affais-
sements.

1. HISTORY AND OUTLINE OF THE LAND SUBSIDENCE

Osaka, the second largest city in Japan, has developed on an alluvial plain of ancient
sediment from the Rivers Yodo and Yamato. The alluvial layer consists in the upper part
of a sand stratum several meters thick, originally deposited as the top bed of a recent delta,
and in the lower part as an alluvial clay. The average thickness of the clay layer is about
15 m, but it becomes thicker as it goes nearer to the coastel zone. Below the Alluvium
there is a very thick Diluvium deposit of Pleistocene age, which consists of alternating
layers of sand and clay.

In early years, the ground water level in the City was very high and it is reported that
even artesian wells could be found in some parts of the City. However, the use of ground
water was gradually increased and land subsidence due to the withdrawal of the ground
water began to appear.

In the period from 1885 to 1928, when pumping of underground water was not so
heavy as in later years, the rate of subsidence in the City was very slight, holding at the
almost uniform rate of 6 to 13 mm per year. This slight subsidence is considered to be the
result of the natural movement of the earth’s crust and the natural consolidation of the
newly deposited alluvial clay. After 1928, however, the rate of subsidence increased
markedly with increasing use of underground water. Investigating the old data of leveling,
the presage of the subsidence due to withdrawal of underground water can be seen in
about 1928. This date almost coincides with the time when the use of underground water
for industrial purpose became active. Subsequently, a remarkable rate of subsidence began
to appear in.about 1934, From this period, the precise leveling for the wider part of the
City was frequently performed by the Municipal Authorities, following the suggestion of
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Annotation: O.P means the lowest low water level observed in
Osaka Port in 1885 and this water level is ussd as
the Standard level in the Osaka Area.

FIGURE 1-1. Annual variation of ground water level and amount of land subsidence in Western
Osaka

Prof. M. Imamura. Besides such leveling, the consolidated amount of the soil layer and
the artesian head in the aquifer at O.P.'—176 m were observed by the apparatus which
had been installed by Dr. K. Wadachi at Kujho-Park in the City in 1938. Figure 1-1 shows
the amount of land subsidence of various bench marks in Western Osaka and the annual
variation of the artesian head at the Kujoh-well stated above. From this figure, the annual
amount of land subsidence in the early period amounts to more than 15 cm. Figure 1-2
shows the monthly variation of the quantity of the water pumped in Osaka City, the
variation in artesian head, and the rate of land subsidence measured at the Kujho-well.
In figure 1-2.1, the quantity of industrial water supplied by the newly established Industrial

1. O.P. (Osaka Peil) means the lowest low-water level observed in Osaka Port in 1885 and this
level is used as the standard datum in Osaka area.
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FIGURE 1-2+3. Monthly variation of land subsidence observed at Kujoh Park in Osaka
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Water Works of Osaka is also illustrated. The peak points in figure 1-2.1 and figure 1-2.2
lie in 1961, while that in figure 1-2.3 lies in 1958. In spite of some unconformity in the
details, however, the general variation in the artesian water level and that in the rate of
subsidence show a close correspondence and suggests the existence of strong relationship
between both phenomena. In figurz 1-2.3, the period when land subsidence stopped
corresponds to the period of recovered level of the underground water (fig. 1-2.2). This
was caused by pumping being stopp=d due to the destruction of the City by the heavy
bombing in the World War II. The total amount of subsidence during thirty five years
from 1935 to 1968 in Osaka is shown by the isopleth in figure 1-3. The figure shows that
the subsidence is largzr nearer the coastul zone, and that a zone of almost no subsidence is
left in the hilly part in the middie of Osaka, where the very thin alluvial layer is covered.

The pumping wells have various depths, but most wells are shallower than —200 m.
The use of underground water fluctuates every day, every week, and every season. This

(unit :cm)

U‘“, //”

>
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L

F1G URE 1-3. Isopleth of amount of land subsidence in Osaka City from 1935 to 1968
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is reflected in the artesian water level—levels during the night, Sunday and winter were
mostly higher than usual.

Due to the remarkable land subsidence stated above, the ground height of a part of
Western Osaka has lowered below sea level and the City is exposed to the danger of
flooding caused by a high tide in Osaka Bay. Figure 1-4 shows the ground height of
Western Osaka in 1961.

The flood feared was unfortunately realized in 1934 by the Muroto Typhoon, one of
the biggest typhoons which have ever attacked Osaka. As a result an area of about

49 sq km was flooded by the high tide of O.P. +4.20 m.
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FIGURE 1-4. Ground height of Osaka City in 1961
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In order to prevent such a disaster in the future, more satisfactory dikes have been
repaired and built. Besides these prevention works, the use of underground water has
gradually been regulated in phase with the completion of the industrial water-supply
works planned as the substitute of the underground water, (see fig. 1-2.1).

Owing to the regulation against the use of ground water in Osaka City land subsidence
in the City gradually decreased and is almost stopped at present. This result can be
recognized by comparing figure 1-3 and figure 1-5; the latter shows the isopleth of the
amount of land subsidence from 1963 to 1968.

In spite of the success in preventing the land subsidence in Osaka City, however, the
land subsidence in Eastern and Northern Osaka has increased remarkably during the last
few years because these regions have been developed lately and many factories using much

‘FiGURre 1-5. Isopleth of amount of land subsidence in Osaka area from 1963 to 1968 (unit: cm)

underground water have been built. Figure 1-6 shows the amount of land subsidence in
Eastern and Northern Osaka measured since 1965 at several bench marks. This figure
shows that the subsidence at Nagase observation station come sup a remarkable 220 mm
during only three years. Figure 1-7 gives the monthly variation of ground water level and
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the rate of land subsidence of the several observation stations in Eastern and Northern
Osaka. From figures 1-7.1 and 1-7.2, it seems that the shallower the ground water level is,
the less the rate of land subsidence becomes.

In order to prevent land subsidence in Eastern and Northern Osaka, the use of under-
ground water for industrial purposes has been regulated by law since 1965 in the Northern
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FIGURE 1-6. Amount of land subsidence in Northern and Eastern Osaka

region and since 1966 in the Eastern region. The industrial water supply service to substi-
tute for the underground water has been proceeding and the preventive effect should be
realized in the near future.

The annual land subsidence from 1967 to 1968 is illustrated in figure 1-8. This
figure shows that the land subsidence in Osaka City has almost stopped except for the
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FIGURE 1-7.1. Monthly variation of ground water level in Northern and Eastern Osaka
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coastel zone arround the Port of Osaka. However, the land subsidence in Eastern Osaka
is still active and there is a large area of land subsidence whose maximum amount is 16 cm.
Besides these land subsidences, it can be found that a new area around Kishiwada City
in the Southern Osaka is developing. Though the size of the area is still very small, it may
be important to pay close attention to it.

________ Suito Observatory

—— -~ Niwaokubo ”

_ Nango -
Nagase d

Rote of Land Subsidence (mm)
FY

8

FIGURE 1-7-2. Monthly variation of land subsidence in Northern and Eastern Osaka

In order to protect the City from high tides, as described previously, high-tide
preventive dikes with a height 5 m above O.P. were constructed along the bay coast and
both sides of rivers running through the City by the Osaka Prefectural Government and
the Osaka Municipal Office. The total length of those dikes amounts to about 124
kilometers.

Furthermore, in order to withstand a severe high tide caused by an extra large typhoon,
the Osaka Prefectural Government now has a project to raise the height of the existing
high-tide preventive dikes up to 6.6 m above O.P. and is constructing high-tide preventive
locks across the rivers at the most effective down-stream sites,

2. GEOLOGICAL CONSTITUTION AND SOME PHYSICAL PROPERTIES OF
EARTH MATERIALS

(1) SUBSURFACE GEOLOGY OF OSAKA BASIN

By correlating the deep boring logs and geological investigations, the generalized strati-
graphy of the Osaka Basin can be shown in table 2-1. As for the shallow part of the
subsurface structure, its geological profile along the line A-A in figure 1-3 is shown in
figure 2-1. As shown in this figure, the alluvial layer of about 20 ~ 30 m thick is covering
the main part of the ground surface. Beneath the alluvial layer is a diluvial layer which
belongs to the Pleistocene age and is of thicknesses up to several hundred meters, as shown
in the boring logs of figure 2-2. In the plio and middle- early Pleistocene sediments, there
generally exist 10 marine clay layers which are numbered in series as Ma-1, Ma-2, ... and
Ma-10 from bottom to top. Layer Ma-3, contains a special tuff of russet colour which is
designated as Azuki-tuff and is used as a key bed. The Pleistocene deposit above Azuki-tuff
is conventionally designated as the upper division of the Osaka Group.
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Classifying the clay layers from their preconsolidation stresses, the clay in the alluvial
layer belongs to the normally consolidated clay and that in the diluvial layers to the over-
consolidated clay, Therefore, the alluvial layer has the most effect on the land subsidence

FIGURE 1-8. Isopleth of land subsidence in Osaka area (1967-1968)

and the layer about 100 m deep, which is supposed to be a deposit of the hidden terrace,
also has a serious effect on it. Furthermore, it seems that the upper division of the Osaka
Group also has a similar effect on the subsidence.
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(2) GENERAL PROPERTIES OF CLAY

The compressibility of Osaka clay was investigated on undisturbed samples obtained from
deep borings; Boring No. 1 of 700 m depth in Northern Osaka, No. 4 of 500 m depth, and
No. 5 of 700 m depth in Eastern Osaka.

A-A
Osaka City , Eastern Osaka

ged ay
Diluvium 200"
Sand 2 =

FIGURE 2-1. Geological profile along A-A line in figure 1-3

As shown in figure 2-3, most of the clays in Osaka can be classified into inorganic clays
of high plastisity when their liquid limits and plastic indices are plotted on the plasticity
chart. :

Their activity numbers (A), or the ratios of the plastic index to the percentage of clay
fraction, are shown in figure 2-4. As shown in this figure, most of clays belong to the
active clay, since the A is greater than 1.25. In general, the larger the activity number of
clay is, the greater becomes its volume change due to the decrease in its water content
from the liquid limit to the shrinkage limit. Numbers affixed to the plots in figures 2-3
and 2-4 show the series numbers of marine clays shown in figure 2-1.
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FIGURE 2-2. Boring logs of Borings No. 2 and No. 5
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FIGURE 2-3. Liquid limit and plastic index of Osaka clays plotted in plastisity chart

The consolidated volume (4V/¥) of the normally consolidated clay due to the stress
(p.+4p) can be represented by the following equation

4y _ C ,logpc+A
Vv i+e De

|4

where:

p. the preconsolidation stress of the clay;
e the void ratio of the clay before consolidation, and
C. the compression index.

The values of C, obtained by standard oedometer tests are plotted against liquid limit
(w,) as shown in figure 2-5. From this figure the following rough relation may be obtained
on an average,

C, = 0.017 (w,—37).

120
* Alluvial clay)
« Diluvi NO.I
100 Dnluw.al clay LY
¢ Alluvial clay.
o Diluvial cluy)No-‘“' °
80— K e @
o :;;'., Lo /
3
3 60— ° o'%:g ‘e uAuzs
g Lg' ° & # i: 14
g © . rd s
L S
a o e 5&?9: vcvo L) °
o e° A=075
2ol ® =%
| | ] ] 1
o] 10 20 30 40 50 60

Percent clay fraction <2 p %

FIGURE 2-4. Activity numbers of Osaka clays
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Figure 2-6 shows the distribution of preconsolidation stress, p., plotted against the
depth from the ground surface. In this figure, p, seems to increase in proportion to the
depth and is generally larger than the present effective over-burden pressure. However,
the plots of p, for the alluvial clays existing shallower than about 20 m lie on the over-
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FIGURE 2-6. Distribution of preconsolidation stress measured by oedometer tests
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TaBLE 2.1. Generalized stratigraphy of the Osaka district

Age Formation
Recent Alluvium
Late Terraces
Pleistocene Hidden Terraces ?

Middie-Early Osaka Group (Upper division)
Pleistocene “ Azuki tuff”

Plio-Pleistocene Osaka Group (Lower division)

Pliocene Nijo Group
Late Miocene Kobe Group

Basement complex (chiefly granitic)

burden pressure line. Therefore, it can be said that those clays shallower than about 20 m
belong to the normally consolidated clay and those deeper than about 20,mto the
over-consolidated clay.

(3) THE EFFECT OF LAND SUBSIDENCE ON THE PRECONSOLIDATION STRESS

Generally, the total stress applied to a clay due to the over-burden load is supported;by
both pore water pressure and effective stress, where the effective stress means the inter-
particle stress of the clay. Therefore, if the pore water pressure is decreased due to the
lowering of the artesian head, the effective stress of the clay is increased by the same
amount as the decrease in the pore water pressure. Consequently, the clay is consolidated
in proportion to the increase in the effective stress.

The maximum effective stress which was ever applied to a clay is termed the pre-con-
solidation stress of the clay. This pre-consolidation stress of a clay located at a certain
depth in the ground can be measured by the oedometer test on the undisturbed clay
sample. From this stress, the pore water pressure, #, at that depth can be calculated as the
difference between the total stress and this stress. Figure 2-7 shows the p-line, or the
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FIGURE 2-7. Distribution of pre-consolidation stress in a diluvial clay stratum of land-subsided area
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distribution curve of the pre-consolidation stress, of a diluvial clay at a location in Osaka
City.

In figure 2-7, the “total stress line” is calculated from the wet densities of undisturbed
soil samples, the “static water pressure line” is drawn from the origin whose level is taken
at the original underground water surface before land subsidence, the “p_-line” is obtained
by plotting the pre-consolidation stress p, leftwards from the “total stress line”, and the
“AB-line” is drawn by connecting the underground water levels in the upper aquifer and
the lower one at the time when samples were obtained. From this figure, it is suggested
that the consolidation in the clay stratum, or the land subsidence, was in progress at that
time as far as the artesian heads remained as they were. From the “p_-line”, moreover,
the degree of consolidation at that time and the subsequent amount of settlement due to
the future consolidation of the clay stratum can be calculated by applying the theory o
consolidation under an assumed relative position of “ AB-line”.

3. REVIEW OF RESEARCHES ON THE LAND SUBSIDENCE IN OSAKA

There has been a variety of research and investigation on land subsidence in Osaka. Some
scientific results of these studies will be introduced in this section and publications are
listed under “references” at the end of this paper.

The first investigation of the land subsidence in Osaka was performed by K. Wadachi
as chief of the science section in the Natural Disaster Research Institute, Japan Science
Promotion Society. He established the instrumentation (fig. 4-4) to observe the land subsi-
dence and the artesian head in the aquifer at Kujoh Park in 1938, and verified that there
was a linear relationship between the rate of land subsidence and the head difference
between the artesian head and a certain level. In order to analyse such a relationship, he
and T. Hirono extended the basic equation of consolidation proposed by Terzaghi by
assuming the clay skeleton as a Voigt body (1942).

Y. Ishii, as a research engineer in the Ministry of Transportation, explored the Osaka
soil, mainly throughout the alluvial layer. Besides, he also analysed the basic equation of
consolidation by assuming another mechanical model (1949). This model consists of the
series connection of a elastic spring and a Voigt element with a Newtonian viscosity. By
comparing the coefficients of the model with the results of soil testing on undisturbed
samples obtained by the exploration boring, he described the characteristics of land
subsidence in Osaka.

As for the rheological property of clays, S. Murayama and T. Shibata proposed a new
model consisting of an independent Hookean spring connected in series with a modified
Voigt element, with the viscosity element in the Voigt model being deduced statistically
by applying the rate process. The increase in the elasticities of the proposed model due to
the consolidation was also analysed (1958, 1964).

Besides the above stated research on the role clay layers have in land subsidence, the
influence of sandy aquifers on the land subsidence was investigated by S. Hayami, a pro-
fessor in Kyoto University. He observed the variation in the modulus of compressibility
of the sandy aquifer through repetitious pumping tests on the well in the field (1952-1955).
Because the modulus of compressibility of the sandy aquifer during the draw-down
period of the underground water level was found to be larger than that of the recovery
period, he supposed that the sandy aquifer was compacted by the fluctuation in the
artesian head. In order to verify these conclusion he and K. Akai performed model tests
using a tank of large scale (1956, 1957).

From the investigations and researches stated above, it can be confirmed that the land
subsidence in Osaka is caused by the excess withdrawal of underground water. However,
the mechanism of the land subsidence is not so simple because two main causes of land
subsidence seem to exist in Osaka; the consolidation of clayey layer due to lowering of
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artesian head and the repetitious compaction of the loose sandy aquifer due to the fluctu-
ation of the artesian head.

Other research on land subsidence in Osaka is the geological investigation of the
subsurface structure of Osaka Basin. This is being performed by S. Matsushita, a pro-
fessor in Kyoto University, J. Iwatsu, N. Ikebe and J. Takenaka, professors in Osaka
City University.

4, FIELD OBSERVATIONS AND RESULTS OBTAINED

In order to investigate the real state of the land subsidence, the following observations
and surveys have been performed.

(1) LEVELING OF LAND SUBSIDENCE AREA

First order precise leveling of Osaka City was begun in 1885 by the Japanese Government,
as a part of a survey net covering whole area of Japan. For this leveling, 12 bench marks
were set in Osaka City at first. After land subsidence was noticed, more bench marks were
established and additional leveling has been performed by the Municipal Authorities
since 1934. After land subsidence extended to the surrounding regions around the City,
the leveling of these regions has been performed by the Osaka Prefectural Government.
At present, 576 bench marks in all are set in the whole area as listed in table-4.1. Such
leveling is generally performed every winter, because the rate of land subsidence shows the
least amount in winter and such tendency may help to promote the accuracy of the
leveling. As the result of this leveling, various kinds of contour maps, annual variation
curves of land subsidence, etc. have been produced.

TABLE 4-1. Bench marks in Osaka

Name of region Nos. of B.M.
Osaka city ’ 239
Northern Osaka 84
Eastern Osaka 136
Southern Osaka 117
Total 576

(2) SURVEY ABOUT PUMPING WELLS

A survey of pumping wells (their location, their purpose, numbers, quantity of water
pumped, their depth, etc.) was performed. One of the results in Osaka City is shown in
figure 4-1. The decrease in use of underground water since 1962 is shown in figure 4-1 and
is mainly due to the effects of regulation and the law. The results of a survey in 1966 for
the whole area of Osaka, except Osaka City, is shown in figure 4-2. Of the total quantity
of water used (200 million cubic meters), the water used for buildings (mainly for air
conditioning) represents 47 percent. Figure 4-3 shows the monthly variation of water
quantity pumped from wells in Eastern Osaka in 1968, showing a peak in August.

(3) GEOLOGICAL AND SOIL-MECHANICAL INVESTIGATION IN OSAKA

Explanation about this subject is described in section 2.
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FIGURE 4-1. Numbers of wells and amount of ground water pumped
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FiGure 4-2. Distribution of depth of wells and quantity of under ground water pumped ( Whole area
of Osaka except Osaka City)
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FIGURE 4-3. Monthly variation of water quantity pumped from wells in 1968 ( Whole area of Osaka
except Osaka City)

(4) OBSERVATION OF SUBSIDENCE OF SOIL STRATA AND GROUND WATER LEVEL

The subsidence of soil strata and the ground water level of an aquifer are observed by the
instrumentation whose schematic sketch is shown in figure 4-4. This instrumentation
consists of two concentric steel pipes, of about 30 cm and 10 cm in diameters, inserted
into a vertical bore hole. These pipes are fixed in a sandy aquifer. The bottom part of the
outer pipe is perforated to make a strainer. If the land subsidence occurs in the soil strata
between the ground surface and the aquifer, these steel pipes stick out of the ground.

inner steel pipe

water level gouge displacement gouge
[ [ Y —]

outer steel
Ground nurfg‘cp:

2aviTasS ':5- g2

clayey -mnum

claysy strat
(L ;/////

FIGURE 4-4. Outline of observation apparatus

Therefore, the relative displacement between the inner steel pipe and the ground surface,
measured by a gage set near the head of inner pipe, represents the amount of land subsi-
dence from the surface to the bottom of the steel pipe. An automatic recording gage of
a certain magnification is usually used for the displacement gage. The underground water
level can be measured by the automatic water gage placed between the inner pipe and outer
one Figure 4-5 shows an example of continuous records measured automatically at the
Kujoh observatory in August 1957. The locations of such observatories have been shown
in figure 1-5, and their instrumentations in table 4-2.

If the instrument pipes are set on the aquifers of various depths, the amounts of land
subsidence between the pipes of various depths can be observed. Examples of such
observed results are shown in figure 4-6.
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FIGURE 4-5. Records of land subsidence and ground water level measured at Kujoh Park 1957
(25th| Aug. was Sunday)

TABLE 4-2. Number of observatories in Osaka

Kind of Observation Nos.
Observatories for Land Subsidence 29
Observatories for Ground Water Level 43

1947 48 49 50 51 52 53 54 55 5 57 58 59 60 6! 62 63 64 65 66 67 68
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FIGURE 4-6.1. Vertical distribution of land subsidence in Western Osaka (at Kujoh Park, 1947-1968 )
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(5) INVESTIGATION OF AQUIFERS AND GROUND WATER

By using test wells in the field, the permeability and compressibility of aquifers were
investigated under the guidance of Prof. S. Hayami. Investigation of a recharge well was
also tested in the field.

NS Regulated area by Iindustr ial water Low”

f::j Supply area of the industricl water works

FIGURE 5-2. Supply area of industrial water works

The ability of a well to supply ground water was sometimes determined by a pumping test
of underground water. In this test, the ability of the well to supply water was determined
by the quantity of water pumped, which corresponded to the inflective point of the curve
representing the relation between quantity of water and water level during the test.

Since the underground water of different sources contains different amounts of soluble
chemicals, the underground water system in Osaka was investigated by the examination
of chemical analysis of the ground water.
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5. REGULATION AGAINST THE USE OF GROUND WATER AND ITS
EFFECTS ON THE LAND SUBSIDENCE 5.

In order to prevent land subsidence the use of underground water had to be regulated.
Besides the regulation, the river water had to be substituted for the underground water
by establishing the industrial water works.
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FIGURe 5-3.1. Isopleth of amount of land subsidence in Osaka (1960)

The regulation in Osaka City was decided first by the Industrial Water Law enacted
in 1956 in order to prohibit constructing new wells. Afterwards, this law and its regulated
district were reformed to be severer. According to the existing law, reformed in 1962, the
districts regulated against the use of ground water for industrial purposes are shown in
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figure 5-1. In each district, the maximum sectional area of a newly establishing pumping-
tube and the minimum depth of a well were limited as described in figure 5-1. Figure 5-2
shows the present water supply area of industrial water in Osaka. The quantity supplied
has previously been shown in figure 1-2.1.

FIGURE 5-3.2. Isopleth of amount of land subsidence in Osaka (1962)

As the underground water began to be used not only for industrial purpose but also
for the buildings, the regulation of ground water for buildings was enacted in 1959 for
a certain part of Osaka City. But the regulated district was extended to the entire City in
1962. The cooling tower method was substituted for use of underground water for
buildings.
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The effect of these regulations on the land subsidence in the City can be observed in
figure 5.3.1 to 5.3.4. The regulations in the Eastern and Northern regions were described
previously in section 1.
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As this paper is too short to report sufficient data on the land subsidence in Osaka,
another more detailed report is now being prepared for distribution at the Symposium
by the editorial committee, which consists of the engineers in the Osaka Prefectural
Government and the Osaka Municipal Office and the researchers participating in the
investigations.
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FiGURE 5-3.4. Isopleth of amount of land subsidence in Osaka (1966)
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ANALYSIS OF LAND SUBSIDENCE IN NIIGATA

Tatsuro OKUMURA

Port and Harbour Research Institute, Yokosuka, Japan

ABSTRACT

The land subsidence in the Niigata area was analyzed by means of consolidation theory.
Pumping the underground water from the deep sandy layers for extracting methane
gas caused a time-dependent loading to the clay layers. An analytical solution of consol-
idation under the load increasing linearly with time was obtained in terms of the vertical
strain. A numerical method of analysis for the load decreasing linearly and then becoming
constant was developed considering the difference in values of soil constants for consoli-
dation and for rebound respectively. These two methods were combined for analyzing
the subsidence in the Niigata area, and the results compared favourably with the observed
scttlement.

RESUME

L’affaissement du sol &2 Niigata a été analysé par le moyen de la théorie de consoli-
dation. Le pompage de l’eau souterraine a partir de la couche profonde sableuse pour
extraire le gas méthane a causé la mise en charge, variable avec le temps, de la couche
de l'argile. Une solution analytique de la consolidation sous la charge augmentant avec le
temps est obtenue en ce qui concerne la déformation verticale. Une méthode numérique
d’analyse de la charge augmentant d’abord linéairement et devenant ensuite constante est
développée en tenant compte de la différence dans les valeurs des constantes du sol &
la consolidation et au regonflement. Ces deux méthodes sont combinées pour analyser
le tassement & Niigata, et les résultats ont été favorablemcent comparés avec les valeurs
observées.

1. INTRODUCTION

Niigata City and the neighbouring area have suffered a severe land subsidence since the
1950’s. The greatest rate of settlement of 53 cm per year was observed around the Port of
Niigata in the period of 1958-1959 as shown in figure 1 (I1st District Bureau for Port
Construction et al., 1963). Many of the port and coast facilities, river and road embank-
ments, and farms and factories had gone out of use.
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Every possible reason of land subsidence was investigated, and finally it was concluded
that the main source of the subsidence was the pumping of underground water for
extracting methane gas. Natural methane gas in the Niigata area is dissolved in the water
of deep sandy aquifers. The ratio of the volume of the dissolved gas to the water was one
to one, and the greatest rate of the pumpage was 17,000,000 cubic meters per month. It
caused the water heads of the aquifers to be below sea level by a maximum amount of
44 m, and resulted in a considerable consolidation of the clay strata.

While large scale countermeasures were rushed in the subsiding area, various investi-
gations were carried out; leveling, tide observations, borings and soil tests, measurements
of compression and water table in each stratum by means of observation wells, and the
statistical survey of a quantity of the pumped water and gas. Subsidence analyses were
made by means of the consolidation theory and others, and future settlement was predicted
with satisfactory accuracy at each time.

Pumping restrictions, have been enforced four times from 1959 through 1962. It
resulted in a marked recovery of the water heads in the aquifers, hence a new loading
condition for the clay strata, as illustrated in figure 2. The writer developed a new method
for analyzing consolidation under such time-dependent loading (Okumura and Moto,
1967), and applied it to the analysis of the land subsidence in the Niigata area.

2. THEORETICAL BASIS

2.1. CONSOLIDATION UNDER INCREASING LOAD

According to Mikasa’s theory (1963), it is more convenient to analyze consolidation in
terms of strain than in terms of excess pore water pressure, since the problem of pore
pressure set-up in this case can be replaced by the problem of boundary conditions.

If the change in thickness of a clay layer and the influence of its own weight are
neglected, and the coefficient of consolidation, C,,, is assumed constant, the fundamental
differential equation of one dimensional consolidation in terms of compression strain,
g, is given as,

2
Z-c2: m
ot 0z

Assuming that the total stress distribution is linear with depth and the load increases
at a constant rate up to time ¢, as shown in figure 2, the boundary and initial conditions
become,

(0, 1) = myp, t[t,
¢2H, t) = m,p, 1/t )
e(z,00=0

where the coefficient of volume compressibility, m,,, is assumed constant. The solution
of equation (1) under the condition of equation (2) can be obtained by the theory of
conduction of heat (Carslaw and Jaeger, 1959) as follows,

m, z P1tPs P2—D
e=—|T + —p)— |- =—=F (T, z2H) +—~=—F, (T, z2H) | (3)
T1[ (P1 (p; P1)2H> » 1( [2H) > 2( / )](
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inwhich T'is the time factor (7= C t/H 2, T, is the time factor at time ¢, , and F (T, z/2H)
is referred to the coefficient of strain and expressed in the forms,

16 pid 1 —_p2x2 nnz
F (T, z2H) = = (- T4y gin —= 4qa
i( [2H) 3 n=—'l.;,5,... n3( ) 2H (4a)
16 d 1 2.2 nnz
F, (T, z2H) = — —(1 —e ™ T4y 5inp —= 4b
2 [2H) n? n=2,;,6,... n3( ) 2H (4)

The relationship betweenﬁ‘the strain and the excess pore water pressure, u, is,

&= mv(p—u)

Liosonz)]
v ' P P>—Dy 2H

where p is the total pressure at the depth and time under consideration. The solution in
terms of excess pore pressure is then written as,

)

w=21 [M Fy(T, zj2H) - 22721 p (T, z/2H)] (6)
L 2 2

This corresponds to Terzaghi-Frélich’s solution (1936). And the condition of p, = p,
gives,

=2 p (1, z12H) 7
Tl

This corresponds to Schiffman’s solution (1963).

Denothing the degree of consolidation, U, as the ratio of the mean effective pressure to
the mean total pressure at that time, the expression for the degree of consolidation is,

11 32 & 1 o
= 1 — hatndl e nig
(3 NP VR ) ®

Uo(D)

1]

in which Uq (T) shall be called the coefficient of degree of consolidation and is independent
of the magnitude of pressures p, and p, respectively. Using the coefficient of degree of
consolidation, the expression for the settlement, S, becomes,
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2H
S=J edz
0

— 2Hm, % L Uy(m)

1

9

It may be said that the settlement in this case is expressed as the product of the thickness
of the clay layer, the coefficient of volume compressibility, the mean total pressure at that
time, and the degree of consolidation.

2.2, CONSOLIDATION UNDER DECREASING LOAD

When a load decreases before a corresponding consolidation of a clay layer is completed
the following situation may occur: the effective pressure in a part of the layer continues
to increase, whereas it decreases in the other part, causing this part of the soil to swell
or rebound. In such a case, the compound phenomenon of consolidation and rebound
should be considered.

The coefficient of volume expansibility, m,,, of the clay will be smaller than the coef-
ficient of volume compressibility by the factor of about 10 (fig. 6), and it will be dependent
on the magnitude of the preconsolidation load and the overconsolidation ratio, As far as
the writer is aware, however, no established relationship between the above factors has
been reported. Similarly much ambiguity exists in the coefficient of rebound, C,,, which
is a counterpart of the coefficient of consolidation, C,. If the coeflicient of permeability
does not change, however, the coefficient of rebound will become m,/m,, times the coef-
ficient of consolidation. Therefore, in this section it may be assumed,

mUl‘ = mv/r

(10)
C,=rC

v

where r is a constant for a particular soil.

In the consolidation phenomenon, including rebound, the strain depends upon the
stress history. Thus the choice of the strain as the dependent variable may not be relevant.
The fundamental differential equation of consolidation including rebound, under an as-
sumption of linear stress distribution, is represented as a function of excess pore water

pressure,
du C,10*u dp
= | e T 11

ot {rC,}@zz ot (11

The choice of the coefficients in braces depends on whether the effective stress, p, increases
or decreases with time, and may be written as follows,

— 2
Cofor Lz0 ie. Tso
ot 0z
(12)
Cyfor L <0 ie Thso
at z
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Under the loading condition shown in figure 2 (¢, £t=1r; +1,), the fundamental
equation, the boundary conditions, and the initial condition are represented respectively

as follows,
%%={2j§§—i@u+@rmgiﬁ (13)
(0, 8) = 0
u@H, 1) =0 (14)

u@@=%@%&ﬂmﬁmﬁl§ﬂnmeﬂ
1

Since the above equation can not be solved analytically, a numerical method has to be
used. Dividing the whole layer of clay into a slices as shown in figure 3, equation (13)
can be written in the form of a finite difference equation,

—i= —_T Tt + —Dp,) - 15
21 e, 1.2 N p3+ (pa Ps)a 15)

The excess pore pressure at time (¢+A4¢) can then be computed by the following
equation, using the excess pore pressures at time #,

w/tt =ul + {ﬂ[/’r} (ui— 1 +uley —2u)) - tl <P3 + (pa—p3) l) At (16)
o

2
in which

B = rC,At/4z* an

(18)

0 1(P1+P2 . P2—D1: . )
W= (B P2 p (7 gy~ P27 PUp (T, ifa)
A 1(Ty, ifo) > 2 (T, if

L

i: grid number in z-axis, from 1 to (x—1)
j: grid number in ¢-axis, from 0 to ¢,/Az.

In some cases it will be probable that the effective stress in some slices decreases at
first and then increases. Such situations may be encountered when the rate of loading
changes after a period of time, as shown in figure 2 (z > ¢; +¢,). In this case equation (12)
alone is not sufficient. Assuming that the same consolidation parameters are applicable
to both rebound and recompression, as far as the effective pressure does not exceed the
preconsolidation pressure, the choice of the coefficients in equation (16) may be extended
approximately as,

Bjr... for F<0 and 3p/—p/"*=2p1., (19a)

135



Tatsuso Okumura

B .. for F0 and 3/~ < 2P (19b)
for F>0 (19¢)
in which .
F = ul_ +ufy; —2u] (20)
Pl = pl—u

, ) . (21)

At At i

=p - By {Pz—P1 —J_(P4—Ps)}— —u]
t, = t, o

and ;. is the maximum value of 5} in <, + At (G— 1).
Applying the trapezoid formula, the settlement, S, of the layer is represented as
follows,
a—1

, 1 . .
S = 5(5{,+e§)Az+ Y &dz
i=1

+ jAt ad
= vaz[”l P2 T2 (py+pa) + z 22)
2 2rt ty =1 1 I—)f
' <1 - '_)pimax + =
r r

A aZ

2H

FIGURE 3. Key sketch to numerical analysis

The third term of the right hand side of equation (22) should be,

> Bl ---for condition of equation (19a)
(23)

a—1

54
Y l:(l — 1) Dimax T+ &] .- for condition of equations (19b) and (19c¢)
r r

i=1

The degree of consolidation, defined in the same way as that for increasing load, is
represented by the trapezoid formula as follows,
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, 2 e—1
U/ =1-— ul 24)

; )
a{pi+p, — (p3+Dpa)j ALt} i=1

When the negative excess pore pressure is prevalent within the layer, the degree of
consolidation may become more than 100 percent.

After the load has become constant as shown in figure 2 (1> ¢, +7,), the differential
equation of consolidation including rebound is represented,

ou C,| 0*u
g vt 2 2 25
Jat {rCl} dz* @)

And the fundamental equation for numerical analysis becomes,
. . r . . .
W =] +{”/§ }(u:_1+u:+1—2uz) (26)

in which
ul=ul=0
w4 . from equation (16)

i: from1 to (ax—1);
Jj: from (z,/4t) to infinity.

The effective pressure, the settlement and the degree of consolidation of the layer
become,

_j i X
pi =p1—p3+(pz—p1—p4+p3)&—u{ 27
X p + +p a—1 ﬁ{ —l

S/ = m,dz _1&_23_‘@2 (28)

L2 2r i=1 1 ﬁ’:

<1 —_) ﬁimax +'_l

r r

. 2 a=—1

UVi=1- Y uf 29

a(p1+p;—ps—DPs) i=1

The choice of the terms in { } in equations (25), (26) and (28) should be made after
equations (19) and (23).

3. SOIL CONSTANTS AND LOADING CONDITIONS

In order to measure the water head of the aquifers and the compression of the clay
layers, several observation wells were installed in the Yamanoshita area. The wells consist
of an outer steel pipe with a filter tip through which water in the aquifer may enter freely,
and of an inner pipe supported by the frictionless centralizer through the outer pipe and
based on the aquifer. The water head of the aquifer was recorded automatically by
measuring the water table in between both pipes, and the compression settlement down to
the aquifer was automatically recorded by the movement of the inner pipe relative to the
ground surface.
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Figure 4 shows the underground water head of each aquifer in meters below the sea
level, which was supplemented with the record taken from the industrial wells for gas.
These decreases in water head may lead to additional loads both for the clay layers and
the sandy aquifers. An example of the settlement record by the well is shown in figure 8.
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FIGURE 5. Simplified soil profile and loading condition for calculation in Yamanoshita
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FIGURE 6. Coefficient of consolidation (Virgin compression)

In connection with installing the observation wells several borings were carried out
down to the depth of 1200m, and undisturbed clay samples were taken with the tin-wall
fixed-piston sampler from the clay layer above 500 m depth, as well as some disturbed
samples from the layer above 1200 m depth. Consolidation tests, unconfined compression
tests, and classification tests were performed on these samples.

The soil profile is shown in simplified form in figure 5. Except for the thin surface
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layer, alternate silty-clay and gravelly-sand strata down to the depth of about 600 m are
considered to be diluvial deposits.

A large capacity oedometer, with maximum load intensity of 200 kg/cm?2, was used
to investigate the consolidation properties of the clay samples. Test results in figure 6
and 7 show that, in spite of extremely high overburden pressure, the coefficient of volume
compressibility and the coefficient of consolidation are not so different from those of
typical alluvial soils in Japan. The preconsolidation pressure determined by Casagrande’s
method was slightly larger than the estimated overburden pressure, but it was not so clear.
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FiGure 7. Coefficient of volume compressibility and volume expansibility ( Virgin compression)
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4. COMPARISON OF CALCULATED RESULTS WITH THE OBSERVED
SETTLEMENT

For simplicity of analysis it is assumed that consolidation loads change linearly with time
as shown in figure 4, and that they are applied to each layer as shown in figure 5. After
a number of trial calculations, the soil constants considered to be relevant to the analysis
are as follows,

m, (clay) 8x 10 3cm?/kg m, (sand) 4 x 10~%cm?/kg
m,, (clay) 1.6 x 12‘4cm2/kg m,, (sand) 0
0.1 cm?/min for increasing load
C, (clay) 0.2cm?/min for decreasing load
C, (sand) 0
C,, (clay) 10 cm?/min
Overconsolidation pressure 1 kg/cm?

Three kinds of settlement records are available, as shown in figure 8. The record of leveling
survey will be most reliable, but there is no detailed record until 1957. Harmonic analysis
of the tide level gives a smooth curve of relative settlement, but it may be somewhat over-
estimated in comparison with that obtained by the leveling. The rise in the inner pipe
founded at 1200 m shows the least settlement, which may be to some extent due to the
friction between the pipe and the soil. Therefore, none of these three records is satis-
factorily reliable. Moreover, a considerable earth crust movement by the Niigata Earth-
quake complicated the settlement record.

The calculated settlement is shown in figure 8. As compared with the observed settle-
ment record, the rate of calculated settlement is found to be greater in the period until
1956, and smaller in the subsequent years. This difference in the rate of settlement may be
partly due to an ambiguity in assessing the loading condition in the early period. (See fig. 4)
However, the calculated result compares favourably with the observed settlement, as
a whole, and may be used for estimating future settlement with satisfactory accuracy.

5. CONCLUSION

A newly developed method for analysis of consolidation under time-dependent loading
was applied to the analysis of land subsidence in the Niigata area. Although the soil
constants, the loading conditions, and even the observed settlement were not fully reliable,
the calculated result compared favourably with the observed settlement as a whole. The
present method may be applicable to the analysis of consolidation in which the applied
load is partly removed before the consolidation is completed, e.g., in the pre-loading
method of a road embankment.
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NIIGATA GROUND SUBSIDENCE AND GROUND WATER CHANGE

Takuzo HIRONO

ABSTRACT

Periodogram and Fourier analysis were applied to the data obtained from observation
wells installed for measuring ground subsidence at Yamanoshita ward, Niigata City,
in 1958. The items of data analysed are the sea level at the harbour and the atmospheric
pressure at the meteorological cbservatory in addition to the ground subsidence and the
ground water level at the observation wells with depths of 20, 130, 260, 380 and 610 m
respectively. The analyses were made for the period from July to October, 1958 (about
120 days).

The ground surfaces changes periodically with the ground water. For shorter periods
(< 30 days) the ground surface undulates with amplitude proportional to that of the
ground water without any significant phase-lag. But the longer the period (> 100 days),
the later becomes the motion of the ground with respect to the ground water up to 90°
out of phase. The permeability of the soil is inversely proportional to the period.

RESUME

L'’utilisation de périodogrammes et de ’analyse de Fourier a permis I'étude des données
fournies par les puits d’observation installés pour mesurer ’affaissement du sol a
Yamanoshita, Cité de Niigata, en 1958. Les données analysées sont le niveau de la mer
dans le port et la pression atmosphérique a I’observatoire météorologique, ainsi que
I'affaissement du sol et le niveau de Ieau souterraine 4 des puits ayant des profondeurs
respectives de 20, 130, 260, 380 et 610 m. Les analyses ont été faites pour une période
allant de juillet & octobre 1958 (sur 240 jours).

Le niveau du sol change périodiquement avec le niveau de l'eau souterraine. Pour
les plus courtes périodes (< 30 jours), le niveau du sol fluctue avec des amplitudes propor-
tionnelles & celles de I'eau souterraine presque sans déphasage, mais pour les périodes
plus longues (> 100 jours), le déphasage du mouvement du sol par rapport & celui de
I'eau souterraine atteint 90°. La perméabilité du sol est inversément proportionnelle a
la période.

1. INTRODUCTION

The Niigata district has suffered severe ground subsidence since 1956. In this district,
the land had been subsiding before that time, though the speed was less than 10 mm a year.
In 1958, yearly sinking at Sekiya, Niigata city, amounted 16 cm and, in the worst years
of 1959 and 1960, subsidence attained 32 cm per year at Ono. Since 1958, the precise
levellings have been repeated over the whole area of the Niigata plain, and a number of
observation wells, a device to record the amount of subsidence (contraction of layers to be
exact) and the level of ground water, have been installed at places where sinking has been
Very conspicuous.

The examination of the results thus obtained revealed that the layers at the depth from
380 m to 610 m were conspicuously contracting. This fact suggested that the real cause of
the subsidence may be attributed to the drop in hydralic pressure of confined aquifer,
accompanying natural gas mining. Then, regulations were frequently enforced to restrict
the pumping up of a certain quantity of ground water. Consequently, the slow down in
the speed of the subsidence in the area is achieved.

This paper deals with analysis of records obtained from a group of the observation
wells at Yamanoshita, Niigata city, installed by the First Regional Harbor Construction
Bureau, Ministry of Transportation. Author’s discussions are mainly concentrated on the
effect of the pumping regulations on preventing subsidence.
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2. GENERAL VIEW OF NIIGATA GROUND SUBSIDENCE

Most part of the Niigata plain, roughly 8,300 km?, is a victim of ground subsidence. The
severest parts extend along the Shinano river and may be divided into two parts. One is
in the down part of the river forming a strip area of 30 km X 7 km along the coast of the
Sea of Japan with Niigata city in its center (the Niigata area). The other one occupys a
rhombic area with its side being 15 km long, half way up the river, with Shirone city in
its center (the Shirone area). Figure 1 shows the distribution of the total amount of subsi-
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FIGURE 1. Ground subsidence in the Niigata district (1959-1968). Y: Yamanoshita. 50, 2178 and
4425: No. of bench marks referred to figure 2

dence which occurred during nine years from Sept. 1, 1959 to Sept. 1, 1968. The places
of the most remarkable subsidence are Aoyama in the Niigata area and Ajikata in the
Shirone area, where the total amounts attained 194.4 cm and 96.3 cm respectively. The
progress of the subsidence is shown in figure 2 in which the integrated vertical displace-
ments of several representative bench-marks (cf. fig. 1) obtained as the results of the
precise levelling are given. Due to the subsidence, the Niigata area has been threatened
with the invasion of sea water, and the Shirone area with the interruption of irrigation.

In October, 1958, the Cosmos Project was undertaken for the period of one month
to test whether or not the height of the ground water level has an ability of controlling
the subsidence. The wells for natural gas mining around Yamanoshita were divided into
four groups by two quadrantal lines crossing at Yamanoshita. Natural gas industries in
the city stopped pumping in turn from one group to another for a few days each, and the
subsidence was examined simultaneously by the observation wells. Figure 4a and 4b are
the records thus obtained which display the slightly slackened speed of subsidence at the
610 m well but rather sudden sink at the 380 m well making the conclusion ambiguous.
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FIGURE 2. Variation of heights at some bench marks. The locations of B. M. are referred to figure 1

The last phenomenon, however, was proved later on as have derived from the loose
structure of the bottom of the observation well.

In order to get any decisive result, a long term regulation of their own accord for
water puping was put to effect. This is No. 1 regulation listed in table 1 and the results
are shown in figures 4¢, 4d and 4e. The subsidence speed surely diminished as shown in the
figure. But sea level, which was also expected to diminish in rising, apparently increased.
This unexpected gradual rise of the sea level was caused by the lowering in atmospheric
pressure in the ratio of 1.9 cm/mb.

Encouraged by this fact the regulation was stepped up to an higher degree. The details
of the regulations enforced up to the present are as follows;

TABLE 1.
No. Month Area Dgree of Regulated
regulation amout

1 Feb,, 1959 Harbor area in the city partial 67,000 kl/day

2 Sep.-Nov., 1959  The whole city partial 113,000 kl/day

3 July, 1960 Inner and outer area of  shallower than G5(610 m) 142,000 ki/day
the city partial

4 Nov., 1961 Within 5 km out of the shallower than G6(800 m) 170,000 kl/day
city border complete

5 July, 1968 Within 10-5 km out of shallower than G3(260 m) 14,500 kl/day
the city border complete

Now, the speed of subsidence reduced to a few centimeter per year within the city but at
both Uchino and Shirone, located in the partially regulated area, a speed of 8 cm/year
were still observed during the period from 1967 to 1968.
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3. OBSERVATION WELLS

In the subsidence, there have been 40 observation wells installed successively since 1953,
of which 17 are located in Niigata city and 19 in the Shirone area. Most of the observation
wells are of similar structure. For an example, the 610 m, observation well at Yamanoshita,
Niigata city, is introduced here. It is constructed with double iron tubes having the
diameters of 76 mm and 140 mm respectively. The inner tube stands on a cylindrical shoe
fixed in a gravel layer, and the bottom end of the outer tube is capable of sliding inside
the same shoe, whenever it is forced to move downwards by the earth’s frictional force.
The shoe has many slits on its wall through which water in the aquifer is led into the space
between the two tubes. If the layers which is penetrated by the iron tubes contract, the

e
%ﬁ 4

33~4,

e e e

The FRecords of

the observation Well,
&i0m, ol Yomanoshitg,
Niigata City,June8-14, |
1958, :

up ; Ground Water Level
down; Subsidence

FIGURE 3. Records of the observation well. 610 m, at Yamanoshita, Niigata city, June 8-14, 1958
Top: ground water level. Bottom: subsidence
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inner tube apparently rises above the ground surface. The amount of the rise is recorded
on a recorder whose magnification is 20, and the ground water level is also recorded at the
reduction of 10:1. For this purpose, the diameter of the outer tube is widen at the end
portion near the surface and a small buoy is set afloat on the water surface between the
double tubes.

At Yamanoshita, where the subsidence has once been very conspicuous (fig. 1), there are
six observation wells involving that mentioned above; the others being those with depths
of 20 m, 260 m (G3), 380 m (G4), 490 m (G4") and 1200 m (G7). The bracketed symbols
designate the aquifers at different depths, named with respect to natural gas mining. All
of these observation facilities were destroyed by the Niigata earthquake of 1964, and only
the 260 m, 490 m and 610 m wells were restored one year after the earthquake. The data
used here are all from them except for the 20 m well which was located at Yamada, one
kilometer distant from the site, until it was broken by the earthquake. Data of barometric
pressure and sea level used here are due to the Niigata District Meteorological Observa-
tory and the Niigata harbor each 4 km and 0.5 km distant from Yamanoshita.

4. RECORDS AND DATA

An example of the actual record of the observation well of 610 m depth is shown in
figure 3. Curves obtained by connecting these records successively for a month (October,

October , 1958
'”:'Z% """ — Barometric Pressure ™ e N ad A\ o
Wﬂw; M ~ o™ /\ Tt

[ TS NN N N TGO NI S I SN IR I E I WP R |
E7 A vt R

i 1
i < E o 5 o s L3 4 a ! L 2 K " ‘e o 75 Y 5 -0
FIGURE 4a. Ground water level recorded by the observation wells at Yamanoshita, and other
elements. The data are plotted at every 3 hours for a month ( October, 1958). The abnormal uprisings
of water levels are due to tentative, near-by, pumping stops for the days, 1-4, 7-10, 14-16, 20-22,
26-31 for the Cosmos Project
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Ground Subsidence ( October, 1958 )
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FIGURE 4b. Ground subsidences recorded by the observation wells for the same period as in figure 4a

1958) are shown in figure 4a, b in which the data of the barograph and the mareograph
are given in parallel. Incidentally, these are the records of the Cosmos Project stated above
and some levels of ground water extraordinarily change, but it can be said that they are
characterized by undulation which looks parallel to that of sea level, and this tendency is
occasionally disturbed by the irregular change, clearly of artificial origin, especially in the
case of the deeper wells than 260 m. On the other hand, the subsidences impressed us with
the strong responces to the atmospheric pressure different in degree with the wells rather
than to the ground water change.

Period analyses are done with the data of about eight months, beginning from August
1st, 1958, involving the terms of the Cosmos Project and No. 1 and 2 pumping regulations
in the earliest stage of the conspicuous sinking. The data applied to it are the values
observed at 2 a.m. of every two days. The whole data are illustrated in figures 4c and 4d.
In the latter, the data of the subsidences obtained from the observation wells other than
those at Yamanoshita are also shown. At Yamanoshita, the amounts of the subsidences
of different wells for the term in the proportion of 100:89:29:13 in the order of the 1200 m,
610 m, 380 m and 260 m wells in which 100 stands for 348 mm/year.

This form of the data for subsidence is not pertinent for the analysis and what used here
is the successive difference between the 2 a.m. values of every two days (fig. 4e). It may
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FIGURE 4¢. Ground water levels of the observation wells at Yamanoshita, and other elements. The
data are plotted every 2 days for 8 months. The abnormal rising of the ground water levels are mainly
due to pumping regulations started in February, September and October

express a speed of subsidence per 4 days, while the former a displacement. The data for
the sea level and the barometric pressure are of the speed type in reference to the 24 hours’
mean values. In performing the analysis, the data arranged in the order of time were cut
at every nth value, superposed, summed up over every column and divided by the number
of superposition (cf. fig. 7). Then, the fundamental amplitude and its phase angle with the
resulting curve was calculated. This process was repeated for the value of # from 3 to 15.

In executing Fourier analysis, the data of the displacement type are used for the sea
level and the barometric pressure. The analysis was carried out by picking up every ten
days value from the same data as in the periodic analysis, after smoothed by Spencer’s
method (figs. 4c and 4e).

5. GROUND WATER LEVEL AND THE SPEED OF SUBSIDENCE

(a) GROUND WATER

Figure 5 shows the amplitude spectra for the ground water thus obtained and their phase
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Ground Subsidence of the Layers at Yamanoshita and others
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F1GURE 4d. Ground subsidences of the observation wells at Yamanoshita and other places for the
same period as in figure 4c

differences in reference to those of the sea level. The actual period corresponding to the
value of n is 2r days as seen from the nature of the data stated above.

Only two peaks (predominant values) are seen in the spectrum of the barometric
pressure, but in that of the sea level, two more peaks appear in addition. They are occur-
ring at n = 11 and 14, which correspond approximately to 21 days and 28 days, multiples
of 7 days. The predominance of fluctuations with the amplitudes of # = 4 and 7 may also be
notable in the same spectrum. This fact suggests that they might have been caused by some
artificial origin with a seven days period through periodic inclination of the sea bottom.
The amplitude ratio of sea level versus barometric pressure is definitely 1.9 cm/mb for
the predominant periods, » = 6 and 9, though the values for other » are rather scattered
around 1.9, from 0.6 to 6 in cm/mb.

In the spectrum of the ground water level, peaks corresponding to those of sea level
may be recognized in the case of the 20 m well, but it becomes more difficult to find out
any correspondence between them for the wells deeper than 260 m. The phase of the
fluctuations in the ground water level is retardative of that of the sea level by about 30°
for the 20 m well (See fig. Sb). In the case of the 130 m well, the ground water level was
not observed. But the phase relation between the subsidence and the sea level enable us to
estimate the retardation also about 30°.

The disagreement between phases of the fluctuations in ground water level of the
deeper wells and those of the sea level may be due to the artificial seven day period dis-
turbances already stated. As to the existence of the fluctuation with period of 7 days, the
result from the superposition in the case of n = 7 shown in figure 6 may be presented as
an evidence.

The amplitude ratioes of the fluctuations in the ground water to those of the sea level
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FIGURE 4e. Subsidence speeds of the observation wells at Yamanoshita for the same period as in
figure 4c. Figure 4d and 4e are the whole data with which period analysis and Fourier one were made

for the predominant periods are not uniform. It is the case even for the 20 m well; they
are 0.18 for n = 6 and 9, and 0.29 for n = 7, 11 and 14. The difference is considered as
due to the effect of the atmospheric pressure.

(b) SUBSIDENCE SPEED

Figure 7 shows similar spectra concerning the subsidence speed and their phase lag in

reference to those of the ground water. The peaks in the spectra for the subsidence speed

agree with those of the ground water level in the cases of the shallower wells, but do not

in the cases of the deeper wells. The reasons for this may be:

(1) Interference of components having periods close to each other.

(2) The subsidence observed with a deep well is the integrated compactions of various
layers, yielded in relation to ground water level in respective confined aquifers.

(3) The barometric pressure obviously affect the subsidence so that the ground surface
is depressed when pressure becomes higher.

The subsidence speed observed at the 20 m well has phase lag from 70° to 90° behind
the ground water level for all values of # except for 5 and 10. It implies that subsidence
occurs almost in phase with ground water. Assuming that the peaks of the ground water
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(b) Phase Lag {Sea Level—Growd Water)
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FIGURE 5. Spectra of the ground water and the other elements and their phase lags from the sea
level ( Period analysis). The positive sense of the axes of both elements are taken upwards
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FIGURE 6. The result of the: superposition of data for ground
water for n = 7 showing the existence of a 7 day period
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(a)  Spectra of the Subsidence (b) Phase Lag { Ground Water — Sub Speed )
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FIGURE 7. Spectra of the ground subsidence and their phase lags from the ground water (Period
analysis). The positive axis of the subsidence is taken upwards except for the 20 m well for which
it is downwards

at n = 6 and 9 for the 20 m well cause the subsidences in proportion to their amplitudes
and that if they are not actually in proportion, the deviations from it should be the effect
of the atmospheric pressure acting in proportion to the deviation, we get the ratio of
amplitude of subsidence versus that of ground water at 0,024 and that of subsidence versus
barometric pressure at 0.0036 mm/mb. Assuming further that the variation with pre-
dominant periods of the sea level are in proportion to that of the ground water for the
130 m well, we get 0.023 mm/mb as the ratio of subsidence versus atmospheric pressure
for the well.

For the wells deeper than 260 m, conditions are entirely different, though they are
also very sensitive for the variation in the atmospheric pressure as is understood by
comparing figure 4a with 4b. In many cases, as seen in figure 7, phase lags of the variations
in subsidence observed at the deeper wells are not close to 90° but nearly zero (360°) or
180°. Minute examination of the result of the superposition (for instance, cf. fig. 6) reveals
that the fluctuation with the period of about half # is not smoothed away because of the
shortage in number of superposition. In addition, the barometric pressure seems to
emphasize the fluctuations with shorter period. Consequently, the form of the result of
the superposition for subsidence speed sometimes looks entirely different from that of
ground water. But considering such effect of the barometric pressure as mentioned above,
it may be comprehensible that the phase lag of the subsidence behind the water is nearly
zero. Figure 8 shows an example in which fundamental forms of the results of the super-
position with the data from the 260 m and 380 m wells are rather distinct.

Besides the period analysis mentioned above, the 24-ordinate Fourier analysis was
made with the data of 240 days. This was done for the purpose of elimination of small
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FIGURE 8. The result of the superposition of data for n = 10, showing the ground water nearly
proportional to the speed of subsidence for the 260 m and 380 m wells and the large effect of the
atmospheric pressure on the subsidence speeds

disturbances with shorter periods that mask the general trend of the phenomena. The
results are shown in figure 9. As seen in the figure, there are a few peaks of the coefficients.
But the peaks with the ground water do not coincide with those with the subsidence.
Since the violent change of the ground water level in the 380 m and 610 m wells are sup-
posed to have been expressed by the first few terms of the Fourier series, any predominant
ones among them except for the fundamental one may not have any special meanings.
Only common peaks corresponding to » = 5 may be significant in figure 9a, and it has
the period of 48 days, a period very close to a multiple of 7 days, suggesting that it has
been brought about by the artificial origin. On the other hand, in figure 9b which
concerns with the subsidence, common peaks corresponding to n = 9 (27 days) are notable,
instead of » = 5. They also may be due to the atificial origin.

The amplitude of the fluctnation in-the ground water-level of the 20 m wells are very
small as compared with those of the deeper ones, but the amplitude of the fluctuation in
the subsidence of the 20 m well is not so small as compared with the others. At the 20 m
well, subsidence and ground water changes occur simultaneously even for a long period,
but the subsidence speed is almost in phase with the ground water for n = 1, the funda-
mental term, in the case of the 610 m and 380 m wells (cf. fig. 9¢). This is the same con-
clusion as obtained in the period analysis.
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From the discussion mentioned above, it is conceivable that when the periodic change
in the ground water level is small enough in amplitude, the subsequent motion of the
ground surface responds without time lag as if it is caused by a volume change of sandy
transition layer, situating between the gravel layer and the silt or clay layer, while the
sufficiently large amplitude affect the water pressure in the silt-like layer over the transition
layer.

6. STANDARD LEVELS OF THE GROUND WATER

The above statement concerns with the analysis of the data shorter than one year. But
the data for about 10 years from the beginning of the severe subsidence are the object of
discussion hereafter.

In figure 10 are shown monthly mean values of the subsidence speed per day and the
height of ground water level of the 610 m well together with those of barometric pressure
and mean sea level, the former-two changing gradually in parallel with each other, that is,
the subsidence speed decays with rising ground water level. It is also observed that one
year period of subsidence speed can be clearly traced in parallel with the barometric pres-
sure without any phase lag larger than one month. The ratio of the undulation in the
subsidence speed to that in the barometric change is roughly estimated as 0.08 mm/day.mb.
Although the ratio of ground water level to the mean sea level with respect to the change
with yearly period is roughly 0.2-0.3, it is not appear distinctly as in the case just stated
above, because the range of the change of the ground water level is extremely large. A
similar character may be put to the behavior of the variation in subsidence measured as
referred to the 380 m well.

ll°59 11960 1961 1962 1963 1964 1965 1966 1967 1768
1 I \1 - .| N S | N vz‘i LI v - S 7| S-S v | Y-S I | NSO < | IS
th J R . o o Barometric Pressure | o j :
1020F o%g"s  o®%veq o0 e, . ltCee . .
fo ‘l. 00,00 ’ 0--. ..".a' i ... ... “.‘.. . .L 'o.u" ..."-..-'"' % .' ‘."oo .
P o . | e 1]
s Sea Level [
M eqtee  oeteiqe., o0 4 eV | . o ose, o N
L odoe [ "o ed ., og2|
03] g ...' e ., ..oo.‘..' ...u. % "- hall A S o.....
o0, - r . .
0 : —
1 | )
I |
day! | |
; ] — P e
. e LA
r . ...o .l . ...“. o ! j . . ....' “. ..' . .‘n"'
«, o |8 T oy ®| L4 m
o2r et | I 1o
ve % | | .
0 . ® . . I |
ul .
204- o, e o° ¢ Subsidence  Speed | | 10
“h o (som 14 r Rs e
r o 3
! I o000 000 o°g°°° ]
30009990 Gug o =
06k . nal go"omwouowmwmqooocp‘ | 0, 1202
{ %, t ° | |
r o [ [
L] . R3
00000
0'4 %% e ‘OO°°°+’°°m Water | Level I I 4-30
o
R2 ) (810m) | I
§ ©%oc® ‘Damaged by\
[N the Nugata
o | 400000 learthqueake |
o | 4-40
- do® i |
500 ,,Mﬂll"‘iliﬂﬂ\ilf R A I I I B
1
oJﬂll:l...|l.|||luL.nlml et bttt D PO T Y 1/[ETYVen R llJ

FIGURE 10. Subsidence speed and ground water level of the 610 m well at Yamanoshita with the
other elements. Monthly mean values are plotted for every elements. Rs show the times of enforcement
of the pumping regulations
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Now, along the curve of the ground water level in figure 10, are seen the signs of R at
5 places. They indicate the times when the regulation on the pumping of ground water
were enforced and we see a marked decrement of the subsidence speed just after every
moment when the regulation is put to effect. It took about a few months for the 610 m well
to attain the stationary state after the regulation is effected for the first three cases and
about six months for the fourth case.

Figure 11 shows the relation of the subsidence speed versus the ground water level,
in which (11a), (11b) and (11¢) are for the cases of the 610 m, 380 m, 260 m wells respect-
ively. Series of points in every diagram should be thought to shift with the time lapse
generally from upper right to the lower left in the figure. Except for the case of the 260 m
well, close relation is clearly seen between rise of the ground water level and decay of the
subsidence speed. The ratio k of the subsidence speed to the ground water level for the
610 m well is about 0.02 mm/day.m., with the ground water level of —20 m, while it is
0.25 and 0.05 respectively when the ground water level is about —30 m and —40 m.

The cause of this variety of the ratio may be the influence of the contraction of the
upper layers controlled by the water of the other aquifers. One of the main aquifer shal-
lower than 610 m is that of 380 m, and the value of & with regard to this aquifer may be
taken as constant, say, about 0.008 mm/day.m. (-cf. 11b). On the contrary, in the case of
the 260 m well, the subsidence speed did not change appreciably for a while in spite of the
monotonous rising of the ground water level due to the pumping regulations. But after
the fourth regulation of July, 1958, which involved entire suspension of pumping within
Niigata city, the situation is reversed. The level of the ground water stopped changing
while the speed of subsidence continued diminishing. This may prove that the shallow
layers above 260 m have stopped shrinking. It is a matter of course that similar phenomena
have occurred in the cases of the 380 m well and the 610 m well after the fourth regulation
(cf. 11a, 11Db).

From figure 11e, — 3 m may be taken as an upper limit of the level of the ground water
for the 260 m well to stop subsidence. The curve expressing the tendency of the relation
between the subsidence speed and the level of the ground water suggests —12 m as an
upper limit for the 610 m well, but taking the changed condition just mentioned which
occurred after the fourth regulation into consideration, a deeper level, say, — 15 m, may
be safely taken as a limit. Similarly, for the 380 m well, though the limiting point seems
to be —2 m from general tendency in figure 11b, it may be considered to be enough to be
taken as deep as — 6 m for it.

Figure 12 shows the relation between the speed of subsidence at the 610 m well and
that at the 380 m well. In this case, too, the ratio of the former to the latter varies depend-
ing on the stage of the regulation. Before the third regulation, the speed of subsidence at
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FIGURE 12. Relation between two subsidence speeds of the 610 m and 380 m wells. Any group of
data with similar marks occupies common interval of any two successive regulations
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the 610 m well diminishes more rapidly than the other but finally attains to a constant
ratio of 2:1 to the other, showing that only the layer between 610 m to 380 m was recover-
ing from the contraction before the third regulation. After that, the contraction of the
layer above 380 m stats to slow down and tends to decay after the fourth regulation.

The points in figure 12 may be devided into four groups according to the intervals of
the regulations. The points in each group are apparently on a line passing through the
origin showing that the barometric pressure affects the subsidence speeds at both wells in
proportion to the speed. It suggests that the atmospheric pressure affects homogeneously
the whole layers.

Figure 13 shows the relation between the subsidence speed at the 610 m well and that
at the 1200 m well. In this case, too, the ratio of subsidence speed at one well to the other
is different according to the stage of the regulation. When the speed was large the ratio
was about 5:7, and when small, it is 1:1. This figure indicates that the major part of Niigata
ground subsidence is due to the contraction of the layer lying between 380 m to 610 m.
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FIGURE 13. Relation between two subsidence speeds of the 610 m and 1200 m well

7. CONCLUSION

The ground subsidence occurring in the Niigata plain is extremely larger in scale and depth
than those in Tokyo and Osaka. It is of some different nature compared with similar
phenomenon in other regions, probably due to the difference in soil character. The layers
are composed of sandy and silt-like soil, poor in clay, and contain ground water with
soluble gas. This may be one of the reasons why the periodic components in the ground
subsidence appear subsequent to the periodic change in the barometric pressure.

The complex structure of the layers in this district had made it difficult to obtain any
positive results from the analysis of the data for short interval of time, say, less than a year.
The sufficiently long term data now available, however, made it possible to distinguish
a number of small disturbances, natural or artificial, from the general trend and to
ascertain the validity of the results obtained with the short interval of data. Thus, the
facts displayed in the present papers approve us to conclude that the subsidence in the
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Niigata district is also be attributable to the same cause as in Tokyo and Osaka. In these
cities, the proof of the theory that the subsidence is caused by the overpumping of the
ground water, was given when the factories in the cities were destroyed by the War. But
in the case of Niigata it was given by a series of regulations on pumping of ground water.
The regulations have resulted in a large slow down of subsidence, although there are
still some locations outside of the city where people suffer from subsidence as in the
Uchino and Shirone areas.

There are some problems left in future to be solved. One is that concerning the
efficiency of the recharge of ground water. Since 1961, the pumping regulation has been
enforced with a net value of pumping equal to the total amount of the pumped ground
water substracted by the recharged amount. But its efficiency has not been assured yet.

Another problem is to examine the possibility of the rise of the ground surface by
supplying sufficient ground water pressure. In the case of Tokyo and Osaka it was
recognized difficult to raise it, but in the case of Niigata, where the nature of soil is
somewhat different from those of the other regions, it is worth while to extend examination
in this direction. Study in these problems, which relate to each other, will be a clue to
better methods to prevent further subsidence and to improve the conditions.

ACKNOWLEDGMENT

The author thanks Dr. N. Miyabe for inspecting this paper. The author also thanks the
authorities of the Ministries of International Trade Industry, Agriculture and Forestry,
Construction, and Transportations for the data presented through the Special Committee
for Niigata Land Subsidence under the superintendence of the Science and Technology
Agency and the Land Subsidence Subcommittee, Conservation and Disaster Prevention
Committee, STA.

This research was supported in part by the Science and Technology Agency, Niigata
Prefecture and Niigata City.

DISCUSSION

Intervention of Dr. Kiyoo WADATI (Japan)
Question:

The land subsidence of the Niigata region is mainly caused by the withdrawal of ground-
water from deeper layers when compared with the cases of Tokyo and Osaka. Did the
close relation between the subsidence rate and groundwater level exist even for a short
period such as 5 or 10 days as it was reported in the investigation of Osaka and Tokyo ?

Answer of Dr.fHiroNo:

The linear relationship is observed in long term series of more than one month, however,
we could not establish it for short periods of several days. This, I think, is attributable to
the strong disturbances due to other influences such as atmospheric pressure, tides, etc.
as well as the thickness of the sand layers of Niigata. In other words, I wanted to point out
that for a long enough time period, the rate of subsidence corresponds to the change of
water level. As to the detailed report on the short term change of several days, I would like
to refer to my present paper.
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A LINEAR RELATIONSHIP BETWEEN LIQUID PRODUCTION AND
OIL-FIELD SUBSIDENCE

R. 0. CASTLE, R.F. YERKES and F.S. RILEY
U.S. Geological Survey, Menlo Park and Sacramento, California

ABSTRACT

Correlations between production and subsidence in the Inglewood oil field of California
indicate that subsidence has varied approximately linearly with net liquid production.
Similar relations in three Venezuelan ficlds and the Wilmington (during the primary
production stage) and Huntington Beach fields in California, suggest that this linearity
may be a general phenomenon. The ratio V, (volume of subsidence)/V, (volume of
liquid production) ranges from 0.08 in the Inglewood field to nearly 1 in one Venezuelan
field. Early production stages commonly have been characterized by non-linearity.

The observed linearity is imperfectly understood. If compaction is considered a linear
function of effective stress over the relevant stress range, simple analogy with a tightly
confined artesian system (where production must derive from liquid expansion and/or
reservoir compaction) indicates that ¥V /Vp should remain: (1) constant and close to
but > 0 for those fields characterized by slightly compressible reservoir materials (and
invariant liquid compressibilities); and (2) constant and close to but < 1 for those fields
characterized by highly compressible reservoir materials. Changes in V[V, through time
may be related to changes in the produced gas/liquid ratio.

RESUME

Les corrélations entre la production et la subsidence dans le champ pétrolifére d’Ingle-
wood (California) montre que I’affaissement a varié approximativement de fagon linéaire
avec la production nette de liquide. Une relation semblable existe dans trois champs
au Vénézuela et dans les champs de Wilmington (phase de production principale) et
de Huntington Beach (California), suggérant que cette corrélation linéaire peut étre un
phénomeéne général. Le rapport V', (volume de subsidence)/Vp (volume de production)
varie entre 0,08 dans le champ d’Inglewood et prés de 1 dans un des champs vénézuéliens.
Pendant les premiéres phases de production cette corrélation n’est généralement pas
linéaire.

La relation linéaire observée est imparfaitement comprise. Si la compaction est considérée
comme étant une fonction linéaire de la tension régnante, pour un domaine de valeurs
de tension raisonnable, la simple analogie avec un systéme artésien fortement enfermé
(ol la production doit dériver de I’expansion du fluide et/ ou de la compaction du réservoir)
montre que le rapport V,/V4 doit rester (1) constant et faiblement > 0 pour les systémes
a4 matériaux de réservoir faiblement compressibles (avec compressibilités des fluides
invariantes), ou (2) constant et faiblement < 1 pour les systémes & matériaux de réservoir
fortement compressibles. La variation de V[V p avec le temps est peut-&tre due & celle du
rapport gaz/liquide produit.

INTRODUCTION

Investigation of the differential subsidence centering on the Inglewood oil field of California
has identified an approximately linear relationship between liquid production and various
aspects of subsidence. This relationship was unexpected here, for its existence had been
specifically denied in the well-studied Wilmington oil field (Gilluly and Grant, 1949,
pp. 501-502), where the subsidence was generally considered directly proportional to
measured reservoir-pressure decline or to various logarithmic expressions of liquid pro-
duction (Gilluly and Grant, 1949, pp. 463, 502-518; Miller and Somerton, 1955; Hudson,
1957, pp. 43-59). None of these relationships were recognized in the Inglewood field. This
paper examines the basis and character of the linear relationship identified in the Ingle-
wood field, the extent of its occurrence in other oil fields, and a possible explanation for
its existence.
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A linear relationship between liquid production and oil-field subsidence

SUBSIDENCE IN THE INGLEWOOD FIELD

The Inglewood oil field was discovered in 1924 in the northwest part of the Los Angeles
basin (fig. 1). It is underlain by a sequence of gently to moderately arched and conspi-
uously faulted Cenozoic sedimentary and volcanic rocks (Driver, 1943, p. 307; Yerkes and
others, 1965, pl. 4). Through 1963 about three-quarters of the oil and about four-fifths of
the net liquid had been produced from the relatively shallow Vickers zone (fig. 2¢), which
ranges in depth from about 800 to 3100 feet and ranges in age from middle to upper-
Pliocene (Standard Oil Company of California, 1966, unpublished data).

Sub sidence over the Inglewood field (fig. 1) was first recognized in 1943 and has since
been closely monitored by the Los Angeles Department of Water and Power (1963,
unpublished data). Vertical movement at PBM 68 (fig. 1), the only bench mark within
the subsiding area that was leveled before production began and has been releveled from
time to time since, is shown in figure 2A. Subsidence at PBM 122 (fig. 1) closely approxi-
mates the maximum subsidence within the field ; calculation of the cumulative subsidence
at this bench mark has been based in part on a comparison with measured subsidence at
PBM 68.

The indirect comparisons between subsidence and production shown in figure 2 indi-
cate both a coincidence in time between the beginning of production and the beginning
of subsidence at PBM 68 and a close correspondence between rates of net liquid produc-
tion and rates of subsidence . Direct comparisons between liquid production and subsi-
dence derive in part from data presented in figure 2 and are shown here in figure 3.

The generally linear relationships between net-liquid production and the depth and
volume of subsidence are clearly evident; correlations between other measures of liquid
production and subsidence are less pronounced. Linearity between net-liquid production
and subsidence is especially pronounced if consideration is restricted to the Vickers zone.
Several observations indicate that nearly all of the subsidence derives from compaction
of the Vickers zone: (1) through 1963 about 72.5 percent of the oil and about 78 percent
of the net-liquid production had come from the Vickers zone; (2) roughly 30 percent of
both the subsidence at PBM 68 and the liquid production between 1911 and 1963 had
occurred by 1934, up to which time there had been almost no production from zones
other than the Vickers; (3) variations in the subsidence rate have been apparently inde-
pendent of production from zones other than the Vickers, whereas there is a close corres-
pondence between the rates of subsidence and the rates of production from the Vickers
zone.

The ratio of ¥V (volume of subsidence) to ¥, (volume of net-liquid production) for
the full period of measurement shown in figure 3, ranges from 0.08 for the entire field to
0.10 where V, is limited to production from the Vickers zone. The slope of the clearly
linear portion of the ¥ /¥, plot for the Vickers zone alone is nearly identical with that
obtained through comparison of V, with V, over the entire period of observation; the
slope of the linear segment of the ¥/ ¥, plot for the full field (about 0.074), on the other
hand, is somewhat less than the ratio of ¥ to V), for the full period of production.

FIGURE 2. A. Subsidence ar PBM 68 with respect to bench mark Hollywood E-11. Long-dashed-line
portions calculated from comparisons with vertical movements at nearby bench marks; short-dashed-
line portion covers period devoid of measured elevations within the subsidence area centering on the
Inglewood oil field. B. Cumulative net-liquid (stock tank oil plus water produced, minus water
injected) and gas production from the Inglewood oil field through 1963. Compiled from production
statistics of the California Division of Oil and Gas. C. Cumulative net-liguid and gas production
Jfrom the Vickers zone of the Inglewood oil field. Compiled and computed from production statistics
of the Conservation Committee of California Oil Producers. D. Fluid pressure decline midway
through the central Vickers zone.Calculated from fluid pressure decline curve for the upper Vickers
East zone (California Department of Water Resources, 1964, p. 16, pl. 9)
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FIGURE 3. Cumulative oil, gross-liquid, and net-liquid production from both (A) the entire field and
(B) the Vickers zone of the Inglewood oil field versus cumulative subsidence at PBM 68 since 1911
and cumulative volume of subsidence over the field since 1911, Calculation of successive volumes of
subsidence based on the assumption that their shapes have closely approximated inverted elliptical
cones. See figure 2 for explanation of dashed-line portions

LIQUID PRODUCTION-SUBSIDENCE RELATIONSHIPS IN OTHER OIL
FIELDS

There are very few published examples of oil-field subsidence in which both the pro-
duction and subsidence are well enough known to be compared over extended periods of

time. The generally missing element is frequently repeated leveling over a suitably dense
survey network.

BoLivar CoAsT OIL FIELDS

The best published comparisons between liquid production and subsidence come from
three unidentified oil fields along the Bolivar Coast of Lake Maracaibo, Venezuela (van
der Knaap and van der Vlis, 1967). Plots of cumulative gross-liquid production versus
cumulative volume of subsidence for each of these fields are shown in figure 4. “Gross

166



A linear relationship between liquid production and oil-field subsidence

liquid™ is, in this instance, almost certainly equal to “net liquid,” for none of the fields
in this area are known to have been repressurized through water flooding. Field A is
thought to have lost liquids through migration to adjacent fields (van der Knaap and
van der Vlis, 1967, p. 94); correction for this loss as production would reduce the average
slope of curve A, possibly by simply shifting it to the right and thereby requiring that the
pre-1935 segment of the curve be shallower than the post-1935 leg. Ratios of V to ¥, for
the entire period of measurement for each of these three fields are: (A) 0.85; (B) 0.69;
(C) 0.62. Slopes of V/V, over the linear portions of the three curves are: (A) 0.78;
(B) 0.98; (C) 0.92.

Production in millions of bbls
200 400 600 800
752 T I T

200 |-

400 —

600 —

800 |-

Subsidence volume in millions of bbls

FIGURE 4. Cumulative volume of subsidence versus cumulative gross-liguid production for three
unidentified Bolivar Coast oil fields (after van der Knaap and van der Vlis, 1967, p. 94). Techniques
utilized in measuring the volumes of subsidence have not been specified

WILMINGTON OIL FIELD

The well-known Wilmington oil field, located along the south coastal section of the Los
Angeles basin, is one of the few additional fields for which the data permit a comparison
between liquid production and subsidence. Owing, however, to the absence of offshore
control and the presence of interfering subsidence domains, it has not been possible to
measure or calculate, other than very roughly, the cumulative subsidence volumes over
successive production intervals. Thus, although no attempt is made here to compare liquid
production with successive volumes of subsidence, we may compare various aspects of
liquid production with subsidence at a point (fig. 5).

According to records of the Long Beach Department of QOil Properties (D.R. Allen,
1969, written communication), the ratio of ¥ to ¥, was about 0.62 for the period between
1936 (when production began) and 1956 (immediately preceding the initiation of full-scale
water flooding). Our own crude estimate, as derived from the addition of three successive
volumes of subsidence whose configurations are assumed to have approximated inverted
elliptical cones, indicates that the maximum value of ¥, to ¥, for the period 1936 through
mid-1957 was no more than about 0.7; subjective correction for the changing configu-
ration of the subsidence bowl between 1946 and 1951 would reduce this ratio to about
0.55-0.60, a figure in reasonable agreement with that suggested by the Department of Oil
Properties data.
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FIGURE 5. Cumulative oil, gross-liquid, and net-liquid production from the Wilmington oil field
plotted against cumulative subsidence near the center of the Wilmington subsidence bowl. Prepared
Sfrom production statistics and subsidence data compiled by the California Division of Oil and Gas,
and subsidence data presented by Gilluly and Grant (1949, pp. 471-473, 527), and Hudson (1957,
table V).

HUNTINGTON BEACH OIL FIELD

The Huntington Beach field, which is also located along the south coastal section of the
Los Angeles basis, is the only other field for which available data permit a comparison
between liquid production and subsidence. We have, however, been unable to develop
any reliable estimates of successive changes in the volume of subsidence through all or
even part of the production period of the Huntington Beach field. Although subsidence
between 1920 (when production began in the Huntington Beach field) and 1933 has not
been reliably determined at any bench mark within the zone of differential subsidence,
we can compare the post-1933 subsidence at selected bench marks with various aspects
of liquid production (fig. 6).

GENERAL OBSERVATIONS

Several conclusions emerge from direct comparisons between the various measures of
liquid production and subsidence in the six fields examined above:

(1) All show at least a crudely developed linear relationship between cumulative net-
liquid production and one or more measures of subsidence. Plots of subsidence against
only oil or gross-liquid production are generally far less linear in character. Data from the
Inglewood field suggest that subsidence at a point provides at least a rough index of the
changing volume of subsidence.

(2) Departures from linearity seem to have characterized the early production stages
in at least five of the six fields. Subsidence rates in the Bolivar Coast and Wilmington fields
were, in proportion to their production rates, relatively low during the early years of
development; whereas subsidence rates over the Inglewood field (and probably the Hun-
tington Beach field) are believed to have been relatively high during the early production
years.
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(3) V,/V,, whether derived from the full period of observation or the slopes of the
linear portions of the subsidence-production curves, ranged over nearly an order of magni-
tude — that is, from 0.08 or 0.10 in the Inglewood field to nearly 1 over the clearly linear
parts of the curves for two of the Bolivar Coast fields.
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FIGURE 6. Cumulative oil, gross-liquid, and net-liquid production from the Huntington Beach oil
field plotted against subsidence at bench marks located (A) near the center of subsidence, and (B)
midway up the southeast limb of the subsidence bowl. Prepared from production statistics of the
California Division of Oil and Gas and elevation data of the US Coast and Geodetic Survey and the
Orange County Office of County Surveyor and Road Commissioner. Easily related elevation meas-
urements have been available only since 1933; estimates of subsidence since 1920 shown by dashed
lines.

EXPLANATION

The general theory advanced in explanation of reservoir compaction and resultant oil-
field subsidence (Gilluly and Grant, 1949) is, in its broad outlines, beyond challenge. Thus
Terzaghi’s principle, which relates increased effective stress directly to fluid-pressure
decline, probably is validly applied to the multifluid-phase system. Yet in seeming oppo-
sition to this generalization, measured reservoir pressure decline within the Vickers zone
was disproportionately high with respect to surface subsidence during the early production
years (fig. 2a and d); a similar situation is believed to have prevailed in the Wilmington
field (City of Long Beach, 1967, unpublished data). Whatever the relationship, then, be-
tween measured reservoir pressure decline and compaction, the two are certainly not
directly proportional.

The most likely explanation for the poor correlation between reservoir-pressure
decline and subsidence (or compaction) is that pressure decline as measured at individual
producing wells is generally non-representative of the average or systemic decline over
the field as a whole. Thus in examining this problem in the Wilmington field, Miller and
Somerton (1955, p. 70) observed that “reductions in average pressure in the reservoir are
virtually impossible to determine with a satisfactory degree of accuracy.” This deduction,
coupled with the observed linearity between net-liquid production and subsidence, sug-
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gests that the liquid production may constitute a better index of average reservoir-pressure
decline than that obtained through down-hole measurements.

The approximately linear relationship between net-liquid production and subsidence
remains imperfectly understood; a general explanation may be offered, however, through
simple analogy with a tightly confined artesian system of infinite areal extent. The artesian
coefficient of storage may be defined as the volume of water released from storage within
a column of aquifer underlying a unit surface area during a decline in head of unity. In
an artesian system that is hydraulically isolated from any free-water surface, the volume
of water represented by the storage coefficient will be derived entirely from the expansion
of the confined water and compaction of the reservoir skeleton. Thus the total volume of
reservoir compaction must be linearly related to cumulative production, provided only
that the bulk modulus of elasticity of the water and the modulus of compression of the
reservoir skeleton remain invariant over the relevant stress interval (see Jacob, 1940,
p. 575-577). In the case of a well field in which the liquid-extraction flux is very high (that is,
one characterized by closely spaced wells and high production rates) and hydraulic diffu-
sivity! is very low, fluid-pressure decline will be expressed chiefly as mutually interfering
cones of depression surrounding individual wells and will be largely confined to the main
body of the well field. Thus production will be obtained chiefly from liquid expansion and
reservoir compaction within the areal limits of the well field itself, rather than by extrac-
tion (and consequent but almost unmeasureable subsidence) from an extensive peripheral
region. Under these circumstances the average pressure decline at any location within the
field (and the consequent increase in effective stress and resultant compaction) will tend
with time to become approximately linearly related to cumultative production. More
significantly, subsidence will be restricted to a well-defined area within which it can be
measured with some degree of accuracy.

The system described above becomes directly comparable with an oil field if two res-
trictions are imposed on the producing oil field: (1) the proportion of gas in the net fluid
produced must remain constant so that the effect of adding the produced gas to the cumu-
lative liquid production curve will uniformly change its slope but not its form (a restriction
dictated by the presumption that the expansive effect of the gas is a function of its concen-
tration in the fluid system); (2) the compressibilities of both brine and oil in the reservoir
state must be sufficiently close as to be considered identical. The second required restric-
tion is considered the most vulnerable feature of this model.

Liquid production from a petroleum system in which the reservoir solids are only
slightly compressible and the reservoir fluids are relatively highly compressible, will con-
sist of: (1) a relatively large volume attributable to fluid expansion; and (2) a relatively
small volume attributable to compaction. Because the reservoir pressure decline, and thus
the increased effective stress and the compaction, are directly proportional to liquid pro-
duction, V/¥, for this system should be constant and charaterized by values close to but
greater than 0. This model may be typified by the Inglewood field, which has been iden-
tified as an essentially solution-gas-drive field (California Department of Water Resources,
1964, p. 16). Liquid production from a system in which the reservoir skeleton is highly
compressible and the reservoir fluids are only slightly compressible, constitutes the oppo-
site extreme, and will consist of: (1) a relatively large volume attributable to reservoir
compaction; and (2) a relatively small volume attributable to fluid expansion. Because
reservoir compaction due to increased effective stress is again directly proportional to
liquid production, ¥,/ ¥V, for this system will again be constant, but characterized by values
less than but close to 1. This system may be typified by some of the Bolivar Coast fields,
which are thought to be driven by formation compaction (van der Knaap and van der Vlis,

1. Hydraulic diffusivity, a term analogous to thermal diffusivity, is defined as the transmissivity
of an aquifer (hydraulic conductivity times thickness) divided by its storage coefficient. This
ratio determines the rate at which a head change propagates through the aquifer.
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1967, pp. 94-95). The Wilmington field may be an example of one intermediate between
the two cited extremes.

Departures from linearity may be related to changes in fluid or skeletal compressibili-
ties. It is likely, however, that the observed departures in the early parts of the curves
(figs. 3, 4, and 5) are due chieflly to changes in the produced gas-net liquid ratio. Thus
relatively low gas production from the Wilmington (as deduced from production statistics
of the California Division of Qil and Gas) and Bolivar Coast fields (as inferred from the
changing gas-oil ratio —see Davila and others, 1951, p. 211) during their initial develop-
ment, was associated with relatively low subsidence rates. The Inglewood field, on the
other hand, was apparently characterized by both high gas production and relatively
rapid subsidence during its early development (see fig. 2).

CONCLUSION

If linearity between net-liquid production and subsidence is indeed a general characteristic
of subsiding oil fields, its recognition may supplement existing predictive techniques.
Because the older techniques have been based largely or exclusively on the Wilmington
experience, the relationship described here may have broader applicability in estimating
future subsidence over recognized examples of subsiding fields.
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DISCUSSION

Intervention of Dr. Naomi Mi1YABE (Japan):
Question:
How did you compute the subsidence during its early stages?
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Answer of Dr. CASTLE:

As I indicated earlier, there was only one bench mark within the Inglewood field that was
leveled prior to the initiation of production in 1924 that has been releveled from time to
time since; it was first releveled in 1943. However, several nearby bench marks were
leveled between 1926 and 1943. By comparing the ratios of vertical movement at these
benches with the movement at the older bench since 1943 and then extrapolating back-
wards, we can estimate the approximate subsidence at the critical bench during various
pre-1943 periods.

Question of Dr, MIYABE:

Do you think that the subsidence was directly related to gas production?

Answer of Dr. CASTLE:

We feel that the relatively high gas production from the Inglewood field during its early
production years contributed to the relatively high subsidence during this same period.

Intervention of Dr. Manuel N. Mayuga (USA):

Question:

Yesterday I was asked about the legal aspects of subsidence. I wonder if you would be free
to comment on the legal aspects of the Inglewood oil-field subsidence with respect to
structural damage generated in this area?

Answer of Dr. CASTLE:

As Dr. Mayuga has indicated, serious structural damage has been associated with the
Inglewood oil-field subsidence. A reservoir located on the edge of the subsidence dish
failed in 1943. The California Department of Water Resources concluded that the failure
was attributable to faulting through the floor of the reservoir. We are not engineers and
cannot make judgments on the failure of engineered structures. We have, however, attri-
buted the indicated faulting to oil-field operations. Suits have been brought against the
operators of the oil field and it is my understanding that they will be tried this fall.

Comment of Dr. MAYUGA:

What I was trying to point out is that subsidence has led to a number of suits now pending
in U.S. courts. Accordingly, there exists a problem of legal responsibility for any damage
on the surface associated with subsidence.

Answer of Dr. CASTLE:

I agree. I might make one observation that could be considered an indirect response to
your comment: this relates to litigation over the subsidence centering on the Goose Creek
oil field in Texas.

The state of Texas retains title to tidelands oil. When the Goose Creek field sank
beneath the waters of Galveston Bay the state claimed that title automatically transferred
to them. The operators, according to Pratt and Johnson, contended that they were re-
sponsible for the subsidence and that it could not be considered “an actof God.” A
decision was rendered in favor of the defendant; that is, the operators retained title.

Intervention of Mr. Dennis R. ALLEN (USA):

Comment:

I have comment to make regarding the described relationship between production and
subsidence. It has been our experience in the Wilmington field that the major cause of the
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subsidence is the reduction in petroleum reservoir pressures. When fluid pressure is
reduced, loading is transferred to the grains. We feel that the linear relation between
production and subsidence may thus be only coincidental and that deformation of the
reservoir skeleton may be time dependent. Rapid declines in reservoir pressure could lead
to limited compaction over the rapid decline intervals and thence be followed by signi-
ficant compaction, largely in response to the earlier loss of fluid pressure. Under these
circumstances, rapid subsidence could be fortuitously associated with high liquid pro-
duction immediatly following a large loss in reservoir pressure.

Answer of Dr CASTLE:

I don’t feel that our observation is inconsistent with your experience with respect to the
relation between pressure decline and subsidence, What we have tried to explain here is the
relation between fluid production on the one hand and average pressure decline and
compaction on the other hand. Creep or lag effects may be important and we understand
that they have actually been documented in the Wilmington field. However, the fact that
we see this linear relation between liquid production and subsidence in every field for
which we have data, argues that it must be more than simple coincidence.

Furthermore, the direct and nearly linear relations between rates of liquid production
and rates of subsidence implies that production does indeed constitute a reasonable index
of average reservoir pressure decline.

Intervention of Prof. Kenneth E. LEg (USA):

Question:

You mentioned that the model used to explain the linear relation between subsidence and
discharge requires that the compressibilities of both fluid and solid must remain constant
over the range of pressures involved. In an oil field the fluid pressures would be largely
made up of gas pressure, and the compressibility would increase considerably as the
pressure decreases. On the other hand, a decrease in fluid pressure leads to an increase in
effective stress in the solid phase, and in a typical soil this usually leads to a decrease in
compressibility.

If wonder if the assumption of constant compressibility could be an oversimplification
of an overall gross effect made up of the increase in compressibility of the fluid phase and
decrease in compressibility of the solid phase as the fluid is withdrawn and the fluid
pressure decreases ?

Answer of Dr. CASTLE:

Let me take your second point first. We doubt that the two suggested effects (namely, the
increasing compressibility of the fluid mixture and the decreasing compressibility of the
reservoir skeleton) could so neatly compensate as to produce a linear relation between
liquid production and subsidence. Since the relation occurs in every field we have exa-
mined, its attribution to this compensating mechanism would demand a large element of
coincidence. Furthermore, we would guess, depending in part on how both gas and water
are produced, that the compressibility of the fluid mixture generally increases with increas-
ing production. We admit, however, that we are working with a very limited number of
examples.

We fully agree with your suggestion that our assumption of constant compressibility
of the fluid mixture may be an oversimplification; we view it as a serious defect of the
proposed model. That the linear relation is less perfect than it might be, could indeed
derive from the changing compressibility of the liquid mixture. On the other hand, the
available data indicate that the assumption of an invariant compressibility of the reservoir
skeleton is a valid approximationat least over the elevated stress levels and limited stress
ranges encountered in the depletion of a petroleum reservoir.
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LAND SUBSIDENCE RELATED TO DECLINE OF
ARTESIAN HEAD AT BATON ROUGE,
LOWER MISSISSIPPI VALLEY, U.S.A.

G.H. DAVIS and J.R. ROLLO
U.S. Geological Survey, Washington, D.C., U.S.A.

ABSTRACT

Comparison of precise levelling in the Baton Rouge area of the Lower Mississippi
Valley indicates as much as 30 ecm of subsidence of the land surface during the period
1900-1965. Maximum subsidence is centered in the Baton Rouge industrial district, the
area of greatest withdrawals from wells and maximum decline of artesian head. Lines
of equal subsidence for the period 1934 to 1965 show a bowl-shaped depression slightly
elongated east-west; the 5-cm subsidence line encloses an area of about 250 sq. mi.
(650 sq. km).

The areal distribution of subsidence corresponds closely with distribution of decline
in head in the confined aquifer system. Increases in rate of head decline in heavily
pumped zones are reflected in accelerating subsidence. Presumably head decline in the
multiple aquifer system of the Baton Rouge area has caused compaction of fine-grained
sediments interbedded with and separating the beds of water-bearing sand. Average
head decline in the aquifer system in the area of maximum subsidence approximates
200 feet (61 m) since pumping of confined water began about 1890. The ratio of subsidence
to head decline is about 0.5 foot (15 cm) of subsidence for each 100 feet (30 m) of
head decline. Subsidence can be expected to continue with continuing head decline.

RESUME

Une étude comparative utilisant un nivellement de précision dans la région de Baton
Rouge, dans la basse vallée du Mississippi, a mis en évidence un affaissement du sol
atteignant en surface jusqud 30 cm pour la période 1900-1965. L’affaissement maximal
a son centre dans la zone industrielle de Baton Rouge, 12 ol le débit prélevé par des
forages profonds est le plus élevé et ol la réduction de la hauteur de remontée de la
napoe artésienne est la plus forte. Les lignes d’égal affaissement pour la période 1934
2 1965 présentent une dépression en forme de bol légérement allongée, suivant la direction
Est-Ouest ; la ligne correspondant & un affaissement de 5 cm délimite une superficie d’en-
viron 250 miles carrés (650 km?2).

La répartition spatiale de cet affaissement correspond de fagon trés précise a la répar-
tition de la diminution de la charge de la nappe artésienne.

L’augmentation de cette réduction de la charge dans les zones ol le pompage est
le plus intense se répercute dans une accélération de I'affaissement. On suppose que la
diminution de la charge dans le systéme aquifére complexe de la région de Baton Rouge
a provoqué la compaction des couches de sédiments & fine granulométrie intercalées
entre les lits de sables aquiféres et séparant ces lits. La perte de charge moyenne dans
le systtme aquifére dans la zone ol Paffaissement est maximal est voisine de 200 pieds
(61 m), alors que le pompage de I'eau de la nappe artésienne a commencé vers 1890.
Le rapport entre la hauteur d’affaissement et la perte de charge est d’environ 0,5 pied
(15 cm) de hauteur d’affaissement pour 100 pieds (30 m) de perte de charge. On peut
s’attendre 4 ce que I’affaissement du sol se poursuive avec la continuation de la diminution
de la charge de la nappe artésienne.

INTRODUCTION

For many years subsidence of the land surface in response to decline of artesian head has
been occurring in several places in the United States and in other parts of the world. Such
subsidence was recognized in the Gulf Coast region as early as 1954 in the Houston,
Texas area (Winslow and Doyel, 1954), some 250 mi. (400 km) west of Baton Rouge.
Heavy ground water withdrawal accompanied by sharp decline in artesian head sug-
gested the possibility of similar land-surface change in the vicinity of Baton Rouge. Exten-
sive releveling in the Baton Rouge area in 1964-65 by the US Coast and Geodetic Survey
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provided an opportunity for comparison with previous levelings of 1880, 1900, 1929,
1934-35, and 1938.

Subsidence exceeding 5 cm in the period 1934-65 has been found in an area of about
250 sq. mi (650 sq. km) centering on the Baton Rouge industrial district (fig. 1), where
ground-water withdrawal and head declines have been greatest. The fault zone which

Per!uivﬁ

FIGURE 1. Lines of equal subsidence for approximate period 1934-1963, interval 5 cm

crosses the area from east to west and acts as a barrier to ground-water movement (Meyer
and Rollo, 1965) also has a marked effect on the distribution of land subsidence. Substan-
tial subsidence is restricted to the area north of the zone; to the south, where artesian head
decline is small, subsidence is minor.

The greatest observed subsidence is at BM (Bench Mark) Poplar Grove, directly across
the Mississippi River from the Baton Rouge industrial district, where a 30 cm change has
been recorded over the period 1900-64 (fig. 2).

However, bench marks in the industrial district proper have subsied at a slightly
greater rate over the period 1935-65.

As of 1968 no serious damage attributable to subsidence had been reported at Baton
Rouge, but subsidence greatly complicates establishment of correct vertical control for
engineering work. Moreover, if subsidence continues unabated, which seems likely in view
of increasing ground-water withdrawal, it may result in costly damage to structures that
depend upon maintaining a uniform grade, such as sewers, levees, and channel and
drainage works.

GEOLOGIC SETTING

Baton Rouge is located in the lower Mississippi River Valley about 160 mi.(260 km) north
west of the mouth of the Mississippi River, north of but very near the hinge line which
separates areas of active downwarping from areas of uplift in the Gulf Coast Geosyncline.
The city is on a Pleistocene terrace against which the Mississippi River now impinges.
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West of the Mississippi River the recent valley extends for many tens of miles and is under-
lain by Quaternary sand and gravel aquifers only sparsely represented on the east bank
of the river at Baton Rouge.

1900 1920 1940 1960
1 T T

SUBSIDENCE, CM

FIGURE 2. Subsidence versus time at three bench marks near Baton Rouge. Locations shown on
figure 1

The fresh-water-bearing beds at Baton Rouge range in age from upper Miocene to
Pleistocene and dip gently southward. One structural feature of major importance with
respect to occurrence of ground water is an east-west trending fault zone which truncates
the fresh-water-bearing sands of the area near the southern border of the city (fig. 1,3).
This fault zone, having a total displacement in excess of 250 feet (75 m) within 2,000 feet
(610 m) of the land surface, effectively isolates hydraulically the areas north and south ofit
Water levels in wells approximatelly 1,500 feet (460 m) apart on opposite sides of the fault
and tapping the same aquifer differ by about 200 feet (fig. 4). Artesian flow still occurs
south of the fault zone. The east-west elongation of the area of subsidence is no doubt
related to the fact that only a small pressure decline has occurred south of this fault zone.

THE AQUIFER SYSTEM

As a matter of convenience the major fresh-water-bearing sands of the Baton Rouge area
were named for the depth at which they occur beneath the land surface in the industrial
district (Meyer and Turcan, 1955). These aquifers include the “400-foot,” “600-foot™
“800-foot,” “1,000-foot,” “1,100-foot,” “1,500-foot,” *“1,700-foot,” “2,000-foot,” and
“2,800-foot™ sands (fig. 3). The “800-foot,” “1,000-foot.” and “1,700-foot” sands are
little used, and in 1966 less than 5 percent of the total pumpage was from these three aqui-
fers. For the purpose of discussion the “400-foot” and “600-foot” sands are considered
as a unit because many of the wells in these aquifers are completed in both sands. Thus,
an independent evaluation of pumpage and water levels for these two sands is not possible.
The “2,000-foot” sand is now the most heavily pumped aquifer in the areca. Water levels
in this sand are now more than 180 feet (55 m) below mean sea level (fig. 4) and 345 feet
(105 m) lower than pre-pumping levels. Water levels south of the east-west fault zone are
still as much as 74 feet (23 m) above mean sea level, or about 260 feet (79 m) higher than
in the center of the industrial district, about 6 mi. (10 km) to the north.

The principal difficulty of this multiple aquifer system, at least in relation to subsidence
is to evaluate the subsidence of the land surface with respect to some composite decline
in water level. This problem is discussed in another section.
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FIGURE 3. Schematic geologic section extending north-south through Baton Rouge. Sand zones are
named for their general depth in the industrial area

FIGURE 4. Lines of equal elevation of head (in feet) in the “2,000-foot” sand, autumn 1966. Figures
south of east-west fault are water-level elevations at individual wells; however, the number of control
points does not permit contouring
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HISTORICAL BACKGROUND

The earliest information on water wells in the Baton Rouge area (Harris and Fuller, 1904)
mentions an “old well” drilled in 1892 for the waterworks in the downtown district and
a new well which had a yield of 500,000 gpd (1 900 m? per day) and flowed at the surface.
It is safe to assume that little use had been made of the ground-water resources prior to
1890. The first significant increase in use of the ground-water system was during the period
1909-15 when the Standard Oil (Humble Oil and Refining Co). plant began operations in
the industrial district. During that period this company alone drilled at least 16 wells into
the “400- and 600-foot” sands and two wells into the “1,200-foot” sand. Figure 5 shows
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F1GURE 5. Estimated daily pumpage in the Baton Rouge area. A. Estimated total daily ground-
water pumpage, 1890-1966. Vertical arrows indicate approximate beginning of rapid head decline
in aquifers indicated. B. Average daily pumpage by aquifers as of 1966

the estimated pumpage from each of the major aquifers in the Baton Rouge area for 1966
and a graph of the total pumpage vs. time since 1890. Estimated decline in head from pre-
pumping conditions until 1966 is shown below,

Aquifer Decline Aquifer Decline
400-600 170 feet (52 m) 1,700 Not known
800 130 feet (40 m) 2,000 345 feet (105 m)
1,000 105 feet (32 m) 2,400 200 feet (61 m)
1,200 220 feet (67 m) 2,800 60 feet (18 m)
1,500 155 feet (47 m)
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The average head decline in the industrial district for all zones approximates 200 feet
(61 m), suggesting a ratio of subsidence to head decline of about 0.5 foot (15 cm) subsi-
dence for each 100 feet (30 m) of head decline.

Altough public supply water and some industrial water was pumped (or flowed) from
the deeper aquifers the majority of industrial users pumped water only from the “400- and
600-foot” sands prior to about 1940, principally because of the temperature advantage in
using cool water from the “shallow” aquifers. By 1940 it was apparent that the **400- and
600-foot” sands alone could no longer continue to supply the increasing industrial demands
(Cushing and Jones, 1945).

As a result of the work of Cushing and Jones (1945) and Meyer and Turcan (1955)
the water users began to look to the deeper aquifers as sources of water. Essentially all
the water-level decline which has taken place in the “400- and 600-foot ™ sands took place
prior to 1940 and much of the decline predated 1929, thus the subsidence in the period
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FIGURE 6. Land subsidence from Baton Rouge north along Mississippi River, composite profiles for
1880-1900-1929-1964

1880-1929 (fig. 6) must be essentially attributable to the withdrawal of water from those
water-bearing zones.

The subsidence between 1929 and 1964-65 is thus related primarily to the increasing
withdrawals from the deeper aquifers of the Baton Rouge area. As water use and conse-

SUBSIDENCE

quent water-level declines have been accelerating rapidly since the late 1950°s, careful
attention must be given to potential increase in the rate of subsidence.

The earliest precise leveling in the Baton Rouge area dates back to 1880 when the US
Coast and Geodetic Survey established a level line from Carrollton, Louisiana (New
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Orleans) along the east bank of the Mississippi River to Baton Rouge, thence across the
river to the west bank and northward upstream along the Mississippi River to Red River
Landing (US Coast and Geodetic Survey, 1889). In 1900 the portion on the west bank of
the Mississippi upstraem from Baton Rouge was releveled by the Corps of Engineers;
however, this line was not tied across the Mississippi to bench marks in Baton Rouge.
The portion of the original line from Baton Rouge south to Carrollton was releveled by
the Corps of Engineers in 1929,

In addition, the Corps of Engineers in 1929 established a new line of leveling extending
northwest from Baton Rouge to the Atchafalaya River, a distributary of the Mississippi,
thence upstream along the Atchafalaya to its confluence with the Mississippi and then
back downstream along the Mississippi to Baton Rouge via the west bank over lines
previously leveled in 1880 and 1900.

Three new lines of leveling were established by the Coast and Geodetic Survey in 1934
and 1935: (1) Extending about 50 mi. (80 km) east from Baton Rouge to Hammond, La.,
(2) North along the Illinois Central Railroad from Baton Rouge to Vicksburg, Miss.,
and (3) From Port Allen, on the west bank of the Mississippi across from Baton Rouge,
southwestward toward Lafayette, La. In 1938 the Coast and Geodetic Survey releveled
the line along the east bank of the Mississippi between Baton Rouge and New Orleans.
In 1964-65 the Coast and Geodetic Survey releveled most of the preexisting lines and
extended several lines beyond their previous termini.

A preliminary comparison of leveling of 1964-65 with previous levelings (Davis, 1968)
indicated that Baton Rouge had declined in altitude relative to bench marks several miles
from the city. This implies that land subsidence was taking place in the Baton Rouge area;
accordingly, the authors undertook a study based on the 1964-65 releveling and related
the land subsidence to the ground-water hydrology of the area.

Because the amount of subsidence indicated was relatively small, unadjusted field data
furnished by the US Coast and Geodetic Survey were used to insure that no actual subsi-
dence had been adjusted out of the leveling data. Differences in elevation between succes-
sive bench marks leveled in more than one period were compared and the observed vari-
tions were recorded. These variations were accumulated for each line of levels. assuming
some bench mark distant from Baton Rouge as an origin point of no change. From these
data the subsidence profiles shown on figures 6, 7, and 8 were plotted as follows: (1) Bench
marks which had been leveled in more than one period were identified and plotted on
topographic quandrangles, (2) Profiles were drawn using the straight-line distance between
bench marks, (3) By using the earliest leveling as a base line and assuming certain bench
marks far from Baton Rouge as stable end points, the computed differences were plotted
at the position of each mark, and (4) After obviously unreliable measurements (for exam-
ple, disturbed bench marks) had been eliminated the profiles were completed by joining
the plotted points.

All leveling used in this study was of first-order precision. In such leveling all lines are
divided into sections 1 to 2 kilometers in length, and each section is run forward and back-
ward, the two runnings of a section to differ not more than 4 mm \/ K, where K is the length
of the section in kilometers (US Coast and Geodetic Survey, 1948, p. 20). In actual prac-
tice the accuracy is much better than this minimum acceptable standard. The probable
error in modern precise leveling work is generally less than 1 mm per kilometer.

Although precise leveling was done to serve as basic control and not with subsidence
in the mind, level lines in the Baton Rouge area lend themselves to an analysis of subsidence
because three key bench marks in downtown Baton Rouge (Post Office, XXXI, and PBM 2
have been leveled repeatedly in the various surveys. Their value is further enhanced due
to the fact that although 2 of these 3 key bench marks (Post Office and XXXI) are on
buildings, they have maintained a consistent relation with time. That is, comparison of
PBM 2 at ground level on the grounds of the old State Capitol with BM XXXI on the
Capitol Building and BM Post Office on the old Post Office Building indicates that

180



Land subsidence related to decline of artesian head at Baton Rouge, Lower Mississippi Valley, U.S. A.

S N
p———1938 LEVELING ———r<————— (935 LEVELING — =]
W
-
= _J
5 > =y & 3
= e T S0 ¢ NN (v e © ©
w >0 o Xm o NoNN N < [ ~ ~
L R T XTig3eY 0 F 935 § @ I3 olem
/96 /
L 51
. 10
Wy
0,
2
o 154
¢} 10 20Km
L e ) Un— 204
[} 5 10 Mi
—
L 25

FIGURE 7. Land subsidence along south-north line through Baton Rouge, 1935-38 to 1964-65
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neither building has been subject to differential subsidence due to the loading of the struc-
ture on its foundation.

As indicated on figure 1, subsidence exceeds 5 cm over the period 1929-65 in an area
of about 250 sq. ml. (650 sq. km) centering on the Baton Rouge industrial district, where
more than 25 cm of subsidence has been recorded in an area of about 2 sq. mi. (5.2 sq.km.)
bordering on the Mississippi River.

The maximum change observed at a single bench mark was about 30 cm at BM Poplar
Grove for the period 1900-64. This bench mark is directly across the Mississippi River
from the area of maximum subsidence during 1929-64, so the record at Popular Grove
probably approximates the true maximum for the period. A plot of time versus subsidence
for several key bench marks (fig. 2) suggests that the area of maximum subsidence has
changed significantly with time. During the period 1900-29, BM Post Office in downtown
Baton Rouge subsided significantly faster than did BM Poplar Grove. Only in the post-
1929 period has subsidence in the Baton Rouge industrial district exceeded that of the
downtown area. This effect is consistent with what is known of the distribution of pumpage
and head decline. In the early period the downtown area was affected by pumpage from
an old municipal well field, which pumped from the “400- and 600-foot” sands and still
has active wells in the “2,000-foot” sand. Very large increases of pumpage and resulting
head decline have taken place in the industrial district near BM Poplar Grove. An
indicated on figure 2, subsidence at BM N 76 near the north end of the industrial district
has been somewhat greater than at Poplar Grove since 1935.

Figures 6, 7, and 8 show profiles of subsidence along principal lines of leveling in the
Baton Rouge area. Figure 7 extends from what is apparently stable ground north of Baton
Rouge, through the subsidence maximum of the industrial district in the downtown area,
to presumably stable ground at BM Pertuit some 20 km south of Baton Rouge. Aside
from portraying the maximum subsidence, it also shows the effect of the east-west fault
zone which passes through the southern part of Baton Rouge and forms a partial barrier
to ground-water movement; the fault zone crosses the profiles between BM K22 and Y94
(fig. 7). The difference in water level and head change associated with the faulting is reflec-
ted in the subsidence profile by a sharp decrease in amount of subsidence south of the
fault.

The west-east profile (fig. 8) through Baton Rouge is somwhat Irss definitive than the
profile on figure 7. This west-east profile does not extend to stable ground at either end
because the 1965 leveling was not carried that far.On the west, PBM’s 5, 8, and 9 are along
an abandoned railroad in the backswamp area between the Mississippi and Atchafalaya
Rivers. Moreover, both PBM’s 8 and 9 are in oil fields. The lack of stability may be due
to surfical settling, or oil production, or both, or possibly other causes; however, in this
area subsidence appears to be unrelated to decline in artesian head.

The profile on figure 6 shows subsidence along the original leveling line north of Baton
Rouge on the west side of the Mississippi River, which was first leveled in 1880. On this
profile the 1900 leveling is used as a base line because the comparison of 1880 leveling
was somewhat suspect owing to losses of bench marks and inherent inaccuracies in the
early leveling. The computed change shown from 1880-1900 may be real, but as the subsi-
dence shown is based on only three bench marks in the Baton Rouge area little confidence
is placed in the 1880-1900 comparison. Later leveling in 1929 and 1964 indicate a growing
and deepening cone of subsidence. As of 1929 the area between bench marks 159/3 and
Smithland (fig. 6) appeared quite stable, but significant subsidence was registred even as
far away as BM XLIV by 1964.

In constructing all the profiles and the map of figure 1, the assumption was made that
BM Pertuit, 10 mi. (16 km) south of Baton Rouge, has remained stable throughout the
period of leveling control. This assumption is confirmed by the fact that bench marks
outside of the area affected by pumpage north, northwest, southwest of Baton Rouge
show no significant change relative to BM Pertuit. Furthermore, comparisons from 1938-
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65 from Baton Rouge to New Orleans, 75 mi. (120 km) southeast, and 1935-65 from
Baton Rouge to Vicksburg, Miss., 130 mi. (120 km) north, show Pertuit to be stable with
respect to these distant points. This lends considerable support to the assumption of
stability for BM Pertuit, but does not rule out the possibility of slow tectonic subsidence
of the entire lower Mississippi Valley area.

CAUSES OF SUBSIDENCE

Subsidence of land surface in other areas has been ascribed to a variety of causes. Among
those that are possible in the Baton Rouge area are: (1) Tectonic movement, (2) Decline
in pressure due to petroleum production, (3) Loading at land surface, (4) Drying out and
shrinkage of surficial deposits, and (5) Decline of pressure head in confined aquifers.

Temporal and spatial relations indicate that decline of artesian head is the major cause
of the broad subsidence bowl shown on figure 1. Tectonic movement is not only possible,
but likely throughout the Mississippi Embayment ; however, it would be expected to occur
at a rate much slower than that discussed in this paper. Moreover, such subsidence would
likely be of regional extent and not detectable over the distance traversed by the level lines
discussed. Decline in pressure due to petroleum production is another possible cause of
subsidence in the Baton Rouge district as there are several small oil and gas fields within
the area shown on figure 1. This possible effect has been noted in the discussion of subsi-
dence near the west end of the profile of figure 8. However, the oil and gas fields of the
Baton Rouge area of small lateral extent, on the order of 1 to 2 sq. mi, and would not be
expected to cause of subsidence on the broad scale of figure 1. Loading at land surface
by buildings and structures such as levees might be expected to cause subsidence, espa-
cially at bench mark in their immediate vicinity. In this connection, it is noteworthy that
bench marks on the old Post Office and old State Capitol Buildings in Baton Rouge have
shown no differential sinking over 65 years, Several bench marks located near high levees
along the west side of the Mississippi in recent alluvium appear to reflect local loading
by the levees, and for that reason were not given credit in the subsidence analysis.

Finally, drying out and shrinkage of surficial deposits, which have caused extensive
subsidence in some other areas, is likely in part of the Baton Rouge area. The area west
of the natural levees of the Mississippi and extending westward to the Atchafalaya was
historically a poorly drained swamp. Drainage and flood-control works constructed in
recent decades have resulted in some drying of surficial deposits. Any such effect would be
limited to the former swamp, and this may in part explain subsidence on the west end of
the profile of figure 8; however, it cannot explain the broad subsidence observed through-
out the Baton Rouge area. Compaction due to the decline in artesian head seems an
adequate explanation for the broad subsidence cone mapped in the Baton Rouge area.
However, the question of where in the geologic section and in which type of deposits the
compaction occurs cannot be answered on the basis of available data except on the basis
of the temporal distribution of pumping in different zones. In aquifer systems composed
of granular sediments, compaction commonly occurs chiefly in fine-grained intercalated
materials, such as clay and silty clay having high porosity (Lofgren, 1968). In many areas
high rates of compaction have been associated with the presence of montmorillonite
(Jones, 1968), presumably derived from the Missouri Basin and other western tributaries
(Griffin, 1962; Jacobs and Ewing, 1969).

A detailed picture would require petrographic analysis and physical testing of core
materials from different zones and operation of compaction recorders in the principal
zones subject to head decline.

Since the rate of subsidence is deduced from widely separated levelings it is problem-
atical whether or not the subsidence observed over the 1929 to 1964-65 period was concen-
trated near the latter dates. Such concentration is a completely rational possibility which,
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if true, would suggest that the rate of subsidence can be expected to increase substantially
in future years. This possibility exists because it is probable that the last low stand of
Pleistocene sea level (400 feet [120 m] below the present level) altered the hydraulics of
the aquifer system sufficiently to pre-load the deeper aquifer system. If this is the case
little compaction would be expected until this pre-load stress is exceeded.

Thus, most of the subsidence prior to 1929, suggested by the profile, figure 6, probably
can be attributed to the decline of water level in the “400- and 600-foot” sands and most
of the subsidence since 1929 probably can be attributed to pumpage from the deeper
aquifers. Only the installation of subsidence recorders in several sand zones, as previously
suggested, would resolve this question.
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TRITIUM DATING OF LAND SUBSIDENCE IN NIIGATA

Shigehiko KIMURA, Masayuki WADA, Hironao KAWASAKI and Hisoshi SHIINA

ABSTRACT

In order to know the influence of the pumping of groundwater on land subsidence in the
Niigata area, an accurate evaluation of the groundwater flow in the area is required.
The tritium dating method was applied to the evaluation. The groundwater flow into
the area, the flow of such stratum water that has not participated in the natural ground-
water flow, and the characteristics of the groundwater flow within the area were clarified.
The results have given information for establishing models of the land subsidence from the
viewpoint of both hydraulics and soil engineering. This method, when applied to a longer
period, was proved to be an appropriate technique for not only a more detailed indication
of groundwater flow, but also the quantitative estimation of the changes of the flow
in the future, based on the quantitative groundwater flow and the results of hydraulic com-
putation.

RESUME

Dans le but d’obtenir I’effet du pompage sur le tassement du sol & Niigata, il est
nécessaire de connaitre une évaluation de I’écoulement de I’eau souterraine dans la région.
La technique de détermination de I’Age par le tritium a été appliquée & I’évaluation de
I’écoulment. On a pu déterminer le flot de ’eau souterraine du périmétre vers Iintérieur de
la région, ainsi que le mouvement de ’eau dans les couches qui n’ont pas participé au mou-
vement de ’eau souterraine naturelle, et finalement les caractéristiques de 1’écoulement de
I’eau particuliére de la région. Ces résultats ont donné des suggestions pour 1’établissement
d’'un modéle hydraulique et géotechnique du tassement du sol. Cette méthode de mesure,
continuée plus longuement, rendra possible non pas seulement des indications plus détaillées
sur I’écoulement mais aussi I’évaluation quantitative des changements des quantités de
Pécoulement & 1’avenir basée sur I'étude quantitative actuelle et sur les résultats du calcul
hydraulique.

I. INTRODUCTION

A major cause of land subsidence in Niigata is the large scale pumping of ground water
for the extraction of natural gas. This paper describes a study to determine the relation
between land subsidence and the rate of pumping that may be used to estimate subsidence
in the future.

Of prime importance in such a study is the clarification of the relation between the
quantity of water withdrawn at a center of pumping and the inflow of groundwater from
surrounding areas. The conventional hydrogeological methods have failed in correctly
describing such inflow of groundwater. Secondly, land subsidence may be started by the
movement of water “native” to the aquifer—water that has been in the aquifer a relatively
long period of time and that has not participated in the movement of groundwater in the
zone normally influenced by recharge-discharge conditions. This phenomenon has not
been measured by any conventional method. Thirdly, the development of more precise
methods for measurement of complex large scale structural changes that may take place
in the land subsidence area is required. If these basic problems were to be solved, land
subsidence would be estimated more accurately now and in the future.

In the study in the Niigata area, the tritium dating method was used to confirm the
inflow of groundwater to the center of pumping from the surrounding areas, to detect the
flow of “native” water that had not previously participated in the local groundwater-flow
picture, and to measure the structural changes in land subsidence areas where the subsi-
dence is caused by large scale pumping of groundwater.
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II. PRINCIPLE

Tritium is ideal as a groundwater tracer because it is relatively stable chemically, and it
does not affect the flow properties of water, as compared with other tracers. It has a half
life of about 12.5 years.

Since Libby predicted the existence of tritium in natural precipitation in 1946, the
tritium dating method, in which the tritium is considered a tracer, has been used extensively
in hydrology. The method is accurate enough to indicate the age of groundwater up to
one hundred years. However, the theoretical tritium concentration in natural precipitation
in each test area, which is the basis of dating, is difficult to determine, because of the
mixing and re-precipitation of water evaporated or transpirated from inland and ocean,
and also because, since 1952, the tritium concentrations under “natural conditions” have
included that derived from fallout. For these reasons, even if the tritium concentration
in the groundwater could be measured accurately, the dated age after precipitation would
be only an approximate value. The dated age is a more apparent age also because the
groundwater at a well is derived from the confluxed flow of water from various directions
and represents a mixing of waters of different ages.

Even with such uncertainty, the flow of groundwater in the land subsidence area in
Niigata can be analyzed by the tritium dating method for two reasons.

Firstly, the qualitative flow of groundwater can be evaluated by the variations in
time-related distributions of the tritium concentrations in areas where the removal of
groundwater directly influenced the land subsidence. In areas where land subsidence is
caused by pumping, tritium concentrations in groundwater can be classified into three
age groups, i.c.:

1. If the tritium concentration is more than 10 tritium units, the groundwater is consti-
tuted of precipitation after 1952. Groundwater of such an age hardly exists in the
subsided area. Yet, if such a value is discovered in the area, the subsidence may have
destroyed the natural structure of the aquifer.

2. If the tritium concentration of groundwater is less than 10 tritium units, the ground-
water is constituted of precipitation before 1952. Groundwater of such an age will
occupy the major part of the aquifer in the subsiding area. Because groundwater
moves very slowly from surrounding areas to the centers of withdrawals, the slow
movement is a contributory factor to land subsidence.

3. If the tritium concentration of groundwater is almost zero, the groundwater is consti-
tuted of “native” water—water that has been in the aquifer for a relatively long period
of time. Such a small concentration indicates that the “native” water has not pre-
viously participated in groundwater flow and is brought into the essential part of the
flow under the influence of pumping; this may indicate the initial stage of subsidence.

Large scale pumping will contract rapidly the distribution of the values of different
age in the natural flow system in proportion to the difference between the flow velocity
of groundwater during pumping and the natural flow velocity. Accordingly, even the
above-mentioned rough age classifications will give some indications of the changes in
groundwater flow direction, especially in areas of subsidence, if the distribution of tritium
concentrations and changes with time are examined.

Secondly, the relative age difference may be analyzed from the difference between
tritium concentrations of two samples. As a result of the survey of the surface-water
balance, the percolation of surface-water in the test area was known to be nearly zero.
An aquifer exists in the depth interval from about 30 to about 130 m. Therefore, the
groundwater will flow through the aquifer towards and be concentrated in areas of maxi-
mum subsidence; the tritium concentration in the groundwater hardly will disperse, and
will move with the water to areas of subsidence. In such a case, if two samples are analyzed
for tritium concentrations (two measurements at the same sampling point at different
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times or measurements at two sampling points at the same time), their difference can be
regarded as indicating the relative time between rainfalls, even though the actual lapse of
time after a particular rainfall cannot be determined directly from the tritium concentra-
tion. Therefore, the tritium dating method will not only permit a more detailed indication
of the qualitative flow of groundwater, but also present a possible means for the quantita-
tive judgement of groundwater flow.
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FIGURE 1. Used electrodes

If the two principles mentioned above were verified, the tritium dating method would
be most suitable for the practical measurement of not only the groundwater flow at present
but also the change in groundwater flow resulting from variations in pumping and the
constriction of the aquifer,

II1. METHOD

A detailed picture of groundwater flow may be obtained by the tritium dating method
rather rapidly if the technique is applied in two ways: taking into account (1) geometrical
distribution of tritium as affected by geological conditions, and (2) changes in concen-
tration with time, evaluated over an area greater than the subsidence area. In the measure-
ments reported here, stress was placed on the alluvial and upper diluvial aquifers. Sampling
was done at 6 wells, 260 m to 1200 m in depth, at which water was being pumped from
lower Diluvium and Tertiary for extracting natural gas for industry, as their influence on
land subsidence had to be known. Water was sampled at several shallow wells to check
the infiltration of precipitation, though a thick clay layer exists in the depth range of
20 to 40 m in the land subsidence area. Samples were collected at 54 wells every 6 months
(in April and October). The distribution of the wells are shown in figure 2.

The technique used for tritium concentration determinations was selected because it
is relatively fast, simpler than other procedures and gives a uniform accuracy. Ground-
water samples, about 101 each in volume, were distilled and concentrated into about
20 ml by electrolysis. The electrolysis apparatus was assembled as shown in figure 1. Its
anode was made of nickel and its cathode was made of pure iron. In the first step, water
was concentrated to about 250 ml by the apparatus shown in the lefthand diagram of
figure 1. In the second step, two identically concentrated samples (about 500 ml in total)
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were concentrated further into 250 ml by the apparatus shown in the righthand diagram
of figure 1. The current for electrolysis was 0.10 A/cm? in both steps, Ostlund’s electro-
lysis constant was about 5. The tritium in the samples was concentrated to about 40 times
after these steps. The electrolysis method allows simultaneous concentration of many
samples because operation of the instruments is simple and they require either operator
attention, though the method does require more time than the thermal diffusion method.
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FI1GURE 2. Plan of land subsidence area in Niigata showing groundwater flow

Three ml of each concentrated water sample was added to 18 ml of liquid scintillator
and the radioactive intensity of its tritium was measured by a 2-channel liquid scientil-
lation spectrometer. The scintillator consisted of 0.3 g of POPOP, 6.0 g of PPO and 120 g
of naphtalene, diluted into 11 by dioxane. Measurement was made at 5°C and for 500 to
1,500 minutes depending on the radioactive intensity of each sample so that the error of
measurement falls within 1%. The quenching calibration was made by Discriminator
Ratio Method to obtain true disintegration. The mean counting efficiency was about 12%.
As far as the intensity measurement techniques are concerned, the use of a counter for
gasified samples or the measurement of samples converted into benzene has certain
advantages but the procedures are too complicated to treat many samples and the repro-
ducability of actual treatments tends to be unstable in each of the two methods. The
method that was adopted is simpler and gives more stable results.

The values of tritium concentration obtained by the above procedures proved to fall
within the error range of +5%, after being correlated with various standard samples of
tritium concentration including the ones of the Radioisotope Research Laboratory, Insti-
tute of Physical and Chemical Research, which were adopted as the Japanese National
Standard of TAEA.

IV. RESULTS AND DISCUSSION

a) GROUNDWATER FLOW IN ALLUVIUM

The direction of major groundwater flow is considered to be from Nagaoka to Kurosaki,
NNE, which is the direction of the dip of the Alluvium. Four sections, A, B, C and D
respectively frcm upstream, were chosen across this direction, as shown in figure 2.
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Tritium concentration of groundwater from test wells situated along these sections are
tabulated in tritium unit for each measurement period and are presented in figure 3. The
hatched portion shows an area in which tritium concentrations are 10 T.U. or more
(referred to as concentration range A hereafter) which indicates that most of the ground-
water in this area was derived from rain water carrying the influence of fallout. The dotted
portion shows an area in which the concentrations ranged from 1 to 9 T.U. (range B)
which indicates that most of the groundwater in this area was derived from rain water
free from the influence of fallout. The blank portion shows an area in which concentrations
were 0.9 T.U. or less (range C) which indicates that most groundwater in this area was
“native” water that had not previously participated in natural groundwater flow.

i) main groundwater flow

As shown in figure 3, water containing tritium concentrations within range B occupies
most of the pervious Alluvium, 40 to 150 m in depth, along all of the four sections,
indicating the tritium concentration of the main groundwater flow. The concentration

Aprit 68 October 68

e 207U, o I~9TU @ 00~09 TU.

FIGURE 3. Distribution of tritium concentration

in this main flow would be 1 to 2 T.U. if the influence of the lateral flow containing
concentrations in range A (to be described afterwards) were subtracted. This indicates
rain water that fell 30 to 40 years ago. Water of concentration range A exists at Nagaoka,
about 30 km upstream, indicating water of about 15 years in age. This shows that the
velocity of the major flow is as small as about 2 km/year.
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ii) flow of ,,native’’ water

Water with tritium concentrations in range C appears at the base of the pervious Alluvium
except at a depth range of 100 to 150 m along section D. The contact with water of
concentration range B is lower in October than in April, reaching as low as 30 m in the
center of section D.

A large quantity of water is pumped in winter for obtaining natural gas. The ground-
water flow upstream is slow, as said before, and an impervious clay bed, at a depth of
20 to 40 m, covers the pervious Alluvium. The pressure level of the pervious bed is depres-
sed in winter and water then flows from its underlier because it has a higher pressure. The
flow from the underlier reaches a maximum in April, as judged from water level fluctu-
tions. The pumping for gas production decreases in summer and the pressure level in the
pervious Alluvium recovers as shown in figure 4. The flow of water from the underlier is
minimum in October. The seasonal change in the volume of aquifer occupied by water of
concentration range C therefore indicates the annual variation in flow of water from
underlying strata. Along section D, a large quantity of water is pumped from Diluvium
and Tertiary materials to obtain gas for industry. No change in the position of the upper
limit of the “native” water seems to have taken place. The reason is that the pumping
from the Alluvium and from its underliers is well balanced and the source of groundwater
recharge probably is nearby.
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FIGURE 4. Change of groundwater level at each depth

iii) lateral flow of groundwater

The tritium concentration range A in water in the pervious Alluvium (fig. 3) probably
indicates lateral flow from nearby water sources. The flow variations as indicated by
sampling in April or October, is considered to be annual. April flow shows effects of pres-
sure level changes resulting from heavy pumping in winter, and October flow indicates
the recharge by precipitationinsummer. The April and October samples indicate
continuous inflow to the Alluvium from surrounding areas.

These lateral flows, when plotted in plan, are concentrated in areas that coincide with
the areas of land subsidence (hatched area in fig. 2). This is the flow path produced by the
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large quantity of pumping in the past 2 or 3 years rather than the flow path that would
occur under natural conditions. This is also verified from the fact that the monthly rate of
subsidence of the Alluvium (40 to 140 m in depth; see fig 5) tended to decrease year after
year, but it finally started to expand in the summers of these 2 or 3 years of heavy pumping.
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FIGURE 5. Mounthly Subsidence of Each Stratum

iv) infiltration of rain water

No infiltration of rain water is detected along upstream sections A or B (fig. 3). In
areas such as those indicated by section C and D, where subsidence has been extensive,
water of concentration range A which is supplied to the upper, near surface layers, is
also found at greater depths. This comes from the dragging of rain water; the natural flow
conditions being destroyed by the pressure level fall in the pervious Alluvium in the land
subsidence area. The dragging is as slow as about 2 km/year.

b) GROUNDWATER FLOW IN DILUVIUM AND TERTIARY

The results of tritium measurements are shown in table 1. Though the small concentration
values include errors as big as +50%, it is clear that most of the groundwater consists of

TaBLE 1. Tritium concentration of groundwater in Diluvium and Tertiary

Depth of strainer October 1967 April 1968 October 1968
T.U. T.U. T.U.

260~ 320m 1.1 25 0.02
501— 550 3.2 2.0 2.6
650— 680 2.5 1.9 1.2
716 — 744 4.0 13 0.03
939— 999 4.4 3.0 0.4

16201750 0.05 2.0 -
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rain water fallen in recent years regardless of the age of the strata. This indicates the
existence of nearby water sources and the possibility of supplying water to the pervious
Alluvium. The rapid decrease of tritium concentration, however, indicates the flow of
“native” water exceeds that from the nearby sources.

¢) CONCLUSION

Though based on only a few measurements, qualitatively the dimension and routes of
the groundwater flow in the land subsidence area have been indicated. Natural gas
dissolved in water in the Alluvium, 40 to 150 m in depth, enclosed by an impervious bed
as thick as 20 m, is removed along with water. The pumped water is derived from (1) the
groundwater flow of about 2 km/year from the upstream side, (2) the inflow from its
underlier, and (3) lateral flow and infiltration of rain water. The pumping of water has
resulted in soil layer compaction in an extensive area where groundwater levels have been
lowered. The evaluation of groundwater flow in Diluvium and Tertiary and the quantita-
tive evaluation of each flow element in Alluvium could not be made, because of the lack
of measurements both as to areal coverage and time. By continuous tritium measurements,
along with the compiled hydrogeological data (pumping test inclusive), the evaluations
will become possible. The results, supported by geotechnical considerations, will give
information to clarify the causes of land subsidence and make it possible to forecast
future subsidence.

DISCUSSION

Intervention of Mr Joseph T. CaLLAHAN (USA)

Question:
Did I understand the speaker to say that the water was dated at ten years?

Answer of Mr. KIMURA

We have dated or divided the water into three age groups : the very old one (tritium
unit: almost zero), older than 15 years (tritum unit: 0—10) and younger than 15 years
(tritium unit: more than 10). (see fig. 3).

SHRINKAGE OF SUBAQUEOQUS SEDIMENTS OF LAKE IISSEL
(THE NETHERLANDS) AFTER RECLAMATION

R.J. de GLOPPER

Yssel Lake Development Authority. Kampen
(the Netherlands), Molenstraat 28

ABSTRACT

The very soft subaqueous sediments on the bottom of Lake IJssel are subject to a
considerable shrinkage after reclamation, brought about by a contraction of the soil,
mainly due to high capillary potentials during the growing season. A prediction of this
subsidence is necessary in view of the assessment of the waterlevel in the polders and the
construction of pumping stations, sluices, etc.

1. Senior Research Officer, Scientific Department, Yssel Lake Development Authority, Kampen,
Netherlands.
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Shrinkage of subaqueous sediments of Lake LJssel (The Netherlands) after reclamation

The prediction is done by means of the method of Hissink by comparing the specific
volumes (reciprocal of dry bulk weight) of the original sediments with those of the same
sediments, which are reclaimed ~+ 100 years ago. The applied method is described,
including its accuracy and limitations.

Shrinkage increases with increasing clay content and decreases with increasing depth
of the layer concerned. A graph shows the relation between the original thickness of
the soft layers and 100 years after reclamation at clay contents varying from 5 to 60 %
and at intervals of 5 %.

RESUME

Les dépdts trés mous et flasques sur le fond du Lac d’Yssel ont été soumis aprés
[endiguement 2 un tassement considérable, causé par une contraction du sol, qui est
surtout la suite des tensions de capillarité pendant la saison de végétation. Une prédiction
de ce tassement est nécessaire en rapport avec la fixation du niveau du polder et le projet
des stations élévatrices, des écluses etc.

La prédiction est faite au moyen de la méthode “ Hissink 7, qui compare les volumes
spécifiques (valeurs réciproques du poids du volume sec) des dépdts originaux avec
ceux des mémes dépdts dans une région endiguée une centaine d’années auparavant.
La méthode appliquée est décrite en incluant I'exactitude et les restrictions.

Ic tassement augmente avec une teneur en argile croissante et diminue avec la profon-
deur croissante de la couche considérée. Un graphique fait voir le rapport entre I’épaisseur
originale des couches juste aprés I'endiguement et leur épaisseur cent années apres ’endi-
guement. Les relations sont données pour des teneurs en argile variant de 5 % jusqu’a
60 % avec des intervalles de 5 %.

1. INTRODUCTION

The shallow Lake Yssel, the former Zuiderzee, in the centre of the Netherlands has been
separated from the sea by a dam in 1932. It covers an area of about 350,000 ha. Up till
now four polders have been pumped dry (166,000 ha). The reclamation of two of them has
been finished completely (68,000 ha), whereas that of the third (54,000 ha) is still in pro-
gress and the fourth (44,000 ha) has been drained recently (1968). The fifth and last polder
(60,000 ha) will be dry about 1980.

The top layers of the bottom of Lake Yssel consist of subaqueous sediments, deposited
during the last 20 centuries. Their thickness varies from nearly nil to over 4 m. They are
underlain by Pleistocene, predominantly sandy sediments or older Holocene deposits,
such as peat and old marine clay deposits.

The subaqueous sediments are very soft and completely impassible shortly after a pol-
der emerges. Hereafter the withdrawal of water from the soil starts, bringing in progress
a number of processes (among other things the shrinkage) and together called ripening.
Due to evaporation, but mainly to transpiration by plants—in the first few years Reed
(Phragmites communis) and after cultivation arable crops—the soil dries out and shrinks.
As shrinkage is all-round, a direct subsidence is found, due to the vertical component of
this all-round shrinkage. The horizontal component leds to the formation of large cracks,
which are filled up partly by crumbs from the ploughlayer afterwards and by that also
giving rise to subsidence.

The withdrawal of water from the soil by plant growth does not exceed a depth of 1 m,
at the utmost 1.5 m. The layers, situated deeper are compressed by the increased grain
tensions, brought about by the reduction of the groundwater table to about 1.2 to 1.5 m
below surface. Both processes give rise to subsidence of the surface. As a matter of fact
there is a transition layer in which both processes play a part.

Next to the subsidence of the subaqueous sediments, the peat and old marine clay
layers, which are situated deeper than 1.5 m below surface in general, also contribute to
the total subsidence. Their compaction is, just like that of the deeper situated subaqueous
sediments calculated by the methods, usual in soil mechanics and so left out of consider-
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ation in this paper. Just for information it should be mentioned here that the subsidence
of all Holocene sediments together varies from nil to about 1.5 m. However, in large parts
of the polders it varies from 0.5 to 1.0 m. The compaction of the Pleistocene sediments is
nil or merely a few centimeters at the utmost and is negligible.

It is very important to predict the subsidence, which may be expected, as exactly as
possible, for the level of the polder water is established taking into account the future
contour map composed from the elevation of the lake bottom at the moment of emergence
and the expected subsidence. The subdivision of the polders in units with a different water
level is related to this future elevation, and so are the designs of structures, such as pum-
ping stations, sluices etc. As the period of depreciation of these structures is 80 to 100 years
the predictions have to be given for the same period. Moreover, the subsidence is of impor-
tance for the design of the widely applied tile drainage systems and the evaluation of soils
with a shallow clay cover on a sandy subsoil.

2. DESCRIPTION OF THE SUBAQUEOUS SEDIMENTS

The sedimentation conditions in the area of the present-day Lake Yssel have varied rather
widely in course of time. (Wiggers, 1955; de Koning and Wiggers, 1955; Wiggers ef al.,
1962 ; Ente and Wiggers, 1963). The oldest sediments have been laid down in lakes, sur-
rounded by bog-peat. Their shores were eroded by wave-action and currents and by that
the contents of organic matter suspended in the lakewater, will have been high. Supply
of mineral parts was rather small, due to the narrow connection with the North Sea. So
gyttja-like sediments were deposited (Detritus) with high contents of organic matter
(15-30%). Afterwards the supply of mineral parts increased and at the same time the main
part of the bog-peat area was already destroyed. For that reason sediments with lower
contents of organic matter were deposited (Almere-deposits, Al). In the Almere deposits
different layers can be distinguished, according to differences in contents of organic matter
and clay and in the mutual relation between both values. The organic matter contents
decrease from the oldest to the youngest layers, brought about by a decreasing erosion of
the peaty shores. The supply of mineral parts increased simultaneously, caused by the
widening of the connection between the Yssel Lake area and the Norht Sea. From the
oldest to the youngest the most important layers are:

(a) A1¢2*3_  rather rich in organic matter (contents of 8 to 15%) and also rather rich
in clay (20 to 35%). There is no relation between the contents of organic
matter and clay (particles <2u);

b) Alet: poor in clay (< 5%) and composed of shallow layers with varying contents
of organic matter. Sometimes these layers, rich in organic matter, consist
nearly of pure, eroded peat;

(c) Al2 rich in clay (20-35%) with rather low organic matter contents in comparison
with the other Almere-layers. These contents are comparable with those of
marine mud deposits and there is a close relation between the contents of
organic matter and clay.

The Detritus and the Almere-deposits were sedimented under fresh and afterwards
increasing brackish conditions. About 1600 A.D. the salinity of the water increased rather
abruptly to over 12,000 mg Cl’/1, brought about among other things by a sharp decrease
in the capacity of the river Yssel. Under these saline conditions a marine sediment was
deposited, mainly rich in clay. The contents vary from 5 to 50% ; in the main part of the
polders the range is 10 to 35%. A close relation is found between the contents of organic
matter and clay, the first being about 11% of the last. The thickness of these Zuiderzee-
deposits (Zu) varies from 0.5 to 0.8 broadly.
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After the separation from the sea the former Zuiderzee became fresh within a few years.
In this fresh water reworked Zu-deposits were laid down, called Ysselmeer-deposits (Ym)
which rarely exceed a thickness of 10 cms. The range of clay contents is wide. Organic
matter contents are somewhat higher than those of the Zu at comparable clay contents.

A schematic profile of the various sediments is given in figure 1, showing their mutual
position. The thickness of the various layers can differ considerably, especially in the
Almere and older deposits.

3. METHODS OF INVESTIGATION

The withdrawal of soil moisture from the upper 1.0 to 1.5 m of the profile, brought about
by the evapotranspiration, gives rise to widely diverging soil moisture tensions in the
course of the year, varying from fieldcapacity or lower in winter to wilting point in the
upper 20-40 cms in dry summers. By that soil mechanical formulae cannot be applied in
calculating the shrinkage. By Hissink (1935) a method was developed by comparing the
specific volumes at the moment of emergence and at the moment hereafter for which the
prediction has to be given. The changes in specific volume are linear propertional to the
shrinkage. The specific volume (s.v.) is the reciprocal value of the dry bulk weight, It
represents the volume taken up by 1 gramme of dry soil under undisturbed conditions.

In aerated soils s.v. is defined by taking samples with a cylindrical sampler (¢7.3 cm,
h 8.0 cm) with an exactly known content. From this content and the content of dry soil
s.v. can be calculated. In non-aerated soils—so saturated with water—s.v. can also be
calculated by means of formula (1)

Sv. = 2 + 0014 (1)
S.W.
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in which

s.w. specific weight of the solid parts and 1/s.w. represents the volume of 1 gramme of
oven-dry soil;

A water content in % by weight. It represents the volume of the pore space, belonging
to 1 gramme of oven-dry soil.

In the non-aerated subaqueous sediments a close relation is found between the contents
of clay and organic matter on the one hand and the water content on the other hand. This
relation can be represented by formula (2)

A=20+n(L+bH) 2)
in which
L clay content;
H organic matter content;

n and b factors, characteristic for every type of sediment.

On a mean in the subaqueous sediments # = 2.2 and b = 3.0 (Smits, 1962). The mean
specific weight of the mineral parts is 2.664-0.03 g/cm?® (n = 256). The value for organic
matter was found to be 1.48 g/cm?. If L and H are known, s.w. and by that s.v. can be
calculated. It will be clear from both formulae, that there is also a relation between L,
H and s.v.

In older reclaimed soils also a relation is found between the contents of clay, organic
matter and s.v. This relation is represented by formula (3)

, o S8+m(L+bH)
' 100

It is found that s.v increases with increasing contents of clay and organic matter and at
equal contents increases with increasing depth in general (see fig. 2), so m increases with
increasing depth. For defining the relation of (3) samples have to be taken every 10 cms.

For predicting the shrinkage the s.v.’s of the sediment have to be compared with the
s.v.’s of an older reclaimed sediment. The last sediment has to satisfy the following
demands:

(a) The type of sediment from which the older polder is reclaimed has to be equal to the
sediment for which a prediction is wanted. Shrinkage passes with time logarithmically,
so the starting point has to be equal, as even after a century differences in s.v. are found
in various types of sediments (e.g. mudflads and saltings);

(b) The drainage conditions have to be equal to the conditions expected in the area to be
reclaimed. Better conditions promote the shrinkage, whereas worse conditions delay
it on the contrary;

(¢) Related to these drainage conditions is the type of land use, e.g. arable or pasture land
The depth of the rooted part of the profile and the extent to which the soil is dried out,
depends on this land use;

(d) The period after reclamation has to be equal to that, for which the prediction is wanted

(3

Though these demands are rather simple, in practice they lead often to difficulties,
especially for subaqueous sediments, as such sediments, reclaimed 80 to 100 years ago
are rare.

The values of s.v. vary from 0.60 to over 2.00 cm?/g, dependant on the type of sediment,
contents of clay and organic matter, depth below surface and stage of ripening. In aerated
soils samples are taken in quadruplicate, whereas in non-aerated soils a mixed sample of
16 cores is usual for analyzing the watercontent. Afterwards the relation between the
contents of clay and s.v. is calculated per layer. It is recommended to take at least samples
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at five clay contents, so per layer 20 couples of observations are available. From a large
number of data it appeared, that the standard deviation of s.v. ranges from 0.02 to
0.06 cm®/g, both in aerated and non-aerated sediments. Only in sediments reclaimed
rather recently and by formation of large cracks splitted up into prismatic columns, the
standard deviation is higher, ranging from 0.09 to 0.12 cm?/g. For this stage the method is
rather unreliable and can be applied only carefully and at least a larger number of samples
is necessary.
The shrinkage is calculated by the following, simple formula (4):

dy:d, =8.V.018.V. 4)
in which

d; thickness of a layer at the starting point;

d, thickness of a layer at t years after reclamation;
s.v.; specific volume at the starting point;

s.v., specific volume at t years after reclamation.

As a rather remarkable increase of s.v., is found with increasing depth (fig. 2) in older
sediments, the thickness of d, has to be restricted to 10 cms. In subaqueous sediments the
value of n (form. 2) does not vary systematically throughout the profile before emergency.
Form. 4 can be transformed to (5):

dy =31 4, (5)
S.V.,

and from the known values of s.v.,, s.v., and d, (10 cms) the original thickness of every
layer can be calculated. In this way the relation between the original thickness of a layer
and its thickness after shrinkage is obtained.

4. RESULTS

The only polders built up of sediments, comparable with those on the bottom of Lake
Yssel are the Y-polders, reclaimed in 1872-1876. However, these sediments have high clay
contents only (in general over 40%) and such high contents are rare in the sediments in
Lake Yssel. For that reason data collected in the well drained Johannes Kerkhovenpolder
have been selected. In 1875 this polder has been reclaimed from rather low lying tidal mud
flats. The clay content ranges from about 5 to roughly 50%. Sampling has been carried
out in 1964. The relation between clay content, depth below surface and s.v. is shown in
figure 2. The organic matter content can be left out of consideration, as a close relation is
found between the contents of clay and organic matter and moreover the contents of the
last are low.

Though no data are available on the value of n (form. 2) at the starting point, it is
assumed to have been 1.7. This value has been found in present-day mud flads, adjacent
to the Johannes Kerkhovenpolder. There is no evidence to suppose that in the presentday
mud flats drainage conditions deviate substantially from the conditions of the mud flats
in 1875. However, the value is found to be smaller than in the subaqueous sediments (2.2).
Nevertheless, the data from the Johannes Kerkhovenpolder can be used, as from a com-
parison of s.v. in layers corresponding in depth, and comparable in organic matter content
in this polder and the Y-polders it appeared that they are about equal. The deviations of
the Y-polder data from the mean relation between clay content and s.v. in the Johannes
Kerkhovenpolder are the same (fig. 3). For that reason it is supposed that the same will
hold at lower clay contents.
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FIGURE 2. Relation between specific volume and depth below surface at various clay contents in
the Johannes Kerkhovenpalder

At the starting-point the specific volumes of the subaqueous sediments can be cal-
culated with the help of formulae (1) and (2) wherein n = 2.2 (Smits, 1962). By means of
formula (5) the original thickness of every layer has been calculated at multiples of 5 of
the clay content. The results are given in figure 4. By interpolation the shrinkage at other
clay contents can be read. The graph as such is valid only for profiles, homogeneous in clay
content with depth. However, it can also be used for heterogeneous profiles by applying
an auxiliary, transparant graph.
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Supposing at the starting point a profile is build up as follows: 0-40 cms with 40% of
clay, 40-70 cms with 25% of clay, 70-130 cms with 15% of clay and overlying sand. The
layer 0-40 cms shrinks to 28 cms. Zero of the auxiliary graph is placed in d, = 28 cms and
L = 25%. On this graph the intersection of d; = 30 cms (70-40 cms) and L = 25% is
fixed and on the d,-axis read 24 cms. So 40-70 cms shrinks to 24 cms, and hence 0-70 cms
shrinks to 0-52 cms (28 +24 cms). In the same way the shrinkage of the third layer is found
by placing zero of the auxiliary graph in d, = 52 cms and L = 15%. This layer shrinks
from 60 cms (130-70 cms) to 54 cms. Hence in all the profile shrinks from 130 cms to
24+28+54 = 106 cms and the total shrinkage is 130 —106 = 24 cms.

This graph can be applied for Ym-, Zu- and Al*deposits, as their organic matter
contents are nearly equal or equal to those of the marine sediments of the mud flats. The
clay contents of the Ale!-deposits are very low and the layers rich in organic matter already
so compact, that hardly any shrinkage occurs. However, it has been at least questionable,
if this graph were appropriate for Ale?* 3-deposits, brought about by their relatively high
organic matter contents. From a comparison of the specific volumes of sediments in the
Y-polders, comparable with the Ale?* 3-deposits, and such data of the Waard- en Groet- ,
polder, built up of marine sediments with normal organic matter contents, it appeared
that they were about the same. As drainage conditions in both polders are about equal
(and worse than in the Johannes Kerhovenpolder and the Ysselmeerpolders), it may be
concluded, that in layers, situated deeper in the profile, differences in organic matter con-
tents (naturally to a limited extent, say below 15%) do not influence the shrinkage.
Consequently the graph of figure 4 can also be applied for the Ale?*3-deposits.

In general the organic matter contents of the Detritus are too high to apply figure 4.
As comparable, older deposits do not exist, only a rough estimate of the shrinkage can be
made, being about 10%. However, Detritus is rather rare within a depth of 1.5 after
100 years, except in the North Eastern polder.

From the foregoing it may be concluded that the relation between the thickness of
subaqueous sediments before reclamation and 80 to 100 years afterwards can be predicted
by the data of figure 4.

5. DISCUSSION

The described method cannot be applied to the prediction of the shrinkage of subaqueous
sediments only, but naturally to all sediments, liable to shrinkage after reclamation, such
as the sediments of the tidal mudflats and saltings, tidal reed marshes, willow coppices
and so on. Though it is the only method to draft such a prediction of the shrinkage of the
upper 1.0 to 1.5 m of a sediment, it has as such some considerable restrictions, due to the
fact that it is a comparative method.

In practice it is often difficult to satisfy completely the demands, mentioned in 3,
Comparable sediments of the required age are not available always and if so their drainage
conditions may differ—in general they are or were worse—from those in modern recla-
mations. Even if such comparable sediments are on hand, the range of the contents of clay
and/or organic matter may not be similar or drainage conditions or land use are unequal.
In case sediments, satisfying the mentioned demands, do not exist, the shrinkage has to be
estimated with the help of data of older or younger sediments or more or less comparable
sediments under application of inter- and extrapolation and not always well known
relations on the course of shrinkage with time and the mutual relation between the
shrinkage of various sediments. It will be clear that such estimated predictions are less
reliable than predictions, derived from comparable sediments under the right conditions.

Another disadvantage of this method is that comparisons can be made only under
similar climatological conditions. Differences in these conditions bring about differences
in the rate of drying out of the soil and so in the extent and variation of the capillary
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The hydrologic balance in the land subsidence phenomena

tensions. By that the shrinkage will vary. Of course, slight variations in climate will not
affect the shrinkage to a remarkable extent and for instance data valid for Dutch climato-
logical conditions will be valid also for all comparable sediments, bordering the North Sea,
without introducing large inaccuracies.

On the other hand for example, in tropical deltaic areas these data should not be
applied as the climatological conditions diverge widely from those in the North Sea area.
Moreover, the type of landuse deviates considerably, being predominantly irrigated or rain
fed paddy. The application of the method will be problematical here as in general in such
areas comparable older sediments do not exist and even if they are present their age is
often unknown. For such areas merely a rough estimate of the shrinkage to be expected
can be made.
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THE HYDROLOGIC BALANCE IN THE LAND SUBSIDENCE
PHENOMENA

Tatsuo SHIBASAKI and Shizvo SHINDO

ABSTRACT

The hydrologic balance in confined ground water basins was studied for certain cases
in the land subsidence areas in Japan. The equation for hydrologic equilibrium in a
particular basin is given by Or = R +L = A4S dh/dt + Qd, where Qr is the recharge to the
basin per unit time, R is the recharge through lateral seepage flow, L is the recharge through
leakage from semiconfining strata, A is the area of the basin, and S is the average storage
coefficient of the basin, dh/dt is the average change in the height of ground water level in
the basin per unit time, Qd is the discharge per unit time from the whole area of the basin.
The results of computations show that the leakage is estimated to be about 60 to 70 % of
the total recharge to the basin. These values of leakage ratios will be useful in solving the
problems in the land subsidence area.

1. Research Institute for Natural Resources, Shinjuku, Tokyo, Japan.
2. Kokusai Aerial Surveys Co. Ltd., Chiyoda, Tokyo, Japan.
3. Faculty of Engineering, Tokyo University, Kawagoe, Saitama, Japan.
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RESUME

Le bilan hydrologique a été étudié dans certains cas de bassins artésiens au Japon.
L’équation de I’équilibre hydrologique dans un bassin particulier est donné par Qr =
R + L = AS dh/dt + Qd ou Qr est la recharge du bassin par unité de temps, R est la
recharge par filtration latérale, L est la recharge par pertes de couches voisines semi-arté-
siennes, A est la superficie du bassin, S est un coefficient d’emmagasinement moyen et dh/d¢
est la variation moyenne de la hauteur d’eau souterraine par unité de temps; Qd est le débit
sortant par unité de temps de I’étendue totale du bassin. Le résultat de certaines recherches
donne pour la recharge provenant des pertes des couches voisines, 60 & 70 % de la recharge
totale. Ces valeurs peuvent &tre utiles pour résoudre le probléme dans les cas d’affaisse-
ments.

INTRODUCTION

In several areas in Japan, land subsidence has been observed to accompany extensive
ground-water drawdowns by excessive pumping from confined aquifers, but no atention
has been paid to the hydrologic balance in connection with land subsidence phenomena.
The changes in height of ground-water levels, of course, depend upon the quantities of
water recharged and discharged. The quantitative prediction of the drawdowns is the
first step to the prediction of the land subsidence.

Our team have commenced an investigation of the hydrologic balance in a confined
ground water basin according to the flow chart shown in figure 1. Although our investi-
gation is still incomplete, we will discuss the results of a few of our recent studies.

In preparing this presentation, our cordial thanks go to our many colleagues for
assistance in various ways.

MATHEMATICAL MODELS FOR THE HYDROLOGIC BALANCE
IN CONFINED GROUND WATER

For hydrologic systems analysis, the water complex described previously is replaced by
a simplified model. Two models are given to describe the hydrologic balance in a confined

Well Prospective
discharge discharge
Well data
collection T. S, Test of Future
water balance waler balance
caleu, computaiion computation
Groun b
water level
Tritium
Observation dating Future
Planning KO-  wells, — subsidence
Leveling Subsidence computation
observation R
Hydro - Test of J
geology ) subsidence
computation

Geological Quaternary Unit
surve classification
Y geology Geological
modeling
. Data
Soil test
Processing

FiGure 1. Simplified flow chart for prediction of land subsidence
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ground-water system, one is the equation for hydrologic equilibrium in a unit confined
ground-water basin, another is for dimensional zones in it.

The equation for hydrologic balance in a unit basin, which was demonstrated by
Shibasaki and Kumai (1968), is given by

Qr=R+L=AS?+Qd (1)
t

in which, Qr = recharge to the basin per unit time, R = recharge through lateral seepage
flow, L = recharge through leakage from semiconfining strata, 4 = area of the basin,
S = average storage coefficient of basin, d#/ds = average change in the height of ground
water level in the basin per unit time, and Qd = discharge per unit time from the whole
area of basin.

MacNeal (1953) proposed that the ground-water basin model was divided into small
polygonal zones, a typical node point, its neighbors, and the associated polygonal zone
are shown in figure 2. In such an asymmetric network of node points, the difference-
differential equation for ground water flow is given by

dh
Z(hi*hs) Y p = ABSBE'I'ABQ,B ¥

where

Ji,8T;
Y,y = 2222
Iis

and, Ay = area associated with node B, Y,,5 = conductance of the path between nodes,
i and B, Sz = values of the storage coefficient of polygonal zone centered at node B,
Qp = volumetric flow rate per unit area at node B, T,z = value of the transmissibility
at the midpoint between nodes 7 and B, [, = distance between nodes 7 and B, and
J;,p = length of the perpendicular bisector associated with nodes i and B.

The left-hand side of equation (2) is the summation of subsurface flows between a given
area and its surrounding areas. The rate of change of storage is given by the first term on
the right-hand side, and the second term represents the surface flow rate out of the zone
of saturation of the given unit area. Replacing the terms of equation (2) as follows;
Ag=A, Z (h;—hp)Y,;,5 = R, AgQp = Qd—L, and S = S, equation (2) is completely
the same as equation (1).

FIGURE 2. Polygonal geometry
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Equation (1) is convenient for computing the hydrologic balance in the whole confined
ground-water basin. The elevation of the water table at a certain point in the basin is
computed by equation (2). The solution of equation (2) on the analog or digital computer
was reported by Tyson and Weber (1962).

FORMULATION OF THE HYDROLOGIC BALANCE COMPUTATION

Before the computations of ground-water balance are made, it is necessary to collect the
basic data of the basin parameters which define the magnitude of the basin behavior.
The steps of data processing taken in this approach are shown schematically in the upper
part of figure 1, which indicates the sequence and relationship of the several contributing
investigations. For the basis of unit classification, geologic studies should be completed
in an early stage in the investigation.

The computional procedure is divided into two phases; in the first phase the values
of basin parameters, especially the storage coefficient, are identified by the historical
hydrologic data, and in the second phase the values of basin parameters determined in
the first phase are used to predict the elevation of future ground water levels. The results
of prediction, of course, should be checked for further reference.

DETERMINATION OF BASIN PARAMETERS

1. TRANSMISSIBILITY COEFFICIENT (T)

Usually the value of transmissibility is obtained by pumping tests from a pumped-well
and observation-well system. In a case where it is hard to get many pumping-test wells,
the following approximate solution may be adopted.

In the more general case of a well penetrating a confined aquifer, the well discharge is
given by

Q = 2.73 kMs/(log R—log ) €))

where, Q@ = well discharge, k& = permeability cosfficient, M = the thickness of aquifer

s = drawdown, R = the radius of the cone of pressure relief, and r = well radius.
Equation (3) is well known as the equilibrium formula, or Thiem equation. Substituting
in equation (3) gives

T = kM 4
R =2sT o)

where, T is the transmissibility coefficient in cu. m per day; therefore equation (3) reduces
to
46 2s

logT=i——sT—210g— 6)
0 r

To obtain the formation constant from pumping test data, Klimentov (1961) suggested
an approximate solution based on a graphical method. When many well data are collected
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I
Sc=Q/s

A=5.46/Sc

B=2log(2s/r)
I

Newton's M.

logT=AT-B

>

T=SIG(T' i)/ 0
s (T’)

T'm

Sc, T, T
s'(T),Tm,$

FIGure 3. Simplified flow chart for digital computer solution of formation constants

in a polygonal zone, the average formation constants can be computed statistically by
computer. A portion of the flow chart that was used is shown in figure 3. An example of
the result of the formation constant calculation is given in figure 4.

2. STORAGE COEFFICIENT (5)

The value of storage coefficient of a confined aquifer is also obtained by a pumping test.

In the case where it is hard to get many pumping test data, the storage coefficient can be
calculated by the next formula, which is based upon the essential definition

S = 4Qd|4h ®
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where, AQd = the increasing volume of water released from the unit surface area of
confined aquifer, and A# = the corresponding decline of ground-water level.

The average storage coefficient of the polygonal zone at node B may be approximately
calculated by

1.784 ¢
SB = A TB (9)

B

where, ¢ = time of pumping period, Tz = average transmissibility coefficient at node B,
and 4y = area associated with node B. Equation (9) was presented by Robinson and
Skibitzke (1962).

".A\

008

520
Y
o

74

f 0 4Km
t 1 t 1 —|

FiGURE 4. Transmissibility distribution in Hiratsuka basin, Kanagawa Pref
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3. WELL DISCHARGE (Qd)

This item is the most important parameter to influence the hydrologic balance computa-
tion, because it is directly affected by human activities related to irrigation, industries,
and municipalities. This discharge must be estimated as accurately as possible. Although
tedious it is accurate to make the measurements and sum all of them.

In practice, well discharge estimates are made from samples of representative wells,
multiplying the unit well discharge by corresponding number of wells gives the pumping
discharge for each zone. The sum of these becomes the total discharge over the basin.

The estimation of future pumping discharge is an important problem for a future
hydrologic balance computation. Time series analysis and regression analysis are used,
which have been developed in the branch of econometrics recently.

EXAMPLE OF THE HYDROLOGIC BALANCE COMPUTATION IN
A UNIT BASIN

Recharge into the basin is the most difficult to evaluate, because it cannot be directly
measured. When well systems are pumped, ground-water levels are lowered and the

FIGURE 5. Ground-water flow net of Shiroishi basin, Saga Pref. (14th Mar. 1966)

supplemental recharge flows are removed from the surroundings. Taking the case of the
Shiroishi Plain, Saga Prefecture, a concrete example will be given to explain the estimation
of supplemental recharge to the basin.
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Ten sheets of the flow-net maps were finished from August 1962 to March 1967.
An example of the map is given in figure 5. The volumetric recharge flow through lateral
seepage can be estimated from Darcy’s law

_nf.
R==TH (10)

in which, #f = number of stream channels in flow nets, nd = the number of equipotential
drops, T = transmissibility coefficient, and H = total head loss.

For these cases, the average transmissibility of the basin as obtained by pumping tests
is 3.0x1073m?/sec. Thus the volumetric recharge flow, R, could be calculated by

Output:
Qd,h R, L
Qr, ar-qQd

dh/dt

FIGURE 6. Simplified flow chart for digital computer solution of hydrologic balance in a confined
ground-water basin
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equation (10) for each time. The closed relation was observed between R and the
average height of water levels in the basin, which is given by

R = 3.5x10* 10887 (11)

where, R = recharge through lateral seepage, in cu. m per 10 days, and & = the average
height of water levels below the sea level, in m.

Giving actual field values to equation (1), the computed d//ds may be a larger value
than the actual value, because the leakage from the semiconfining strata, L, was neglected.
The item Qr is repeatedly ajusted until the computed water levels match the known water
level records. Thus, Qr is given by

Or = 6.4x10*p*17° (12)
The relationship among R, L, and Qr is approximately expressed by
R =0.330r (13)
and
L =0.670r (14)

After the relation between the recharge and 7 is obtained, it is easy to estimate the
hydrologic balance computation by computer. The flow chart that was used is shown in
figure 6. The result which was obtained in the way described above is shown in figure 7.

g

m m3/ 10day=
20x1P

) E _ad Jﬂ@_o,ooﬁ‘ Q

Or

10—

MIATMTITI TalsToINTD ][I TF M
1965 ‘66

FIiGURE 7. Hydrologic balance diagram of Shiroishi basin

EXAMPLE OF THE HYDROLOGIC BALANCE COMPUTATION IN
POLYGONAL ZONES

The hydrologic balance in polygonal zones is computed by equation (2). Recently, nume-

rical analysis by the digital computer has developed rapidly. Several reports of this
type of study were published (e.g. Tyson and Weber, 1962; Vemuri and Dracup, 1967).
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The size of the polygonal zones is dependent on the variation in replenishment,
extraction, transmission, storage, and water level data. For purposes of testing the model
against historical water level data, provision is made for the extraction of time-varying
flow rates from each of the zones.

The general flow chart that was used is shown in figure 8. The left-hand side of the
flow is the identification phase and the right-hand side is the computational phase, respec-
tively. In the identification phase, the parameter S is repeatedly ajusted until the computed

L=
(S-S')(R-Qp)/S’

dh/dt=xq xo:-Xm

Simul. eq.

Total basin
caluc.

FIGURE 8. Simplified flow chart for digital computer solution of hydrologic balance in polygonal
zZones

water levels match the historical water-level data by a trial and error method. The fixed
values of S at each node are stored in the digital computer for future use in the next phase,
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and the mathematical model of the basin is subjected to various operating conditions
corresponding to future pumping discharge or any other pertinent situation to predict
the future water-level trends.

The rate of leakage per unit area in each of zones can be calculated by the following
equation

Ly = (SB“S;;) (RB—ABQB)/ABSB (15)

where
RB = Z(hi_hB) Yi,B

and S% = fixed Sp in the identification phase.
Figure 9 shows an example which was computed by this method under the prospective
pumpage of 12.5 % 10* cu. m per day over the basin.

ﬁt. _ . 4km

FIGURE 9. An example of computed water-table map of Hiratsuka basin

ITEMS OF THE HYDROLOGIC BALANCE IN CONFINED GROUND
WATER BASIN

The items of the hydrologic balance in the Hiratsuka basin, Kanagawa Prefecture, are

given in figure 10. The data covered the nine-year period from 1960 to 1968. The total
supplemental recharge is about 80 percent of the total discharge from the basin, the
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lowering annual water level results from minus 20 percent in unbalanced water budget,
and the leakage is estimated to be about 60 percent of the total recharge to the basin. It
should be noted that these values of leakage ratios, about 60 to 70 percent, have been
estimated by our during investigations of other basins.

X10° r/d
10
Qd=Qr
Qr=075Qd+2180
5 —
L=0570d- 5620
R=0210d+ 7800
’ 1 4 3
0 5 10X10° my/d

FIGURE 10. Simple relationship among items of hydrologic balance in Hiratsuka basin

Figure 11 shows an estimate of the distribution of leakage rate per unit area for the
Santama basin, in the suburbs of Tokyo. The basin consists of a system of eight major
water-producing aquifers which are the late Tertiary and Quaternary sands and gravels,

FIGURE 11. Computed leakage rates per unit area, in m per yr, of Santama Basin, Tokyo, in 1967
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with the monoclinal structure toward the north-east direction (Shindo, 1968). The re-
charge zones is show as the west side of the A-B line, distributing a high rate of leakage.
Influent stream seepage and unconfined ground water in the recharge zone usually may be
the chief supplemental source of the confined ground water, because, the total of volume-
tric leakage flow rate in the recharge zone in 1967 as measured by stream and shallow-well
gaging, was about 57 x10* cu. m per day and the corresponding computed rate was
49 x 10* cu. m per day.

A VIEW ON THE HYDROLOGIC BALANCE FOR THE LAND SUBSIDENCE
PHENOMENA

In an investigation in the land subsided area, the Shiroishi Plain, samples of confined
ground water were taken for tritium analysis. The tritium content of samples ranged from
0.2 to 0.3 T.U.,, indicated apparently a poor recharge from the outcrop area to the basin.
Those results were also obtained in other land subsided areas (Kimura, et al., MS 1969).

On the steps of the results, it is satisfactory to consider that the main replenishment of
water to the aquifer is the leakage through semi-confining strata or underlying semi-
pervious beds. It does not contradict the results of leakage ratios, which have been
computed in the preceding section.

Figure 12 shows the changes in the computed leakage rate, L, and the measured
volumetric land subsidence rate Vs over the Shiroishi Plain. Here, over the three-year

X 106 m3/ month
2 ——

e
Dl I
’63 & 65 66

FIGURE 12. Changes of leakage rate and volumetric land subsidence rate, both in cu. m per month,
over Shiroishi basin

period from 1963 to 1965, the simple relationship between L and Vs is shown in figure 13
and is given by
Vs = 0.27L 4+ 0.25 an

where each unit is in x 107 cu. m per month.

The mechanism of the phenomena is as yet incompletely understood. However, it is
believed that the relation between them will be useful in solving problems related to land
subsidence phenomena.
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0 10 20
L

FIGURE 13. Simple relationship between leakage rate and volumetric subsidence rate over Shiroishi
basin
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DISCUSSION

Intervention of Dr. Naomi MIYABE:

I think the recharge amount, Q,, is dependent on the recharge pressure. But in your
formula, which term represents the effect of recharge pressure?”

Answer of Mr. SHIBASAKI:

“Yes, Q, is dependent on the pressure or on the difference in level, however, it is not
included in the terms of our formula. It was derived experimentally.”

Question of Dr. MIYABE:

“Is your formula applicable to the recharge into deeper aquifers?”

Answer of Mr. SHIBASAKI:

“As a matter of fact, it will be difficult to apply the equation “2”. It can be calculated by
distinguishing the contents of Q, of our equation 1.”

Intervention of Mr. Ben E. LOFGREN (US A):

“How dependent is your solution on the pattern of the nodes selected ? If you took twice
as many nodes, or half as many nodes, would you get the same results?”.

Answer of Mr. SHIBASAKI:

“Do you mean “polygon nodes” ?”, We are using about 20 nodes. Or do you mean the
samples contained in the nodes?”.
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Question of Dr. L.OFGREN:

Suppose you use, instead of 30 nodes, 10 nodes to cover the same area, or you use 100
nodes for the same area. Would you come up with the same results ?

Answer of Dr. SHIBASAKI:

I do not think the results would be the same. As we have to consider the gross error in
solving this simultaneous equation, which becomes larger with the increase in the number
of equations. This is a point that requires further consideration.

Intervention of Mr. Ben LoFGREN (US A):

Comments:

I have two comments. First, on your third or fourth slide, you showed several unexplained
loops in the relationship between rate of subsidence and rate of water-level decline. We
plot these data in a little different way, but get the same general hysteresis loop. You will
be interested in paper No. 45 by Mr. Riley scheduled for tomorrow.

The second comment relates to the time rate of subsidence. You attribute any delay
of compaction to secondary consolidation. We are finding in our studies that a good deal
of this delay is due to the slow drainage of water from the fine-grained beds of the aquifer
system. Sometimes slow drainage continues for many months or even years after the
water level is pulled down. Much of the time delay is related to the slow escape of pore
water from the very slow draining beds and not to secondary consolidation. Frequently,
delayed compaction is a significant part of the total compaction.

Answer of Dr. SAYAMA:

Thank you very much for your comments. I would very much like to hear the paper you
mentioned. And as for your second comment, the time lag, due to slow drainage, would
have, I am sure, much to do with it. These soil mechanics factors have, so far, not been
given full consideration. These must be studied in the future.

SIMULATION OF GROUNDWATER BALANCE AS A BASIS OF
CONSIDERING LAND SUBSIDENCE IN THE KOTO DELTA, TOKYO

Soki YAMAMOTO?, Isamu KAYANE!, Shigeru AOKI? and Seietsu FUJI

ABSTRACT

The major cause of land subsidence in the Koto Delta area, Tokyo is believed to be
the heavy withdrawal of groundwater. The rate of subsidence is generally in accord
with the rate of change in piezometric surface. The purposes of this paper are: 1) to make
clear the secular changes in regional distribution of groundwater surfaces with the heavy
withdrawal of groundwater, and 2) to test the applicability of the computer simulation
technique for groundwater balance to this area. To simulate the secular trend of ground-

1. Tokyo Kyoiku Univ.
2. Tokyo Inst. Civil Engnr.
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water levels, a two-dimensional diffusion model of a groundwater basin is adopted. Extrac-
tiontion data and water level histories are collected for the delta area and coefficients
of storage and transmissibility are determined by the method of least squares using a
digital computer. Based on the obtained results, the behavior of the groundwater basin
is discussed.

RESUME

La cause principale de l’affaissement de terrain dans la région du delta Koto de Tokyo
est supposée étre le pompage intensif des eaux souterraines. Le taux d’affaissement s’accorde
généralement avec le taux de modification de la surface piézométrique. Les buts de cet
article sont: 1) clarifier le changement séculaire de la distribution régionale de la surface
des eaux souterraines par le pompage intensif des eaux souterraines, 2) examiner I'appli-
cabilité de la technique de simulation par le calculateur électronique pour la balance
des eaux souterraines de cette région. Pour simuler la marche séculaire de niveau des
eaux souterraines, le modele de la diffusion & deux dimensions du bassin des eaux souter-
raines est adopté. Les données d’extraction et les variations de niveau des eaux sont
rassemblées sur 'étendue du delta et les coefficients d’emmagasinement et de transmissibilité
sont déterminés par la méthode des moindres carrés & 1'aide du calculateur digital. Avec
les résultats obtenus, I’allure des eaux souterraines du bassin est discutée.

INTRODUCTION

The major cause of land subsidence in the Tokyo lowland plain, known as the Koto
Delta, is considered to be the heavy withdrawal of groundwater. Generally speaking, the
secular trend of repeated leveling records coincides well with that of groundwater levels.
The rate of land subsidence markedly decreased during the World War II, when the
economic activity depressed, compared with those observed both before and after the war.
The water level history at the University of Tokyo shown in figure 1 indicates the corres-
ponding recovery of groundwater level during the war time. Analyses have been made of
the relationship between the rate of subsidence and the groundwater level, Miyabe 1
bore one, for the area of our concern. However, few studies are made from the standpoint
of groundwater balance. The purposes of this paper are to make clear the change of
groundwater level in time and space due to pumping by using available data as much as
possible, and to test the applicability of the computer simulation technique of groundwater
balance to this area.

Geomorphologically, Tokyo is divided into two areas; one is the lowland of our
concern and another is the upland areas. The surface parts of the former area consists
mainly of Holocene sand and clay deposits, those of the latter comprising the Kanto loam
formation. These deposits cover the Pleistocene and Pliocene formations which are widely
distributed in the deeper part of this region. The strata consisting of subsurface geology
of Tokyo are subdivided into several formations. Among these, the main system of the
aquifer is considered to be the Pleistocene Edogawa formation of 100 to 400 meters in
thickness, which lies over the Pliocene Kazusa Group with unconformity increasing its
thickness towards the center of the Kanto Plain. The formation is composed of alternating
layers of brackish sand, clay and gravel in the upper part and of marine sandy strata in
the lower.

INPUT DATA
Three kinds of data are used to construct past groundwater levels: (1) Records of observa-
tion wells, whose locations are shown in figure 2. Representative records of them are

reproduced in figure 1 [?* 3]. The depth of wells range from 380 meters at the University
of Tokyo to 47 meters at Azuma-A; (2) Groundwater levels observed at the time of well
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FIGURE 1. Secular trend of groundwater levels. Small circles indicate groundwater levels at the time
of bore drilling near AZUMA-A and B (node 4)

drilling. These data are collected from the driller’s field notes. Small circles in figure 1
represent a part of such data within node 4 (fig. 3) in which observation wells of Azuma-A
(115 meters in depth) and Azuma-B are located. A dashed line is drawn by eye-fitting to
show a presumed water level change at node 4; (3) Static groundwater level of wells for
industrial or building use entered on “Groundwater Investigation Card”. Investigations
have been tried several times by organizations of Tokyo Metropolis. Figure 2 is one
example, which is constructed by us from such data, indicating the distribution of ground-
water level in and around the Koto Delta at the end of August in 1962.

By using the three kinds of data stated above, the groundwater level histories shown
by a solid line in Figure 4 are constructed, one for each nodal area. The method of
constructing these histories is described elsewhere in detail [].

The amount of water pumped from a groundwater basin is of fundamental importance
in studying the groundwater balance. Several data from different sources are available
in this area but the accuracy of them are dubious in many respects unless the data are based
on direct measurement by the trained investigator. Five source data used in our study are
those obtained by the ‘enquéte’ method and great discrepancies are found between them.
Some adjustments were necessary to construct the past records of groundwater pumpage
shown in table 1 from these source data, although we have no confidence in that the
adjusted pumpage data has enough accuracy. Lateral groundwater inflows across the
outer boundary are subtracted from the pumpage for nodes 2, 8, 9 and 11. The amount
ranges from 3 x 103 to 7 x 103 cubic meters per day. Detailed.explanation on the method
employed for adjustment is described alsewhere [4]. Table 1 indicates that the pumpage
from eleven nodal areas is about 280,000 cubic meters per day in 1952 with increasing
trend up to the maximum of 610,000 cubic meters per day in 1963 followed by a slight
decreasing trend resulted from a groundwater regulation in the southern half of the area
concerned. Pumpage data of the same accuracy are not available for nodes 12 and 13,
so these nodes are omitted from the present computation.
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ASYMMETRIC POLYGONAL NETWORK

An asymmetric polygonal network adapted by us are shown in figure 3. It covers a area
of about 300 square kilometers. It is desirable that a network covers an entire ground-
water basin and the network is denser where greater hydraulic gradient exists. Judging
from the hydrogeological conditions, a network consisting 100 nodes covering about
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FIGURE 2. Horizontal distribution of groundwater level at the end of August, 1962

TanLE 1. Amount of pumped groundwater from each node (AzQg)

Node Nos
1 2 3 4 5 6 7 8 9 10 1

Year
1950 16 16 9 27 28 18 35 4 1 61 20
1951 16 16 9 27 28 18 35 5 2 61 20
1952 17 16 9 28 30 19 36 6 4 63 21
1953 20 17 10 33 37 21 37 6 5 69 27
1954 22 19 15 41 41 23 40 7 8 74 30
1955 27 21 19 48 46 26 42 8 9 80 35
1956 37 35 22 56 56 29 44 10 11 86 39
1957 47 42 25 58 63 32 48 11 12 91 40
1958 53 38 27 57 61 36 53 12 12 94 38
1959 58 33 30 59 58 40 56 13 13 100 34
1960 61 34 33 61 58 43 59 15 13 106 38
1961 62 37 34 64 61 43 60 15 15 112 46
1962 62 34 33 61 64 44 60 16 15 115 49
1963 60 34 33 62 68 45 60 16 16 120 57
1964 52 33 30 59 71 43 55 16 16 121 62

unit: 1000 m3/day
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1000 square kilometers, including surrounding areas, may be more appropriate for the
groundwater simulation in the Southern Kanto. But the limitation is imposed by the lack
of available input data. Past pumpage data are available only by ward (k«) and only a few
for the upland area. No observation well is installed in the upland area yet.

FIGURE 3. Polygonal geometry and Tokyo Koto Delta asymmetric network. Figures in polygons
indicate node number

SIMULATION

Tyson and Weber [*] proposed a method of digital computer solution for a two-dimen-
sional diffusion model of groundwater flow in an unconfined aquifer. Under approximate
assumptions the dynamics of flow in the aquifer is described by the following equation:

VTVh—S%:E—-Q=0 6]

where h refers to the hydraulic head or groundwater level, T and S are, respectively, the
transmissibility and storage coefficients, and Q indicates the time dependent flow rate per
unit area. This flow is the sum of pumpage and replenishment flows. Equation (1) is solved
on the general purpose digital computer by an implicit numerical integration technique.
Using this technique, the equation is replaced by

, ) A.S. . ) )
‘;(hﬁ“—hi“)ﬁ,a=z—t3(hé”— D+A05"

¢))
Yi,B = Ji,BT;,B
Lip
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in which the superscripts j denote points along the time coordinate, 4y express the area
associated with node Band Y; 5 is the conductance of path between nodes 7 and B as shown
in figure 3. More detailed explanation for equation (1) and (2) is given in the original
paper by Tyson and Weber.

Assuming that the equation (2) is valid for the groundwater balance in the Koto Delta,
Tokyo, we take two steps for simulating groundwater level histories. In step 1, the storage
coefficient Sy and the conductance Y; p are calculated by the method of least squares
based on the data of past water level and flow rates Q. In step 2, the coefficients obtained
in step 1 are used to simulated water level histories. If the simulated water level histories
in step 2 coincide well with those observed, the forecast of the future water level will
become possible in the next step by giving planned data of groundwater extraction, If
simulated levels do not coincide, the accuracy of the input data or the applicability of the
method should be examined.

Explanation of steps 1 and 2 is as follows.
Step 1: The purpose is to calculate Sp and Y; » from K.N equations of (2) for pas K time
steps (year) and N nodes. A equation (2) is valid for each node and each year.

1. The number of pairs of ¥; y = Yp ; is counted and expressed by M.
2. Construction is made of an augmented matrix Z of (KN, N+ M+1) in which the

coefficients for Sy, i.e.
B ’
At

are put in 1~ N colums; the coefficients for Y; g, ie. (B/*'—h5*"), are put in
N+1~ N+ M th columns; a constant term, i.e. (ABQ1§+1), is put in N+ M+1 th
column.

3. Product of ZT-Z is calculated to give a square symmetric matrix of (N+M+1,
N+M+1). ZT refers to a transposed matrix of Z.

4. Assuming the N+ M+1 th column of the square summetric matrix as a constant term
and 1~N+M th columns as coefficients of simultaneous equations, these linear
equations are simultaneously solved to give Sy and Y; p.

Step 2: The purpose is to calculate the groundwater level by using a given set of coefficients
such as those calculated in step 1. By rearranging the equation (2), the following one is
obtained.
. . A.S . A.Se.
th“l’:,n—hFl(Z Yi.B"'f'):ABQ:i“ —f’hﬁ (3)
i t t

1

As the equation (3) is valid for B = 1, 2, ... N, the following matrix operation is formed.
Given the groundwater levels of one time step before, h‘;, the present levels h’j-* ! are
obtained by the simultaneous solution of equation (4). The inverse method is used for
the simultaneous solution in steps 1 and 2.

Input data for the computational scheme stated above are water level histories and
pumpage data described in the preceeding section. In order to test a computer program
written for steps 1 and 2, arbitrarily selected sets of Sy and Y; pshown in table 2 under the
heading of “Test-1" are, at first, given in step 2 together with pumpage data,and ground-
water levels are arbitrarily constructed as an output of step 2. Then, these arbitrarily
constructed groundwater levels shown by broken line in figure 4 are given in step 1 as the
input data together with pumpage data, and sets of Sy and Y; p are calculated by the method
of least squares. As a result, the same sets of Spand Y; pgiven in step 2 are obtained as
an output of step 1 and the computer program is proved to be effective so long as the input
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Groundwater Level (m)

Soki Yamamoto, Isomu Kayane, Shigeru Aoki and Scietsu Fuji

data are accurate enough and the groundwater behaves in the manner as expressed by
equation (1).

Having tested the computer program, the data of actual groundwater level shown by
solid lines in figure 4 and the pumpage data in table 1 are given in step 1. The calculated
set of Sp and Y; 5 are shown in table 2 under the heading of ‘L.S.’, for least squares.
Groundwater levels are simulated, next, in step 2 by using these coefficients and the results
are shown in figure 4 by a series of small circles. Computation is made for eleven nodes
(N = 11) and fifteen years from 1950 to 1964 (K = 15).

As can be seen from the figure 4, the results are not satisfactory. The deficiency is that
the negative sign appeared on eight sets of transmissibility coefficient out of twenty one.
This makes the results physically meaningless and negates the value of the simulated
groundwater levels. Two main causes are considered for this deficiency. One is inaccuracy
of pumpage data and the other is the instability of the solution affected by a slight error
involved in the input data.

After comparing the simulated groundwater levels from the coefficients of ‘Test-1’
and ‘L.S.’, a value of about 0.2 seems to be appropriate for Sy. The groundwater levels

1950 55 60 65 50 55 60 65 50 55 60

—-50}

node | t node 5 node 9

node 2 [ node 6 ° e node 10
o
L a0 " . L 1 &:?_o\;—'n\u
SRR
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. “ %
\\ ° Tl
M\?\ \\ \
node 3 IS node 7 S node 11

node 4 T~ node 8

FIGURE 4.  Observed and simulated groundwater levels
Solid line:  Observed groundwater levels

Broken line: Results of Test-1 in table 2

Circles: Results of L.S. in table 2

Dots: Results of Test-2 in table 2
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Simulation of groundwater balance as a basis of considering land subsidence in the Koto Delta, Tokyo

TaBLE 2. Values of S and T;,p used for simulating groundwater levels (see fig. 4)

Storage Coefficient Coefficient of Transmissibility (m?/day)
Sp Test-1 L.s, Test-2 Tip=T;p  Test-1 L.s. Test-2
1 0.201 0.237 0.200 1- 2 808 -1910 300
2 0.100 0.115 0.200 1- 4 1240 1341 300
3 0.154 0.169 0.200 1- 5 330 2960 300
4 0.103 0.011 0.200 2-3 605 1112 300
5 0.114 0.143 0.200 2- 4 413 -2194 300
6 0.065 0.084 0.200 3- 4 245 196 300
7 0.074 0.873 0.200 3- 7 998 -1203 300
8 0.066 0.818 0.200 3-8 362 402 300
9 0.117 0.152 0.200 4- 5 417 4761 300
10 0.412 0.520 0.200 4- 7 455 4421 300
11 0.124 0.121 0.200 5- 6 741 1027 300
5- 17 6855 -76693 300
Test-1: arbitrarily given sets of Sgand T, 67 334 -0 300
LS. Tig andySgB obtained bthl?: method of least 6-10 2136 -2156 300
S s, 7- 8 1133 2644 300
7-10 1930 -2566 300
8- 9 178 720 300
8-10 3667 6784 300
9-10 1061 289 300
9-11 2635 1872 300
10-11 1179 -1410 300

shown by a series of dots in figure 4 are those calculated under the assumption that all
nodes have S = 0.2 and T = 300 (m?/day) in order to see regional differences in the
response of groundwater levels.

DISCUSSION

A flow rate of Q in the equations used are the sum of extraction and replenishment flows.
Although the amount of lateral inflow into some of the nodal areas are adjusted as stated
before, a vertical recharge from the surface is assumed to be negligible. This is based on
the fact that the tritium concentrations in groundwater sampled from a 65-meter-depth
well located in node 8 in 1962 and 1963 are 1.0 and 1.1 in Tritium Unit, respectively N
Another tritium analysis also revealed that the groundwater in this area seems to have
recharged at least before 1954 [7].

As shown in figure 4, simulated water levels coincide fairly well with those observed
for marginal nodes 1, 2, 6, 8 and 9, but not for central nodes 3, 4 and 7. This may be
corrected either by increasing the storage coefficient of the latter nodes or by increasing
the transmissibility coefficient of all areas. The storage coefficient of 0.2 is considered
equivalent to the specific yield of fine sand, or sand and gravel, so that the adjustment on
transmissibility is more realistic than that on storage coefficient. Greatest deviation from
the observed water level are found for nodes 10 and 11. Since the basin is not closed at the
boundaries of nodes between 10-12 and 11-13, and no lateral inflow is taken into account
for node 10, these descrepancies may be interpreted as a result of neglected lateral inflow.
As a whole, it seems important to land subsidence problems that most of the pumped
groundwater in this area has been supplied not from the recharged groundwater but from
that stored in the aquifer.
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The following suggestions may be to the future simulation work of the groundwater
balance: (1) The necessary procedure should be taken for obtaining accurate data on
groundwater level and extraction, especially for the latter; (2) Given the accurate data,
a trial and error method on the digital computer will be used to find hydraulic coefficients
and (3) Hydrogeological information, either on storage coefficient or transmissibility, will
make a trial and error procedure much easier.
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WATER BALANCE INVESTIGATION BASED UPON
MEASUREMENTS OF LAND SUBSIDENCE CAUSED BY
GROUND WATER WITHDRAWAL

L. ORLOCI
District Water Authority, Pécs, Hungary

ABSTRACT

The total water demand of the town Debrecen is supplied from wells, tapping
a 20-30 m thick coarse sand aquifer of the lower Quaternary at 100-200 m depth. The
aquifer is overlain by a fluvial series topped by loess and sand. The first wells were
drilled some 70 years ago. The yearly water withdrawal now exceeds 12 million cu. m.
The piezometric level of this aquifer in the vicinity of the wells has subsided 15-20 m
since 1913.

It can be assumed that owing to the water withdrawal of greater quantity—respecti-
ve to the depression produced—the alluvial layer will consolidate and the land subside.
For determining the amount of this land subsidence the former town survey data could
be used. By comparing with more recent measurements a consolidation data series
extending over about 40 years was obtained. The maximum subsidence of land amounts
over 40 mm since 1927.

The water balance of the aquifer can be characterized by parameters of the compaction
and of the dynamic resource determined by land subsidence data. According to present
investigation the maximum degree of compaction (which is equal to the pore volume
variation produced by possible consolidation) can be estimated at 4-5 per cent of the
pore volume of the layer.
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Water balance investigation based upon measurements of land subsidence

RESUME

L’ensemble de la demande en eau de la ville de Debrecen est couvert par des puits pre-
nant leur eau dans une couche de 20 4 30 m de sable grossier du Quaternaire inférieur a
une profondeur de 100 & 200 m. L’aquifére en question est recouvert de dépdts fluviaux
couronnés par du loess et du sable. Les premiers puits furent forés il y a quelque
70 ans. Le pompage annuel dépasse 12 millions de m3. Depuis 1913, le niveau piézo-
métrique au voisinage des puits a baissé de 152 20 m.

Il faut bien admettre que le pompage de plus grandes quantités d’eau et sous la
dépression ainsi produite, le sol alluvial va se consolider et provoquer des affaissements.
Pour déterminer le montant de cet affaissement, les données de la derniére enquéte de
la ville peuvent étre utilisées. En les complétant par de plus récentes mesures encore,
une série de chiffres de consolidation s’étendant sur prés de 40 ans a pu étre établie.
L’affaissement maximum depuis 1927 s'éléve & 40 mm.

Le bilan d’eau de l'aquifére peut étre caractérisé par des paramétres de la compaction
et par les ressources dynamiques déterminées par les données d’affaissements. D’aprés
les recherches présentes, le degré maximum de compaction (qui est égal a4 la variation
du volume des pores produite par la consolidation possible) peut étre évalué a 4-5 %
du volume des pores de la couche.

1. THEORETICAL FUNDAMENTALS OF
WATER BALANCE INVESTIGATION

The water resources of porous, sedimentary strata are usually composed of two parts.
The part stored in the voids is called the statical resource, whilst the part arriving from
elsewhere to the point of use, that is, the part supplied by seepage, is called dynamic
resource.

When tapping an aquifer, together with the reduction of neutral stresses there is an
increase in the effective stress, resulting eventually in consolidation. When extending the
drawdown caused by water production to the top stratum, this can result in a maximum
consolidation of the aquifer, or, with the propagation of reduced stresses, of the whole
profile, determined by local geological conditions. Obviously, consolidation can only
occur if the volume of water corresponding to the change in porosity is withdrawn from
the aquifer. Denoting the porosity of the fully consolidated stratum by n, and the one
pertaining to natural conditions (preceding the production of water) by n,, then the value

n,—ng =m (l.a)

will be a measure of specific water resources related to the consolidation of the aquifer.
The volume of water pertaining to n, (or at least its part not bound by molecular forces)
can also be exploited, without however causing any structural change in the aquifer. It
seems thus reasonable to divide static resources into two parts characterized by the values
ng and n,.. Due to compressive properties of the soils, the reversibility of this process is
(under practical conditions) unlikely. Accordingly, the discontinuation of withdrawal
followed by the restoration of the groundwater table and neutral stress to their original
value, cannot be expected to result in an essential change of porosity. The exploitation
of consolidation water resources is thus an irretrievable consumption of resources, contrary
to the one pertaining to n,, that can be replaced by a repeated replenishment of the voids.

In the range of stresses common in cold-water aquifers, the soil compression curve can
be replaced by a straight line and thus the expected change in porosity, due to the increment
As in drawdown, can be expressed as follows:

dn, = m-y-4s,

with 4s being the decrease in the piezometric level, y the specific weight of water and m
the compression factor of the layer. If one assumes the average value of a short-time
change in the drawtown to be proportional over the whole drawdown area F to a value
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Ads, observed at a representative point, and on the other hand it is allowed to take m, 7.
and the aquifer thickness / into account by their mean values, then the change in the
consolidation resources (4 V}) will be

AV, =a-m-y-F-h-4s,,

J AsdF
JF

45, F

where

o =

to be interpreted in accordance with Figure 1.

By supposing the order of magnitude of the drawdown area F to be constant, and
introducing thus the notation a.m.y.F.A = B, the consumptive use during unit time of
the consolidation resources can be characterized by the following relationship:

ds
= B—£ 1
Qk dt ( )

where Q, is the part of the exploited discharge originating in the irrerrievable consolidation
resources, B is a factor assumed to be constant under the conditions described above,
and which is equal to the consolidation resources pertaining to a drawdown change in
unit time.

Water inflow to the aquifer, induced by drawdown, may occur either as infiltra-
tion across the perimeter, or from neigh bouring aquifers. In both cases the validity of
the Darcy law can be assumed for both the horizontal and the vertical seepage flow. If so,
it is logical to assume that the inflow discharge is a linear function of drawdown, that is,

Op = A-5o ()
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FIGURE 1. Definition of the water levels
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where:

Qp the part of the exploited discharge coming from the dynamic resources;

A the product of factors to be considered constant for given hydrogeological and
withdrawal conditions, and

so the drawdown measured at a representative point.

In Quaternary formations and generally, in such of alluvial origin, the underlying
and the overlying bed can only be considered impervious for values of the hydraulic
gradient lower than a given value. In such cases, the hydraulic relations between the pros-
pected aquifer and the adjacent ones, developing through incidental sand pockets, is
determined by the cone of depression and the amount of drawdown.

In the area around the well or group of wells, where there are hydraulic gradients
higher than the limit, due to the drawdown, general seepage is started across the sublayer
and the cover from the neighbouring aquifers. At such times, there is a close relationship
between depression surface and amount of drawdown and thus, the inflow discharge can
be defined in principle by a single independent variable, the drawdown appearing at the
representative point.

In accordance with the propagation of the pressure drop, all aquifers involved become
parts of an interconnected hydraulic system, and a consolidation proportional to the
amount of water removed may occur in them. Thus, an apparently dynamic yield from
the pumped aquifer may be drawn actually from the static resources of neighbouring
strata. By considering the possible character and the influencing factors it can be assumed
that the relationships (1) and (2) are acceptable also in the case of complex systems, and
that they can be applied to groups of wells. In these cases however, the values of the factors
A and B are also influenced by the position of the wells.

Neglecting among the possible components of water resources the change of the elastic
expansion and of the vapour phase of water (factors not giving rise to the formation of
substantial resources at depths of 150 to 250 metres), the equation of the full yield
withdrawn, and at the same time of the water balance of the aquifer, can be written as
Qr = Q,+ Oy, or, by substituting (1) and (2):

Or = Aso(1)+B % ®)

with Q1 being the available resource of the well or group of wells. The value of the draw-
down s should be related to the original piezometric level of the aquifer, before pumping.
The stationary level which depends on hydrogeological conditions and natural factors,
may be constant or variable. Due to the irreversibility of resources consumption, when
determining the consolidation resources, the deepest position of the stationary level below
the terrain, should be taken into account. In the case of well groups, the characterization
of drawdown s by a single value can be achieved by applying the method of the “fictitious
equivalent well”. The average of piezometric levels of wells temporarily out of action
within the group of wells, is assumed directly proportionate to the central drawdown,
characterizing the inflow to the “fictitious well”. Accordingly, the position of the piezo-
metric level, i.e., the level of dynamic equilibrium within the well group area, can be
defined by the distance s, measured from the original stationary level, and called nominal
drawdown (Fig. 1).
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2. DETERMINATION OF CONSUMPTION FROM CONSOLIDATION
RESOURCES

From the record of withdrawal and drawdown, the water balance equation can be solved
and applied, if the factors 4 and B, assumed to be constant, have been previously deter-
mined. It can be seen immediately that, under the conditions already described, the factor
B of the change of consolidation resources depends in principle solely on the soil physical
properties of the aquifer. However, the determination of such data by core-samples, is
very expensive and questionable, even if the area influenced by the waterworks is small.
Thus, another approach should be adopted. In the wake of the consolidation of the
aquifer, the ground must subside over the whole area affected by withdrawal. If this is
perceptible, then the deformation of the terrain due to withdrawal can be followed by
levelling. Obviously, there can be a number of other reasons for the movement of the
ground and the bench marks and these should be discovered and evaluated when one
endeavours to determine the subsidence coming from consolidation.

In mining, and especially in the excavation of coal beds, the extent of surface subsi-
dence depends under otherwise identical conditions of geology and mining upon the posi-
tion and extension of the terrain. By considering pertinent experiences, it is reasonable to
assume that if water is exploited from a porous stratum lying 100 to 200 m deep, and
the ground subsidence extends over several sq. km, then no arching or loosening can
occur. Thus, obviously the amount of ground subsidence is equal to the consolidation of
the strata. Consequently, the volume of the subsidence trough is equal to the volume of
consumption from consolidation resources from the hydraulically interconnected forma-
tions. Accordingly, the equation

jTdet = BJT (%) dr =7, ©))

can be written, expressing the fact that the consolidation water resources withdrawn
during the interval T are equal to the volume ¥} of ground subsidence.
From this relationship the constant B is

B =k (5)
f ds,
T
whilst the constant A4 is
Or dt) -V N
A= <j r =l ®)

j Sodt ’J‘ so dt
T T

By this method, the parametric characterization of the water balance of a sedimentary
aquifer defined by water exploitation can be boiled down to a simple problem of surveying.

3. A PRACTICAL APPLICATION OF THE GROUND-SUBSIDENCE
METHOD

Due to demands for the determination of available water resources and to relatively

favourable conditions, the water balance investigation described above has been carried
out first in the area of Debrecen, in the years 1964-1966. The full water demand of
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FIGURE 2. Geological profile in Debrecen

Debrecen, a city of 140,000 inhabitants, is covered by artesian water. The geological
profiles are shown diagrammatically in Figure 2.

In the Pleistocene alluvial deposits reaching down to about 200 metres, there are
several good aquifers, the most important one, from the view of water supply, being
between 110 and 170 metres.

The municipal waterworks were commissioned in 1913. Actually, there are three plants
of a daily output of 12-14 thousand cu. metres each, feeding a common distribution
network. The “waterworks’-aquifer 110-170 m deep is tapped by about 100 wells, 75 of
which belonging to the municipal waterworks and another 25 maintained by various
institutions and companies. Whilst the first ones are grouped in the three waterworks,
the latter are scattered all over the city area.

60 to 70 years ago, the nonpumping piezometric surface of the “waterworks” aquifer
was near the surface, practically over the whole city area, its sudden lowering has been
observed only since 1952, as shown by curve s, in Figure 3.

3.1 DETERMINATION OF GROUND SUBSIDENCE

In order to determine ground subsidence and the value ¥, in equation (4), data of former
municipal surveys have been tracked down and evaluated. For the sake of this particular
investigation, new levelling has been carried out in 1965-1966.

From among the surveys performed at different dates and in different systems, the
ones made in 1927-1937, 1954-1959 and 1965-1966 have been arranged successfully for
the purpose of these studies. Subsidences have been determined from measured level
differences of the bench-marks by using a point of reference assumed (and proved) to be
immobile. Data were processed also for determining: to what extent subsidence has been
influenced by factors unrelated to withdrawal. Omitting details, it was found that generally
such effects are negligible.

By the extra- and interpolation of observed data, subsidence values were determined
for three periods. In Figure 4, the lines of equal ground subsidence for the periods 1927-
1937, 1927-1955 and 1927-1966 are shown.

The accuracy of measurements used for the construction of these lines is generally
satisfying the requirement of precise levelling (the relative error being of the magnitude
of 0.4 to 0.5 mm). When plotting the isobase lines, difficulties arose chiefly in the outskirts
of the city, where the points were rather scarce. Here, uncertainties were compensated by
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FIGURE 3. Parameters of water balance equation

a careful weighing of factors causing subsidence. Nevertheless, it should be pointed out
that especially the lines indicating a low value of subsidence are informative only. But
since the volume of the subsidence trough is hardly influenced by probable errors occuring
with the isobase lines of 0 and 5 mm, the figures are considered suitable for further
investigations.

Subsidence troughs are made rather irregular by the indentation of the eastern side
and by the widening-out in the southeastern and southwestern direction. A gradual east-
ward shift of lines of equal subsidence can unequivocally be explained by the starting of
new water producing wells (Waterworks No. II were put into operation in 1952).

3.2 EVALUATION OF WATER BALANCE

Volume changes of the subsidence trough are shown in Figure 3, whilst the changes of the
factors 4 and B in function of the nominal depression s, are illustrated by Figure 5. In case
of relatively low drawdown values (so<4 m), that is, practically up to 1952, these factors
were gradually decreasing; thus, as far as the first period is concerned, assumptions
referring to the constancy of the factors 4 and B have not been verified.

On the other hand, values of 4 showed little variation between 1952 and 1965; when
compared with the mean value of 0,9 referring to 14 years, the deviation is less than +10%
The value of B is during this period practically constant and the deviation from the mean
of 0.36 remains within +£5%. When compared with earlier periods, the one of the last
14 years was characterized by a substantial increase and concentration (to the surround-
ings of the well groups) of withdrawal, and consequently, by a rapid decline of dynamic
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equilibrium level. It seems reasonable to assume that results referring to the period
1927-1952 are materially affected by the wide spacing of withdrawal points, which is
confirmed also by the double centres of ground-subsidence maps. Attention should also
be paid to the fact that basic data originating in times prior to 1952 are less reliable and
less in numbers than those referring to the last decade. In addition to these effects, one
can be sure of the prevalence of other factors as well. It is mostly likely that changes in
the arrangement of well groups, the putting into operation of new points of exploration
(like Waterworks No. II), the variation of aquifer thickness, the propagation of drawdown
area (through the inhomogeneity of the top layer) also influence the value of the constants.

A4
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[
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7 5 7 15 8, /m]

FIGURE 5. Value of parameters A-B in terms of so
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It can be assumed that the conditions corresponding to the hydraulic assumptions
made earlier have been developed around 1952, and presently, the relationships estab-

lished are suitable for characterizing the order of magnitude of the water balance. When
solving the differential equation (3) under assumption of a constant rate of yield O,
one obtains the relationship

50 = %T[l—exp<—gt):| @)

indicating that only a discharge equal to the external supply Q, can be withdrawn
lastingly, if the drawdown is kept constant.

According to these investigations, actual withdrawal is in excess of the aquifer’s
external water supply corresponding to given conditions. Hence, the static level is drop-
ping indicating the using-up of consolidation resources.

The knowledge of the factors A and B—0,9 X 10%sq.m/year and 0,36 x 10%sq.m respect-
ively,—is rendering a useful help in planning engineering installations and an optimum
operation of withdrawal.

GEOLOGICAL AND GEOHYDROLOGICAL PROPERTIES OF
THE LAND SUBSIDED AREAS

Case of the Niigata Low Land
S. TAKEUCHI, S. KIMOTO, M. WADA, H. SHIINA and K. MUKAI

ABSTRACT

The authors tried to trace the origin of the land subsidence which had struck low-land
area in Niigata Prefecture. In order to form an estimate of downward movement of the
land and also to plan countermeasures to cope with it, they thought it essential to
delve into geological and geohydrological properties of the subsided area, and carried
out the following:

— Micropaleontological analysis;

— Absolute chronology by the radio carbon method;
— Tritium dating method;

— Penetration test;

— Exploratory boring.

The results showed that the land subsidence had a close relationship with the chronology
and depositional environment of alluvium and that the underground water was rather old.

On the basis of those findings, they have made an approach to the land subsidence
in terms of hydraulic balance of the underground water.

RESUME

Les auteurs essayent de déterminer l'origine de laffaissement du sol qui a affecté
les pays bas de la préfecture de Niigata. Dans le but de se¢ former une idée sur la valeur
de Yaffaissement du pays et aussi pour présenter les contre-mesures pour s’y Opposer,
ils ont cru essentiel d’approfondir la connaissance de la géologie et de I'hydrogéologie
de la région affaissée et de réaliser :

1. The Sinano River Basin Agricultural Water Resources Development Survey Office.
2. Agricultural Land Bureau, Ministry of Agriculture and Forestry.
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— une analyse micropaléontologique ;

— une chronologie absolue 2 Paide du carbone radioactif ;
— un datage tritium ;

— un essais de pénétrate ;

— un forage exploratoire.

Les résultats ont montré que I'affaissement du sol est en relation étroite avec la chrono-
logie et les conditions de dépdt de l’alluvium et que I'eau souterraine est assez ancienne.
Sur la base de ces données, les auteurs ont essayé d’exprimer l'affaissement en fonction

du bilan hydraulique de I’eau souterraine.

1. INTRODUCTION

Being located in the central part of Japan proper and facing the Japan Sea, the so-called
Niigata Lowland is an alluvial plain stretching along the Shinano, the longest river in
this country (fig. 1). The subsidence area is situated in the northern part of the middle of
this lowland, and extends over about 60,000 hectares. The subsidence, having been
accelerating since around 1956, wrought a lot of damage on urban communities, harbors,
and facilities for drainage and irrigation (fig. 2).

The subsidence area can be divided into two parts, the seaside and the inland (fig. 3).
The subsidence of the inland section was investigated by the authors from the viewpoint
of agricultural land conservation.

The subsidence phenomen on was observed by means of leveling and subsidence record-
ers, and exploratory drilling was made for clarifying the mechanism of the phenomenon.
The locations of the subsidence recorders and exploratory boreholes are given in figure 3.

L g

Niigata lowland |

777

FIGURE 1. Location of Niigata lowland

2. THE FEATURES OF LAND SUBSIDENCE IN NIIGATA LOWLAND

Leveling was conducted on September 1st every year from 1959 to 1968. The results
are shown by contour lines in figure 3. The maximum value of cumulative subsidence in
the seaside area amounts to 1,944 mm at Terao, and that of the inland area amounts to
963 mm at Ajikata. The volume of yearly subsidence is shown in figure 4.
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FIGURE 2. Cumulative subsidence of bench marks in several subsided areas of Japan

From 1961 to 1963, three successive regulations were imposed on the pumping of
natural gas for industrial use. This contributed to the deceleration of the subsidence,
except when the big earthquake struck Niigata City in the early summer of 1963.

Listed in figure 5 are the findings of those subsidence recorders which were set up at
the Shirone Observatory in the central part of the inland as well as at the Niigo Observatory
in the seaside.

The subsidence recorders, set up for the observation of vertical distribution of subsi-
dence, reflected the land sinking movement in a decrement curve except for a sudden drop.
possibly caused by the Niigata earthquake.

3 yano Lagoon

oNO.IB ©B27

Fukushima
Lagoon:

K BALMIT222
\Z
iTAl ﬁo}%ﬁ
B86%%0.2526 / F
4y %
7 | fpe
ENOq~5")

Legend

¢ Subsidence recorder

@ Exploratory drilling

5(/C!:rmour of

subsidence
—~ (Unit: cm)

FIGURE 3. Contours of subsidence from 1959 to 1968 and location of subsidence recorders and
exploratory drillings
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FIGURE 4. Volume of yearly subsidence

The comparison of the results of leveling and the record of subsidence recorders
reveals that the subsidence in the seaside area resulted chiefly from the contraction of
strata more than 150 meters deep and that in the inland area primarily from the compac-
tion of layers less than 150 meters below the surface. As shown in figure 6, the ratio of

compaction below and above the 150 meter depth tends to change from the seaside to the
inland.
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FIGURE 5. Cumulative subsidence records at different depths and the water level in corresponding
layers

3. THE LATE QUATERNARY GEOLOGY OF NIIGATA SUBSIDENCE
AREA

In order to clarify the mechanism of the land subsidence, it seems to be indispensable
to know the geological conditions of the subsidence area and its environs, as the ground
sinking probably was caused by the compaction of the underlying strata. As far as Niigata
Lowland is concerned, it is conceivable that the strata deposited in the same age have
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FIGURE 6. Relation between compaction of the late Quaternary deposits and settlement of bench
marks, in the same place from 1965 to 1968

experienced an identical load. Different lithofacies such as clay, silt or sand, which origina-
ted from different sedimentary environments, have different degrees of consolidation even if
they were subject to an identical load. Also, different sedimentary environments such as
inland bay, lagoon, or lacustrine show different types of aquifers bearing natural gas. The
classification of the land subsidence area into such geological units is instrumental in
analyzing the land subsidence in terms of the hydrological balance of ground water and
soil mechanics.

Presuming that the regional differences of the land subsidence depend on geological
and hydrogeological variations, the authors investigated the geology of the groundwater
basin. They chiefly investigated the late Quaternary deposits in view of the fact that
80-90 percent of the subsidence in the inland area comes from the compaction of the said
late Quaternary deposits, regardless of the true causes of the subsidence.

In their investigation, they resorted to exploratory drilling, penetration tests, micro-
palaeontological analysis, and absolute chronology by the radio-carbon and tritum dating
methods for knowing the groundwater circulation. In this connection, pollen analysis
proved to be very useful for the correlation of each formation and diatom analysis for
knowing the sedimentary environments.

Most of the strata beneath the several subsided area belong to the Quaternary System,
and the late Quaternary deposits can be divided into five layers, I, II, III, IV, and V,
respectively. Figure 7 represents a typical geological section along the so-called Line F
which runs from north-northwest to south-southeast in the centra