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FOREWORD

The Ganga and Brahmaputra River Commission at its
Seventh meeting held on 12th April, 1958 appointed a com-
mittee to examine the feasibility of constructing high dams,
both masonry and earth, in seismic zones. This was a very
timely and appropriate step in view of the fact that a number
of dams have to be constructed on the rivers originating from
the Himalayan ranges, not only to harness their waters for irri-
gation and generation of hydro-electric power, but also to
control the recurring damage caused by the floods. As the
potential risk involved in the damage to the dam structure
due to earthquakes may be considerable, any rational design
has to cater for the correct appreciation of the seismic forces.
This has to be preceded by a good deal of laboratory and field
experiments.

The present publication covers the work done by the com-
mittee so far; and I hope that this will provide very valuable
material for getting an insight into the nature of the seismic
forces and their effects on dam structures. As very little
work has earlier been done in India on this subject, I am sure
this will be a welcome addition to the engineering literature
in India and as such it will get a good response from the engi-
neers engaged in this field.

M. R. CHOPRA
CHAIRMAN

New DELHI CW. & PC.
1963

)






PREFACE

Since the commencement of the planned era of National
Development in 1951, as many as 57 large dams have either
been built or are under construction for utilization of water
resources for irrigation, hydro-electric power and flood con-
trol. The demand for water utilization is ever-increasing due
to the all-round development of the country’s economy, so
more and more dams have to be built.

The upper catchments of the two mighty rivers—Ganga
and the Brahmaputra—including their tributaries, where suit-
able dam sites can be located lie in seismic zones of varying
intensities, It was, therefore, appropriate that Indian engi-
neers started thinking on rational design of high dams to resist
seismic . forces. This Committee’s work is a pioneering effort
in that direction. Great interest has been evinced in bring-
ing out the first edition of the publication summarising the work
done by the Committee so far. This first edition got exhausted
in a very short period.

It has, therefore, been decided to bring out the second
edition. This includes further work done by the Committee
since the first publication, short chapters giving the procedure
of earthquake resistant design of dams in India and abroad,
a comprehensive bibliography, as well as a map of India
showing various seismic zones. It is hoped that this revised
edition will be quite useful to the engineers engaged in this
field.

After the completion of field and laboratory experiments,
which the Committee has proposed to undertake, it would be
able to give specific recommendations, which will be contained
in its final report. This will not be the end, but rather a
beginning for further sustained research and experimenta-
tion in this field yielding better designs of dams to cater for
the seismic forces which hitherto somewhat restricted our
efforts of building high dams in seismic zones. This is a
challenge to the ingenuity of our engineers and I am sure,
they will meet it in their best tradition.

I take this opportunity to place on record my deep appre-
ciation of the good part played in this Committee’s work and
(vii)



(vi)

the assistance rendered in bringing out this publication by
Sarvashri Y. K. Murthy, Director, Dams, B. R. Chopra and
R. B. Shah, Deputy Directors, Central Water & Power Com-
mission. Their efforts have been willingly made, despite the
very pressing load of design work, which they have to carry.

29-8-1963 Sd/- (C. L. Hanpa)
Member (Designs & Research)
and
Chairman of the Committee



I. BACKGROUND NOTE

At the fourth meeting of the Brahmaputra River Commission
held on 7th of March. 1956 at New Delhi, it was decided to constitute
a committee to exammre the advisability of constructing high dams
in seismic zones. It was also decided that the Committee should
examine only those dam sites which were under investigations in
Assam and West Bengal. :

The Committee consisted of :—

1. Shri Balwant Singh Nag, L.S.E.,
Chief Engineer and Secretary,
Government of Assam
Chairman
2. Shri George Oomen, Director,
Dam Designs, C.W.&P.Commission,
New Delhi
Member
3. Shri P. C. Hazra, Superintending
Geologist, Geological Survey of
India, Calcutta
Member
4. Shri A. N. Tandon, Seismologist,
Indian Meteorological Department,
New Delhi
Member
5. Shri O. P. Mittal, Superintending *
Engineer, N.E.F. Agency, Shillong
Member
6. Shri D. P. Chatterjee, Superintend-
ing Engineer, North Bengal Circle,
Jalpaiguri
Member
7. Shri Kehar Singh, Superintending
Engineer, Assam Investigation Circle,
Gauhati.

Member-Secretary

The Committee took the view that its deliberation should be
confined to the consideration of advisability or otherwise of building
dams purely from the considerations of the effects of earthquakes
which include rapid siltation of reservoirs. Other factors such as
the economics of building any particular dam or the difficulties of
construction, were not to be considered.

“The Committee held three meetings and published its report.
The report after giving the geological history of Assam and West
Bengal including tectonies, describes the seismicity of the region along
with a review of the major earthquakes with their epicentres and
effects. It also contains a brief discussion of the effects of earthquakes
on river systems, earthquake magnitudes, intensities and the scales
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of measuring them. It also indicates the requirements of the seismo-
logical data for engineering problems. The report then considers in
detail the feasibility of constructing high dams at individual dam sites
in Assam and West Bengal in the light of the data and other informa-
tion available and gives its recommendations. A summary of the
report and recommendations may be seen at Appendix A.”

This report was considered by the Ganga & Brahmaputra River
Commission at its seventh meeting held at Varanasi on 12 April,
1958. The possibility of constructing high masonry or concrete dams
only was examined in the report. The River Commission expressed
that the entire problem had to be reviewed to study whether the
particular dam sites examined by the Committee were safe for the
construction of earth dams also. The Commission was of the view
that earth dams as high as 450 ft. could be constructed in the seismic
zones as shown by the experience of other countries. The need for
Te-examination of each site as regards suitability of foundations for
construction of high earth dams was stressed. For this purpose the
Commission reconstituted the Committee as follows:—

1. Member (D&R),

C.W.&P.Commission
Chairman
2. Chief Engineer, Assam
Member
3. Special Engineer,
Flood & Flood Control,
West Bengal
Member
4. Representative of Geological
Survey of India
Member

5. Dr. A. N. Tandon, Seismologist,
India Meteorological Depart-
ment

Co-opted Member

6. Superintending Engineer,
Assam Investigation Circle,
C.W.&P.Commission,
Gauhati.

Member-Secretary

The following members were subsequently co-opted by the
Committee :

1. Chief Engineer, Irrigation Department, North Bihar.
2. Chief Engineer, Kosi Project, Government of Bihar.

3. Dr. Jai Krishna, Head of Structural Engineering Division,
University of Roorkee.

4, Shri Y. K. Murthy, Director (Dams), C.W. & P.C.
5. Shri I. P. Kapila, Director Beas Project.



II. MEETINGS AND DECISIONS

The Committee has since held five meetings. The first three
meetings were held at New Delhi on 14-4-1959, 25-11-1959 and
21-11-1960 respectively. The fourth meeting was held on 3-11-1861
while the fifth meeting was held on 18-1-1963. The Committee is
still continuing its deliberations, The decisions taken by the Com-
mittee in its various meetings are given below; while the action taken
on the implementation of these decisions is described under para IIIL

(a) Decisions Taken in the First Meeting

1. The Chairman desired that, first of all information and parti~
culars in respect of the earth dams already built in the seismic areas
should be collected, with particular reference to allowances made for
seismic factors. It was stated that such structures would have already
been designed and built in countries like America, Japan and Italy.
It was mentioned that Trinity Dam (540 ft. high) and Anderson Ranch
Dam which are being built in California might be some examples.
Since the State of California is considered to be in seismic
zone, it was deemed that the earthquake design criteria
adopted for these dams would be of considerable help. Along with
this information it was enjoined that a general study of seismic zones
in America, viz.,, that of California, Mexico, Nevada and Arizona as
possible from the existing literature may also be made. All the
available literatures on the subject should, as far as possible, be col-
lected and briefed for the members’ perusal.

Dr. Tandon agreed to hel‘gniln gettinﬁ information and other data
on the subject for Japan and erica which might be available with
him at Delhi or in Shillong.  He also suggested that the proceedings
of the Symﬁosium of Earthquake Engineering held recently at
Roorkee might be of interest to the members of the Committee. As
it may take considerable time for the proceedings to be printed and
published, it was felt that copies of the papers submitted at the
symposium, including those from Japan might be obtained from
Dr. Jai Krishna for the benefit of members.

2. The Chairman desired that model experiments might be con-
ducted at Roorkee simulating the seismic effect on earth dams. These
experiments may be carried out on a vibrating table having on top
different types and sections of earth dams, dam sections with and
without cores may be studied for their behaviour under earthquake
condition of varying intensities. For conducting these experiments,
the Seismological Laboratory recently started at Roorkee 6niversity
was considered suitable. Dr. Jai Krishna, Associate Professor of
Structural Engineering, Roorkee University, was requested to-
arrange for conducting these riments. It was suggested that he
might be invited to come to Delhi some time in May 1958 for discus-
sion with the Chairman and Dr. Tandon regarding the nature and
scope of these experiments.

3
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It 'was agreed that the next meeting of the Committee should be
held at New Delhi somewhere in August or September 1959, This
would give adequate time for the collection of all the above mention-
ed data and to formulate further lines of action.

(b) Decisions taken in the Second Meeting

1. Collection of more information on earthquake resistant design
of earth dams was considered necessary.

2. It was decided to address Dr. Susumu Nagata, Vice-President,
International Commission on Large Dams and Mr. Carlo Semenza of
Italy, requesting for literature regarding the practices followed in
their countries for earthquake design of earth dams. They were also
to be requested to give observations recorded regarding any failure
of dams due to earthquakes and about the different experiments con-
ducted in their country to derive the design criteria for earthquake
effects on high earth dams.

3. The Committee decided to consider in detail the following
earthfill and rockfill dams which fall into the earthquake zone and
which are likely to be constructed in the near future :(—

(i) Xopili Dam on Kopili river in Assam.

(ii) Barak Dam on Barak river in Assam.

(iii) Teesta Dam on Teesta river in West Bengal.
(iv) Noonthore Dam on Bagmati river in Bihar.
(v) Ramaganga Dam on Ramaganga river in U. P,
(vi) Pong Dam on Beas river in Punjab.
{vii) Kosi Dam at Kothar,

The following particulars were to be collected for the above
seven dams for circulation among members :—
(a) Report of the Geologist on the dam site,
(b) A note on the topography.
(c) Rough section of the dam.
(d) Seismic characteristics of the area.
(e) General specifications. '

Shri Hazra desired that the soils in the borrow areas of these dams
should be analysed and their properties determined. It was decided
that the nearby Research Institution should be asked to carry out
the following tests on the soils at the dam site :—

{a) Mechanical analysis.
(b) Atterberg’s limits.
{c) Shear strength.

(d) Permeability.

4, Chief Engineer, Assam, should be approached to move his
Government for sending some intelligent Assam engineer abroad to
U.S.A. and Japan for further study on the subject.
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5. Regarding model experiments, it was decided that :—

(i) Dr. Jai Krishna should be associated for conducting these
experiments.

(ii) The Council of Scientific & Industrial Research should be
requested to equip their laboratory at Jorhat (Assam) with
suitable apparatus to conduct all experiments on earth-
‘quake effects on structures and dams.

(iii) The C.W.&P.R.S. Laboratory should bz equipped for carry-
ing out model experiments.

6. Dr. Tandon said that seismic zoning maps are being prepared
for India by a panel constituted by the Indian Standards Institution,
of which he and Dr. Guha of C.W. & P.R.S. are members, He expected
that they should be able to bring out these maps in about 6 months’
time. It was decided that Dr. Guha should be contacted to make
the maps available for the members of this Committee as soon as
they are ready before the next meeting of the Committee, if possible,

(¢) Decisions taken in the Third Meeting

1. It was decided that the gcope of the Committee should be en-
larged to cover all the river valley project structures, barrages, dams,
etc. and not only earth dams,

2. The Chairman of the Committee desired that Member-
Secretary should make a compilation of the work so far done in a
bound volume, and a copy of the same may be sent to each of the
members.

3. Dr. A, N, Tandon was requested to prepare a note on earth-
quake occurrence, features, etc. In this connection the Member-
Secretary was to obtain and to supply to Dr. Tandon a list of the
projects which are under construction as well as under investigation.

4, It was decided that Dr. Jai Krishna be requested to collect
the data necessary in regard to :— .

(i) Laboratory experiments,
(ii) Field experiments.
* 5. It was also decided that Shri Y. XK. Murthy Superintending

Engineer, Dams, Central Water & Power Commission and Shri I. P,
Kapila may be requested to prepare a note in regard to :—

(a) The procedure of design of high dams in seismic region in
' India; and :

(b) The procedure of design of high dams in seismic régions
abroad. '

6. Literature published by the Japan Society of Earthquake
Engineering was decided to be collected for circulation among the
members. -

(d) Deeisions taken in the Fourth Meeting
(e) Decisions taken in the Fifth Meeting



1. IMPLEMENTATION OF THE DECISIONS

(a) Action taken on the Decisions of First Meeting

As decided at the First Meeting of the Committee, available-
literature on the subject was collected and summaries of papers along.
with relevant extracts concerning “earth dam design in seismic zone”
were circulated among the members. It has been found that literature
on the earthquake effect on earth dams is rather meagre. The ex-
tracts from the following papers and publications were circulated :—.

(i) Seismic stability of earth dams—by E. E. Esmiol, Technical
Memorandum 641 of USBR (Appendix A).

(ii) Seismic considerations in the design of dams—by C. D..
Mitra (Appendix B). '

(iii) Design of dams for earthquake resistance—by J. M..
Rapheal (Appendix C). .

(iv) Special problems relating to the construction of
dams in active volcanic country—by Hunter and Keefe
(Appendix D).

(v) Measurements of settlements at certain dams on the TVA
system and assumptions for earthquake loadings for dams.
in the TVA area—by Blee and Meyer (Appendix E).

(vi) Hydrodynamic pressures on dams due to horizontal earth-
quake effects—by C. N. Zangar, Engineering Monograph
No. 11 of USBR (Appendix F).

Although completely satisfactory methods of evaluating seismic-
stability of earth dams have not been developed, a procedure for in-
vestigating the stability has been suggested in the USBR Memoran-
dum 641 mentioned at item (i) above. It describes the adoption of
the modified slip circle method taking into account the earthquake:
stresses. The condition of resonance, which causes most damage, has
also been considered and the method of mitigating the same has been.
discussed. Other broad conclusions that can be drawn from the:
various papers are :—-

1. Of all earthquake resistant dams, earthfill dams come first,
next come rockfilll damg and then the solid concrete gravity dams.

2. The shearing resistance of soil is greater under dynamic load--
ing than under static loading. The cohesion of soil increases 15 to-
2 times the original value for cohesive soils. Thus the increased
earthuqake forces in the earth dam are somewhat balanced by the
increased resistance of soil to stress and deformation.

3. The following special provisions are suggested to be made in
the seismic design of earth dams :— _
(a) Provide liberal free board to guard against overtopping in
case of foundation settlements.
(b) Carry cut-off trench deep into foundation ‘to intercept water-
flow through foundation cracks.
(c) Make the impervious section wider.
6



7

(d) Prevent slumping by weighting down impervious section
with coarse pervious material.

(e) Provide extra heavy outer slopes to close any tension fis-
sures that might be developed by stretching of the dam.

As promised in the First Meeting Dr. Tandon had brought in the
Second Meeting the literature on America and Japan earthquakes. It
was observed that these countries have drawn maps giving seismic
zones. From these maps it is possible to get an idea of what earth-

uake acceleration can be expected in a particular region. He said
that similar seismie zoning maps are being prepared for India by a
panel constituted by Indian Standards Institution of which he and
Dr. Guha are members. Accordingly Dr. Guha was requested to keep
the Member-Secretary informed about the progress of this work and
send copies of the maps (even if in the draft stage) before the next
meeting for the benefit of the Committee. Dr. Guha has replied that
the plotting of basic data required for the preparation of said maps
has been completed and is under check and scrutiny. In order to
have a proper idea of seismic zoning in different parts of India, these
maps and other maps etc., are to be considered together and compared
so as to have a reasonably correct division of India into seismic zones.
These comparisons will be done at the next meeting of the panel of
exg;x;lts attached to the Earthquake Engineering Sub-Committee of
Indian Standards Institution which was scheduled to meet at the end
of the year 1960. The final seismic maps are, thus, expected to be
ready after these comparisons of various maps have been made,

Further Dr. Jai Krishna had sent copies of papers read at the
1959 Symposium on Earthquake Engineering held at Roorkee. These
papers were examined and one of them which concerned mainly with
dam design was circulated to members.

As desired by the Committee in the first meeting, correspondence
was made with USBR and Tokyo University of Japan regarding earth-
quake design of earth dams. Particular reference was made to the
design of Trinity Dam in California. The reply from USBR has been
received which has been circulated to members (Appendix G). USBR
has adopted a design acceleration of 0.05 g both vertically and hori-
zontally in the case of Trinity Dam.

As desired in the second meeting, letters were written to Japan
and Italy by Dr. K. L. Rao, Member (D & R) and Chairman of the
Committee for supplying literature on the subject of seismic zones.
The reply has been received from Carlo Semenza from Rome. The
information received from Mr. Visentini (Appendix H) has been cir-
culated to all members and the papers which were in Italian language,
have been translated into English and are enclosed as appendices K
and L. No reply has been received from Japan.

Dr, Jai Krishna, Associate Professor of Structural Engineering,
Roorkee University was addressed by the Chairman of the Committee
to meet him for discussing the mode of conducting model experiments
on the subject. The Vice-Chancellor of the University has permitted
Dr. Jai Krishna to undertake these exf:eriments at the University and
to participate in the Committee meetings.

LSCW&PC/63—2
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(b) Action tuken on the decisions of the Second Meeting

As decided in the secorid meeting the following reports in regard
to earthfill and rockfill dams, which are likely to be constructed in
the near future, were collected and circulated among the members :—

(i) Report on the geological investigations of thz Kopili Dam
Site, Assam, November 1959—by P. N. Mehta.

(ii) A geological note on the cores recovered from Borehole
No. 2-A, Barak Dam Site, Mainadhar, Cachar District,
Assam (with 2 plates)—by A. Acharya.

(iii) Inspection note on Noonthore Dam Site on Bagmati river
Nepal—by P. K. Chatterjee.

(iv) A geological report on the Ramaganga Project, Garhwal
District, U.P.—by S. P. Natiyal, 8. C. Avasthi and S. Bese.

(v) Progress report on the geological exploration on the Pong
(Bzas Dam Site, Punjab (a) with plates in a separate
folder (February 1959)—by S. N. Chaturvedi

(vi) A geological report on the proposed 400 ft. composite dam
near Kothar village; Kosi river, Nepal—by M. S. Jain.

(vii) Preliminary investigation report of Kothar Dam.

In addition to the above, two other reports were also received
and are still under circulation (—

(viii) Report on the Noonthore Dam Site on Bagmati river—
by P. K. Chatterjee, Geologist, Government of India.

(ix) Report on geological aspects of the reconnaissance expedi-
tion in the Teesta Valley, Sikkim State—by G. N. Datta,
Geologist, Geological Survey of India.

As regards Teesta Dam, the Superintending Engineer, Ganga
Basin Circle, New Delhi, has informed that the Teesta Dam is a high
dam proposed to be of concrete and not an earth dam. Regarding
Ramaganga Dam on Ramaganga river, the Chief Engineer, Irrigation
Department, Uttar Pradesh has reported that the proposal to form a

“demmittee of consultants 10 advise on the construction of the dam is
under consideration and the information could be supplied only after
the design of the dam is finalised. The Chief Engineer, Irrigation
Works, Punjab has replied that it is not possible to supply the particu-
lars of the scheme titled Pong Dam on river Beas as the scheme is
'still under investigation and the relevant data is under collection.

, A copy of the test results of soil samples. of the borrow areasat
.the proposzd dam site at Noonthore in Nepal territory as received
from Shri U. N. Jha, Superintending Engineer, was forwarded to the
members for information.

As desired by the Committee, the Chief Enginéer and Secretary
to the Government of Assam, intimated that Shri Sayad Inamul
..'_Haque-, Executive Engineer was recommended under the Point. IV
{Programme by the State Government for Government of India’s
congiderations.

""r .As@ecided in the second teeting of the Committee the copies
of decisions taken in the fifgt and sedond meetings were sent to
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Dr. Jai Krishna. While acknowlefiging the minutes of the muetitigs,
Dr. Jai Krishna intimated that he hag met Dr. K. L. Rao, Member
(D& R) and Chairman of the Committee at Delhi in the last week
of February 1960, and was taking steps to prepare the laboratory
for experimentations.

The Committee desired at its second meeting that model experi-
ments simulating earthquake effects on structures and dams (especial-
ly earth dams) should be undertaken at the Poona Research Station
as the experiments would be helpful in arriving at the proper criteria
for the design of the dams. Dr, K. L. Rao, Member (D & R) and
Chairman of the Committee requested the Director, C.W.& P.R.S. to
intimate him the further equipment required for conducting these
tests. The Director, C.W. & P.R.S. has sent an estimate amounting
to Rs. 3,05,000 for equipment required for the purpose, to the Chair-
man of the Committee (Dr. K. L. Rao).

It was also pointed out in the meeting that the Council of Scienti-
fic and Industrial Research are setting up one of their Regional
Research Laboratories at Jorhat in Assam. g‘he Committee considered
that this laboratory is very well suited to take up extensive experi-
ments on the subject. It was decided that Council of Scientific &
Industrial Research should be approached to equip their laboratory
at Jorhat with suitable apparatus to eonduct all experiments on earth-
quake effects on structures and dams. Accordingly Dr. K. L. Rao,
Member (D & R) and Chairman of the Committee requested the
Secretary to the Council of Scientific & Industrial Research, New
Delhi, to equip this laboratory for this purpose with latest and up-to-
date apparatus for conducting all expermients on carthquake effects
on structures and dams. The Under Secretary, Council of Scientific
& Industrial Research has intimated that in the Regional Research
Laboratory established by Council of Scientific & Industrial Re-
search at Jorhat, there will be a separate block and a unit for earth-
quake engineering research provided with the necessary equipment
and facilities and the same has been confirmed by the Director, Re-
gional Research Laboratory, Jorhat, Assam.

(c) Action taken on the decisions of the Third Meeting

1. A list of the projects under comstructien and investigation
has been collected from Ceritral Water & Power Commission and
sent to Dr. Tanden in connection with the preparation of a ‘note on
eatthguake occurrence, features, etc.

. '2. Sarvashri Y. K. Murthy, Superintending Engineer, Central
Water & Power Commission and 1. P. Kapila, Deputy Director, Bhakra
Dam Designs, have been requested to prepare a note on (i) the proce-
dire of design of high dams in seismic regions in India, and (ii) ‘the
thicedure of design of high dams in seismic regiens abroad

. 3. Dr. Jai Krishna has been requested for collection of the data
with regard to (i) Laboratory Equipments and (i) Field Experi-
ments.

d) Action taken on the decidions of the Fourth Meeting

- 4. The Chairman, at the outset mentioned that as a result of
correspondence some pepers were received from Mr. Karbo Samenza
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from Italy. These papers have been translated into English and cir-
culated to the members. Some information was also received from
Mr. Visentini and Mr. Fronsini from Rome, copies of which have been
circulated to the members of the Committee,

2. In regard to the note on the earthquake occurrence, seismic
features etc. prepared by Dr. A. N. Tandon, the Chairman explained
that the purpose of the note is to consider broadly the maximum
seismic intensity which had been recorded during the past 200 years on
the various sites on which important river valley projects are pro-
posed to be constructed. He further stated that it is assumed that the
intensity in future earthquakes would not exceed the maximum
recorded in the past. For this purpose, the various sites have been
divided into five regions. Dr. Tandon added that he considered the
ground factor to be the most important which has to be determined
in the case of each dam.

3. The Chairman decided that the note on the design of earth-
quake resistant dams in India and abroad to be prepared by S/s
Y. K. Murthy and 1. P. Kapila be expedited.

4. The Chairman desired that Shri B. R. Chopra, Deputy
Director, Central Water & Power Commission should prepare a
bibliography on the subject dividing it into two sections; (a) earth-
quakes and general characteristics and (b) engineering aspects.

5. It was pointed out that in pursuance of the decisions of the
second meeting, Dr. Jai Krishna has prepared a note on the experi-
mental fleld work for carrying out studies on earth dams in seismic
zones and the note has been circulated to all the members.

6. It was noted by the Committee that in regard to sending of an
officer of the Assam Government for training abroad, the information
received from the Secretary, P.W.D., Assam State was that there
was no engineer officer with requisite experience in the design of
dams in that department who could be recommended for training in
the earthquake engineering abroad.

7. It was also noted that a copy of the publication of Japan

Society of the Civil Engineers has since been received in the library
of Central Water & Power Commission.

8. With reference to the requirements of funds to the extent of
Rs. 1,50,000 for the studies proposed to be carried out by Dr. Jai
Krishna at the University of Roorkee, it was brought out for the in-
formation of the Committee that on approaching for funds, the
Secretary, Central Board of Irrigation & Power has stated that the
proposed studies may be done in collaboration with the Board with
the funds obtained from the Council of Scientific & Industrial
Research; as the Central Board of Irrigation & Power had already
earmarked the entire Third Plan funds to the other problems under
study in the various research stations.

9. Shri Mookerjea (West Bengal) suggested that it would be
useful if a reference is made to 'the Government of Burma and to
the Consulting Engineers M/s Binnie Deacon & Gooley to know if
the Gyobju Dam in Burma on which he had worked has since experi-
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enced any earthquake effects and if so, its behaviour as a result of
the same. It was decided to obtain this information.

~ 10. The Chairman desired that the following points should be
incorporated in the final report of the Committee :

(a) A review of the earthquake characteristics relevant to
engineering structures,

(b) characteristics and description of Indian earthquakes.

(c) a review of the practices laid down in the foreign countries
for seismic design of dams.

(d) recommendation for the structures in India:
(i) Field data
(i) Experiments
(i1i) Design criteria and procedure.

(e) recommendations for specific projects contemplated to be
undertaken in the near future,

It was also decided that drafts for items a, b and d(i) will be
prepared by Dr. Tandon assisted by Shri I. P. Kapila. Drafts for
items ¢, d(iii) will be prepared by, Shri Y. K. Murthy and draft for
item d(ii) will be prepared by Shri Guha.

(e) Action taken on the decisions of the Fifth Meeting

1. It was brought out that a special meeting of the members of
th: Committee who were at Delhi was held in the Central Water &
Power Commission on 4-1-1963 to review the position regarding the
work to be done by the Committee and to decide what should be
done to finalize the recommendations of this committee very early.
The Chairman explained broadly the discussions held in the last
meeting and stated that the main aim of this Committee should be to
determine the extent of saving that is likely to result on the basis of
specific recommendations to be made by this Committee in regard
to the assumptions in the designs to provide against seismic forces.

2. Dr. Guha described the blasting field tests undertaken in the
Beas Dam at Pong during the last two years and explained as to how
a factor of .15 for horizontal acceleration hag been suggested for the
purpose of design. He also felt that with further testing, it may be
possible to reduce this factor further which will result in a consider-
ably smaller section of the dam. The Committee thereupon decided
that copies of the memorandum deseribing seismic tests carried out
at Pong Dam may be circulated to all the members for their informa-
tion.

3. It was decided that the field and laboratory investigations on
the analogy of the tests carried out at Pong Dam should also be
carried out for the following four projects, in the first instance:

(a) Ramganga,

(b) Kopili,

(c) Beas-Sutlej Link; and
(d) Kotha.
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It was also decided that the following projeets should be taken up
on second priority for field and laboratory investigations :

(a) Barapani, Stages II & III.
(b) Teesta,

(c) Barak,

(d) Gandak; and

(e) Jaldhaka.

4. It was also decided that members of the Committee should
visit these projects in order to acquaint themselves with the topo-
graphy, geology etc. and also issue necessary instructions to the field
engineers to carry out the necessary drilling for carrying out the
fields tests. In this connection, it was also decided that a letter may
be issued by the Chairman of the Committee to the various Chief
Engineers requesting them to earmark the necessary funds for carry-
ing out the laboratory and field tests and also for providing necessary
facilities to the Committee for carrying out these tests.

5. The members of the Committee were requested to take up
field studies on the Kopili Dam in the first instance. In this connec-
tion, Shri Y. K. Murthy was requested to supply the information
regarding the geology of the site and the values of acceleration
assumed till now for structures in the nearby areas to the members
of the Committee.

8. The Chairman desired to know whether subject to other con-
siderations like availability of suitable material ete. it would be
possible for the Committee to advise whether it will be preferable
tfo. put in a concrete, masonry or earth dam at a particular site from
seismic considerations. Dr. Jai Krishna felt that although the
regional geology would decide to a great extent, it should be possible
to give some opinion bas:d on/ experiments carried out on the vibrat-
. ing table. For this purpose, he pleaded for some funds. The Chairman
stated that these will have to be borne by the project authorities
from the funds assigned for investigations of projects. It was decided
that the work on property of earth materials on vibration may be
carried out by Dr. Jai Krishna and Dr. Pais Cuddou of Central Water
& Power Commission, jointly.

7. It was decided that an appendix should be prepared giving
in detail the lists of equipment available in the various laboratories
at Roorkee, Jorhat and Poona in order to assess the programme and
quantum of work that could be carried out and to determine whether
any further equipment was to be procured. It was decided that
Dr. Jai Krishna and Dr. Guha will furnish the lists.

8. It was decided that the recommendations of the Committee
should mainly concern concrete, masonry and earth dams and bar-
rages. Other river valley and appurtenant structures may be taken
only if time permits.

9. The recommendations should give a guiding criteria for suit-
able coefficient for design against seismic forces from scientific and
technical considerations. In this connection, Shri B. R. Chopra
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pointed out that in view of the fact that (i) earthquake is a transient
phenomenon (ii) its nature and effects are far from having been
adequately analysed and understood. (iii) the dams have generally
stood well past earthquakes and causes of damage have been few,
the damage being mostly short of failure, a lot of economic considera-
tion is given in selection of the seismic coefficient in the design of dam..
In fact, all over the world, factors which are considered in adoption
of seismic coefficient for dams include its importance and effects on
the downstream reaches. In this connection, he pointed out the
following extract from the book “Problems in Earthquake Resistant
Design for Civil Engineering Structures published by the Japan
Society of Civil Engineers”—"“because of the fact that the effects of
earthquake specially of earth structures and earth foundations are
not precisely known as yet and the designing is inevitably influenced
by economy, it may be stated that philosophy of resignation very

likely underlies general policy for earthquake resistant design in
Japan.” '

10. It was also decided that only those projects which have been
included or are likely to be included in the Third or Fourth Five
Year Plans and for which allotment, of funds for construction or in-
vestigations are available should only be considered by this
. Committee.

11. It was brought out for consideration of the Committee that in
view of the fact that the First Committee set up by the Brahmaputra
River Commission in 1956 had taken the view that its deliberations
should be confined to the feasibility or otherwise for building dams
purely from considerations of the effects of earthquake which include
rapjd siltation of reservoirs, whether siltation of reservoirs due to
earthquakes should also be included as a point for study by the pre-
sept committee. In this connection, it was also pointed out that
Dr. Guha had made a study of this problem for the Kopili Project.
It was, however, felt that data and knowledge of this aspect at pre-
sent are meagre and an effective contribution may not be possible.
However, a review of this decision may be done later on if called for.
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SUMMARY AND RECOMMENDATIONS OF THE TECHNICAL
COMMITTEE ON ADVISABILITY QF CONSTRUCTING HIGH
DAMS IN SEISMIC ZONES

The Brahmapuira River Commission, at its fourth meeting held
at New Delhi on 7th March 1956, constituted a committee to examine
the advisability of constructing high dams in seismic zones. In pur-
suance to this resolution of the Commission, the Committee consi-
dered its own terms and reference and decided that, it would confine
itself to the consideration of the feasibility of building high dams in
seismic areas of Assam and West Bengal purely from earthquake
considerations. The factors, which cause rapid siltation of reservoirs
would, however, be taken into consideration but other factors or the
difficulties of construction ete. would be outside the purview of the
Committee.

Seismically, it may be stated that the worst areas are the
Shillong plateau and the north eastern corner of the State where the
Himalayan range and the Arakan Yomas meet. The seismic condi-
tions, however, improve progressively from east to west along the
Himalayas in this region.

The Committee has given consideration to individual dam sites
in Assam and West Bengal in the light of the data and other infor-
mations available.

In the Kopili Basin, the Kopili dam site is considered feasible.
unless some unfavourable features are revealed during the detailed
investigationg to render the site unsuitabl:, The result of the detailed
investigations conducted so far seems to reveal no favourable feature
at this site. The Diyung dam site in the basin has been found to be
geologically unsatisfactory. The Barapani and thz Killing dam sites
in this basin are considered feasible provided, geologically, satisfac-
tory foundations are available.

No dam site has been found on the Barak which can be consider-
ed suitable geologically, but seismologically the construction of a dam
in this region is considered feasible.

Construction of dams in the Dihing Basin at the tentative
dam site on the Noa-Dihing, the Tirap, the Namphuk and the Nam-
chik is considered feasible, provided suitable rock foundations are
available at those sites. '

If foundation rocks are satisfactory on detailed explorations,
the Subansiri dam sit= would be feasible for constructing a high dam
of the height contemplated, provided. due allowance is made for the
high ntensty oif earthquake shock experienced in this region. It
may, however, be pointed out that the Subansiri catchment area is
liable to heavy landslide during earthquakes which may lead to rapid
giltation of the reservoir.

14
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The Jia-Bhareli dam site, for the height of tha dam contem-
plated, has not been found suitable geologically, apart from its being
in highly seismic area.

The Dihang, th: Dibang and the Luhit dam sites lie in an area
which was the worst affected during the 1950 earthquakes, Here,
the intensity of shock had reached X of M. M. scale. There were very
heavy and extensive landslides in this region during the 1950 earth-
quake, and the area is yielding an abnormal silt load in the rivers.
Dams on these three tributaries of the Brahmaputra should be built
only if these be considered imperative, and if geological conditions at
all permit. .

The Manas dam site is situated in a area which seismologically
is as active as any other along the Himalayan boundary fault region.
The site has not yet been investigated geologically and the area has
not even been geologically mapped. Before any large scale investi-
gations are undertaken at this site, a careful geological reconnaissance
should be carried out first and if suitable rock foundation is available
at the dam site, the construction of a dam would be {feasible
seismically.

The Kulsi dam site liegs in an area which, seismically ,is the
worst affected in this region. In the great Assam earthquake of 1897
the destructive intensity of XI on M. M. scale was reached here and
small objects were thrown up in the air. This site which has been
found otherwise uneconomic, is considered not feasible on seismic
considerations.

The area in West Bengal in which the Tista, the Rangit, the
Lish, the Gish, the Chel and the Jaldhaka on which dams have been
proposed is seismologically not as bad as the area in the eastern
part of Assam, provided suitable rock foundation is available at these
dam sites. Construction of dam of the height contemplated is consi-
dered feasible.

In Assam and in upper parts of Burma severe earthquakes are
fairly frequent and violent. Apart from the consideration of safety
to dam structures, the life of reservoir has an important bearing in
taking decisions regarding the advisability of construction of dams
in these regions. Landslides are common and extensiwvz, particularly
in the outer Himalayas, where soft rocks of younger formations pre-
dominate. and as a result colossal quantities of detritous and silt
flow into the rivers, contributed mostly by these landslides and there-
fore the life of the reservoirs created (n such hilly tracts would be

comparatively shorter.



APPENDIX B

SEISMIC STABILITY OF EARTH DAMS*
by
E. E. EsmioL
STATEMENT OF PROBLEM

Though most of the problems inherent in the design of earth
dams have been wholly ‘or partially solved, the problem of applying
an “earthquake factor” to an carth dam design has been given little
specific consideration, and earthquake design criteria have not been
delineated. As a supplement to present knowledge pertaining to
earth dams, a general study of earthquake characteristics and their
effect on earth materials and structures is presented in this memo-
randum to aid the development of methods of analysis and design

Qoriteria.
INTRODUCTION

With the rapid advances in the science of soil mechanics and
the resultant improvements in the methods of soil investigation, meis-
ture conirol and compaction, stable earth dams are being built on
siteg that have been considered unfavourable for the construction of
concrete dams. The economic and technical advantages enjoyed by
earth material construction is increasing the.-number of earth dams
being built. Many of these structures will be situated in active seis-

mic areas and the factor of seismic stability must be given a measure
of consideration.

Earthquakes, vibrations, or oscillations of the surface of the
earth have presented almost insurmountable problems with respect
to all types of structural design. Only recently have modern emgi-
neering and testing techniques fostered the rational design of earth-
quake-resistant structures. The application of an earthquake design
" factor to earth dams involves special problem posed by the nature
of earthquakes, by the characteristics of earth materials, and by the
geology of the area in which the structure is located. Design features
(density of the compacted embankment, reservoir water surface,
length of the structure, height of the structure and side slopes of the
embankment) must be considered in relation to the resonance and
damping of the structure and to the relative intensity and accelera-
tion of the earthquake, and to dominant ground frequencies of the
area. Except in rare instances, design requirements will be controlled
by the purpose of the structure, dam site topography, foundation con-
ditions, and reservoir operation, as well as the earth materials
available. In general, these requirements have been given prior con-
sideration over designs involving seismic stability.

EARTHQUAKES
Definition

An earthquake is an oscillation or vibration of 'the surface of
the earth caused by a transient disturbance of the gravitational or
elastic equilibrium of the rocks at or beneath the surface.

*Extracts from Technical Memorandum 641 of USBR.
16
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The source of the earthquake is called the focus of the shock,
or focus. The area on the surface directly above the focus is called
the epi-centre.

Tectonic Earthquakes )

Earthquakes that result from a sudden deformation of the earth’s
crust by either faulting or warping and are clearly structural in
nature, are called tectonic. This type of earthquake is most prevalent
ang causes the greatest and most widespread damage. To this class
belong all earthquakes during which visible displacements are noted
along a high-angle fault trace or scarp. These displacements may be
horizontal, vertical or lateral with reference to the plane of the fault.
Earthquakes caused by the relief from elasticstrain are prominent
throughout Oregon, Washington, California, Nevada and Alaska.
Still of tectonic nature are the displacements along low-angle thrust
faults, interbed faults, and differential movement within the earth.
These displacements are not generally measurable, but cause earth-
quakes of sufficient magnitude to damage structures.

Wave Types

Three predominant types of waves are recognized and recorded,
longitudinal, transversa and ground. Ground waves are further sub-
divided into Rayleigh and Love waves. Longitudinal waves are the
compressional waves in which the particle vibrates in a plane per-
pendicular to the wave front and in the direction wave front is travel-
ling. This wave is usually designated at «p’ or primary wave because
it has the greatest velocity. P designates a primary wave in the sial
layer and Pn, a wave in the sima layer. . Transverse waves are shear
waves in which the particle vibrates in a plane perpendicular to the
wave front and in a direction perpendicular to the P wave. The shear
wave is designated as “S” or secondary wave, because its velocity is
slower than the P wave. The ground or surface waves, also called
long waves, are slower than either or S waves. Rayleigh (R)
waves are ground waves that travel along the surface of the earth
and the oscillation of the vibrating particle forms an ellipse with the
major axis of the ellipse in the direction of the wave. Love waves
have no vertical component and vibrate in a plane perpendicular to
the Rayleigh waves.

Many combin#¥bns of these waves are recognized, but engine-
ering problems are concerned primarily with P. S. and R waves.
Average values for the velocities and periods of these waves are
shown in Table 2.

. . TABLE 2
Average Wave Velocities

Wave o Velocity Period
(miles per second) (seconds)

_li 45 1/2 t> 6

S 27 1 to 13

R ) 20t 25 to 40 seconds,

maximum 60

————e —_ —_ ——
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Elastic Constants

Since these waves are generated by the release of strain energg
and travel through elastic media obeying Hook’s law, they are relat
by these formulse :

Eo
T = o) -2 )
E
N (E = ®
Vb= v E(i-9) — 3)
p (I1+0) (1 -20)
-33 =/ 20 -0 @)
S -
1-2c
VS =y T )
- —
VR = 914y T (6
e
B 3(1-20) )]
E
{ Vo' }2
c =12 [ zf-, 12 ®)
R < f
no= (v§)p €))
where
T = Lame’s constant,
p = Modulus of rigidity,
¢ = Poisson’s ratio,
E = Young’s modulus (modulus of elasticity),
p = density,
B = cubic compressibility (bulk modulus),
VP = velocity of primary wave,
VS = velocity of shear wave, and
VR = velocity of Rayleigh wave.

Earthquake Intensity

A completely satisfactory method of evaluating the intensity of
earthquakes with respect to engineering structures has not been deter-
mined. Several scales have been, proposed, viz, Rossi Forel scale,
Modified Mercalli scale 1931 and the Mercalli-Cancani Seiberg scale.



The following table 14 gives the values of the
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Mercalli-Cancani-

Seiberg scale :
TaBrLe 14
Mercalli—Cancani—Sieberg
Accel. )
Description mm/Sec?. Grade
Not feit 0-2-s I
Very feeble 2-6-5 1
Feeble 6-10 1
Moderate 11-25 v
Fairly strong 26-50 v
Strong 51.100 VI
Very strong 101-250 vl
Ruinous 251-500 Vil
Destructive 501-1000 iX
Very destruction 1001-2500 X
Groat destruction 2501-5020 Xi
Total destruction 5001-10000 X1

While Fig. A-l gives the correlation between the other two
scales.

To the engineer, one of the most practical methods of deber-
mining earthquake intensity is the isoseismal map which shows the
areas of equal intensity adjacent to the epicentre,

EFFECT OF EARTHQUAKE WAVES ON SOILS
General

The ground on which a structure is built has an important bear-
ing on its stability. Destruction is less on hard rock than on soft, and
is worse on unconsolidated und, especially if the soil mantle is
thin (under 100 feet). As elastic waves enter the less consolidated
material at the surface, the amplitude becomes greater while the
velocity and wave length diminish. During severe earthquakes, the
amplitude of surface waves has been estimated at 1 to 2 feet, the
wave length at 50 to 100 feet. :

Semi-consolidated soil of any type, particularly lacustrine,
deltaic and flood plain deposits with a high proportion of clay and
silt, will settle more than deposits of gravelly material. Fine gilts
and ¢lays may be liquefied temporarily and erupt through or flow.

Some of the Dams designed for Seismic Stability

(1) Coyote Dam in Santa Clara Valley near Sanjose California.
—The dam is 140 ft. high, 900 ft. long and stores 40,000 ac. ft of water.,
The dam is bisected by the trace of the Hayward fault.

(2) San Andreas Dam--This dam along the San Andreas fault
withstood 1906 earthquake. It is a rolled earth dam with puddle clay
core, It is 95 ft. above river bed and 130 ft. above cut-off trench and
970 £t. long. The cut-off trench is 20 ft. wide and extends to a mini-
mum of 45 ft. into the rock foundation. ‘
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(3) Gyobyu Dam.—This is across Gyobyu Chaung, 55 miles
north of Rangoon, Burma, max. height 134 ft. length 700 ft. and
volume of fill 3,70,000 cu. yds. It has an R. C. core wall 7’ -6” thick
at bottom and 4'-0” at top.

FACTORS AFFECTING THE STABILITY OF EARTH DAMS

In applying an “Earthquake Design Constant” to the earth dam,
the problem is complicated by the nature of earthquakes, the elastic
constants of the soils comprising the foundation and embankment,
the height of the structure, geographical location of the structure,
reservoir water surface elevation, and pore water pressure. Any
adequate single solution of the problem would be the result of a
rather complicated juggling process. When analyzing the seismic
stability of the earth dam major consideration must be given to the
effect of elastic waves on (a) possible increase of pore water pres-
sures in the embankment, (b) resonant frequency of the structure and
its foundation, (c), increased stress applied to the embankment from
the reservoir load, and (d) increased stress in the embankment pro-
per. In addition, solution to these problems should be capable of
being applied to the standard slip circle method of analyzing the
stability of earth dams. However, the problem of resonance, by ils
nature, cannot be applied to the slip circle method analysis.

A PROCEDURE FOR INVESTIGATING SEISMIC STABILITY

Initially, stability studies should be divided into two groups
that are based entirely upon the location of the dam, the local geology
and local seismicity. These classes would be (a) those dams whose
axes will intersect the trace of a known fault where measurable dis-
placements have occurred and will probably reoccur in the future
"and (b) those dams that will be built in seismically active areas
where they will be subjected to earthquake shocks but where the
possibility of vertical or horizontal displacement of one section of
the dam with respect to the other is remote.

- The number of dam to be built under Group (a) wil be limited.
Should it be necessary to build a dam under such conditions, a
thorough study should include (a) fault displacements both horizontal
and vertical, (b) the expected intervals between earthquakes of maxi-
fiitm intensity, (c) ?the predominant freguency of the elastic waves,
(d) -the estimated total cumulative displacement for a selected pertod
of time and (e) geologieal conditions at the derh site. The design
criteria mentioned previously would be applicable, In this case, sta-
bility would not be governed éntirely by the physlcal properties of
this construction materinls, becauve it 48 assumed that they would fail
in ‘éhear. The physical dimensions of the structure must be chosen
so that under the most severe conditions, the water stored in the re-
‘servoir will not find a route of escap: through,over, or under the
-dem,

. More earth dams will be constructed under the conditions of
Group (b) Geographically, these dams will be limited to Californis,
Oregon, Washington, north central Montana, southern Utgh, south-
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western Nevada and western Colorado. Further, those areas experi-
encing earthquakes with intensities of less than Degree VII, modifl-
ed Mercalli scale, need not be considered.

METHODS FOR DETERMINING SEISMIC STABILITY
Application to Modified Method of Slip Circle Analysis

- The dynamic action of a dam may be converted to a problem
of statics if inertia forces, expressed as mass multiplied by the accele-
ration reversed, are introduced. Thus, on each part of the structure
weighing 1 pound, there is a horizontal inertia force diametrically
opposite to the direction of acceleration and expressed :

Fx=11b ocg=xIb amn
[
where
Fx=force in lb.
g=acceleration of gravity, 32.2 ft./sec.?, and

« =ratio of intensity of the earthquake and equals maximum
harizontal component of acceleration of the foundation
divided by g.

The measure of earthquake intensity most commonly used is
the force in pounds generated by the acceleration and is calculated
hy dividing the horizontal or vertical component of acceleration in
the elastic material by the acceleration due to gravity. This earth-
quake factor is a ratio of accelerations. The earthquake factor for
an earthquake of graded intensity may be found by dividing the
dctelerations listed in the Mercalli-Cancani-Steberg scale of earth-
qauvke intensities (Table) by 10,000 mm/sec?. Vertical acceleration,
when applied, is normelly considered to be ome-third the horizontal
ateceleration. Also, percentage of gravity may be determined from

Cornwell’s curve, (Figure A-l) where Intensity is given by one of the
sensory intensity scales.

. Vertical and transverse components of force can be ignored if the
earthquake intensity is less than Grade IX, modified Mercalli scale,
because these components will be very small as compared to the
horizontal components. If earthquake intensities of or greater
are expected the source of the waves will be very close to the struc-
ture and all waves will arrive almost simultaneously, then the vertical
component will be roughly one-third of the horizontal component,

H. M. Westergaard derived formulas expressing reservoir water
thrust on the dam. These formulas were develo for & dam with
a vertical upstream face but may be applied to a sloping face by
wrodifying the values - as a function of the slope angle. Maximum
fressure of the water on the dam due to the horizontal component

. T
where

B, a confant=} (where '‘waves 'thovihg towards the @&mm
predeminate over wives moving awky from it).
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P=maximum water pressure on the dam at any depth.

T=period of horizontal vibration of the foundation.

E=modulus of elasticity of a volume of water 300,000 1b./in.2 or
21,600 ton/ft.2, and

w=weight of water per unit volume 0.3125 ton/ft.*

C. N. Zangar has modified Westergaard’s original formulae by
electric analogy methods and developed curves. Figure A5, for pres-
sure coefficients for uniformly sloping faces. This curve shows that
the earthquake force decreases with an increase in slope angle.
Through the positive one-half cycle, the thrust due to reservoir
would be a compressive stress; through the negative half cycle, a
tensile stress.

Experiments by Casagrande indicate that cohesive material may
be twice as resistant to transient dynamic stresses as to static stresses.
Since the “shear angle” (assumed to be equivalent to the angle of
internal friction) is nearly constant, the cohesion must increase.
Thus, it would seem valid to assume that double cohesion could be
applied to the equation for safety factor in the modified slip circle
method of stability analysis.

The slip-circle method of stability analysis is based on W. W.
Daehn’s modification of the Swedish method of analyzing earth slopes.
The method is based on the assumption that the failure plane of
an earth slope is cylindrical. The resulting factor of safety is a ratio
of total shearing resistance to total shearing force.

The force exerted by any segment within the circle is equal to
the weight of the segment and acts vertically downward through its
centre of gravity. Normal force and tangential (shearing) force are
determined by completing the force triangle with lines in the normal
and tangential directions. The safety factor is expressed.

_ C+Tang (EN-P)

SF T (19
where
SF—safety factor,
C=cohesion,

Tan 0 —tangent of the angle of internal friction,
P=pore pressure,
EIN=sumption of normal force, and
ST=sumption of tangential force.

For earthquakes where the acceleration is not greater than
0.1 g, the first impulse to strike the structure would be the P wave,
unless the epicentre was very near to the structure, than P, S and
P waves would arrive simultaneously. A shock of this intensity,
acting for a short period, would not transfer enough energy to the
earth structure to effect a change in volume sufficiently large enough
1o cause a charge in gare pressure. Most of the energy in the waves
would be absorbed by damping and jnertia of the earth material.
in an earthquake of high intensity, the R waves would predominate
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over the P and § waves and a volume change would be effected by
compression of the soil and by rearrangement of the soil particles.
When the embankment is compressed, the pore water pressures will
increase, Because the increase in stress is applied as a static load,
the pore pressure may be estimated as a per cent of the weight of
material above the slip circle by J. W. Hilf's modification of J. H. A.
Brahtz’s equation where A is taken as the amount of consolidation
due to increased stress. The equation would be written.
Pi (A+dA)
PP = T Vw—@a-rdA)

(20)
where
P—pore pressure, -
Pa=—atmospheric pressure,
- Va=initial free air content,
A =consolidation,
Vw=specific volume of water, and
h=0.0197
In applying the earthquake factor to a zoned earth dam (Figure
A6) a horizontal acceleration of 0.1 g is assumed as a representative
value for earthquakes classified in intensity Grades VIII and IX on
the modified Mercalli scale of 1931, The stress increase of 0.1 of
the weight of material above the slip circle, acting horizontally. The
horizontal earthquake force is resolved to the slip circle and the
normal and tangential components added algebrically to those from
the weight of material. Since all values are in cubic feet of water
or earth, the force area is easily outlined by scaling the change in
stress on the verticals. Force areas are planimetered and total forces

determined by multiplying the planimeter reading by the planimeter
constant and the unit weight of the materials.

For the section of the zoned earth dam considered, Figure A6,
these values are assumed :

Wet density
Zone 1=127.9 1b./cu. ft.
Zone 2=137.5 lb./cu. ft.
Cohesion
Zone 1==800 1b./sq. ft.
Zone 2—none.

Tan 0
Zone 1=0.65
Zone 2=0.70

Zone 1 material is impervious silty clay and zone 2 material is
pervious sandy silt. Riprap is considered as Zone 2 material.

On the slip circle, the radius is 165 feet and the effective are
through which cohesion acts is 100° (288 feet).
LSCW&PC/63—3
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Pore pressures were calculated from the Hilf-Brahtz equation
and Figures A7 and A8. The effective reservoir thrust was calculated
from Zangar’s curve Figure AS.

Three causes are considered : In Case I, stability is calculated for
the completed structure where the materials were placed 2 per cent
dry of optimum. There is no reservoir water thrust and no earthquake.
For Case I:

C=230 Kips,
2EN==1,712 Kips,
ST-=452 Kips,

P=140 Kips, and
SF==2.77.

Case II is the same as Case I, except a factor of 0.1 g horizontal
loading due to earthquake is superimposed on the static loading above
the slip circle. The earthquake is assumed to be acting on the element
of the section above the slip circle. Here, the normal forces decrease
the tangential forces increase, and the pore pressure is constant.
For Case II:

C=230 Kips,
2N=1,492 Kips,
IT=507 Kips,
P=140 Kips, and
SFP=2.117.
In Case III, the effect of reservoir water thrust is considered
relative to the conditions stated in Case II with these results:
C=230 Kips,
IN=1,748 Kips,
2T=320 Kips,
P=140 Kips, and
SF-=3.98.

Sample calculations and illustrations for the three cases are
shown in Figure A6. For the cases cited, pore pressure and cohesion
were assumed to remain constant. Recent limited studies indicate
that cohesion may double when transient stresses are applied to cohe~
sive earth materials. If the cohesion is doubled, the safety factor
becomes 2.59 for Case I with soil compacted 2 per cent dry of optimum
moisture. In the light of field observations of railroad and highway

fills and earth dams subjected to earthquake, probably cohesion does
increase particularly in moist soils.

Since the increase in stress is applied as acceleration reversed,
an earthquake coming from the upstream direction would be the
worst condition affecting the dam. Pore pressure would incr2ase or
remain constant, tangential forces would increase and normal forces
decrease relative to a slip circle on the upstream face.
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Dynamic Method

Maximum destruction results when the natural frequency of the
structure equal the prevailing frequency of the earthquake elastic
waves, In addition, to produce the effect of resonance, the structure
must have little damping. To evaluate resonance, definite informa-
tion concerning (a) damping properties of the structure, (b) elastic
properties of the structure, and (c¢) relative ground frequencies are
necessary. Both Hailand and Mononobe have succeeded in vibraatirrtlg
models of earth dams. These experiments indicate that the e
dam would b2 subject to a force two or three tim=s stronger at the
crest than at the base,

Magnification (W) at resonance or increase in amplitude is
given by the equation :

W max=,-1—-‘/ 1—n2  or (approx.) 1 (1)
2n Ty
. n=relative damping
and indicates that damping above all other conditions is most impor-
tant in considering the seismic stability of an earth dam.

In calculating the frequency of an earth, it ig considered as a
cantilever whose base is greater than its height. Then, the period
‘varies directly with height, inversely as the square root of the den-
sity, and directly as the velocity of theS waves, so:

2-4048 v T h
fo= ""H P (22)

fo—frequency of the dam, and
H=height.

A comparison of the structure with the frequency of the earthquake
waves will give a ratio of seismic stability expressed by Hailand as
“the ratio of ultimate strength to stress”. Note that Vs, so frequency
is a function of §~ wave velocity and height. The equation of seismic
stability is expressed :

U  UZo /7 (fo2—f2 )244n2 12
Rs =5 = jA R (23)

where _
Rs—seismic resistance,
U=ultimate shearing strength,
S=—shearing stress—=0,
Zo—elevation of centre of oscillation,
=maximum ground amplitude,
p=modulus of rigidity,
=frequency of ground,
fo=frequency of dam,
r.=damping factor, and
9 =tan angle of internal friction.
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In addition, amplitude, natural ground frequencies, damping,
and modulus of rigidity can be determined by seismic methods or
from earthquake records.

If a dam is resonant to natural ground frequencies, methods may
be used to change the frequency of the dam; the density of the em-
bankment may be increased, the crest elevation may be raised or
lowered, or the damping modified. If these factors cannot be changed
the structure will probably fail only near the crest through longitu-
dinal and transverse cracks.

Earthquake Analyzer

The Bureau of Reclamation has developed an earthquake analy-
zer in which the resonant characteristics of a structure can be compar-
ed with the record of a known earthquake. This machine is constructed
around a torsion pendulum so the rotatory displacement represents
the translational displacement of a structure. The analyzer automa-
tically registers the differences between the two displacements and
draws the relative displacement curve. If several modes of vibration
are possible the response for each mode may be determined.

SUMMARY

To present the complex nature of the problem of developing an
“earthquake factor” to be used in the design of earth dams, seismic
stability has been examined in this memorandum with emphasis on
the types and fundamental characteristics of earthquakes. The data
presented represented both theoretical considerations and field obser-
vations of the mechanics of earthquakes, their origin, their intensity
and their wave trains. Since some dams have been designed to resist
elastic wave forces, a description of those structures that have with-
stood earthquakes has been included with a tentative statement of
design criteria. Application of an “earthquake factor” must include
a knowledge of the dynamic properties of soil and the observed
effects of elastic waves on soils. (Though incomplete, data pertain-
ing to these properties were included to form a basis for possible
future investigations). After examining the factors involved in a
seismic stability analysis, a procedure for investigating the stability
of earth dams was suggested and the adaptation to the slip circle
method of analysis was given. The condition of resonance was con-
sidered separately because resonance is the phenomenon which, of
itself causes the most widespread damage.

CONCLUSIONS

Earthquakes of intensity VIII or greater (modified Mercalli
scale) will undoubt=dly cause some damage to earth dams. Though
appurtenant structures may be destroyed, damage to the embank-
ment should be limited to settlement of the embankment or founda-
tgm- and to longitudinal cracks in the embankment near the crest of
the dam.

A completely satisfactory method of evaluating seismic stability
of earth dams has not been developed.
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The components of stability analysis: reservoir thrust, pore
pressure; unit density and cohesion, can be resolved to the modified
slip cirele method of stability analysis for a unit change in stress.
An assumption that cohesion will increase 1.5 to 2.0 times the original
:lralue for cohesive soils seems justified in the light of existing evi-

ence.

The possibility of resonance is the greatest menace to stability.
To a limited degree, the probability of structural resonance with
prevalent ground frequencies can be mitigated by changing the
height of the dam, by increasing the density of the embankment, or
by increasing the relative damping coefficient. Of the three methods,
increasing the damping seems the most practical because the pervious
outer section of the dam would have a high order of friction damp-
ing and increasing the volume of the outer zones and flattening the
slapes would, in effect, buttress the core of the dam.

Relative damping is the factor that could control resonance of
earth dams. It is suggested that a more through study be made of
the friction type of damping in earth materials.

Dynamic properties of soils can be determined in the field by
seismic methods,

Earthquake intensity would be the most difficult variable to
cvaluate, since most data are based on sensory scales.

Prevalent ground frequencies are developed in each area. These
prevalent frequencies will vary with the character of the overburden
and the rock mantle,
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APPENDIX C

SEISMIC CONSIDERATIONS IN DESIGN OF DAMS
by
C. D. MitRra

An earthquake is an irresistible motion of the ground in form
of waves which are very often complex in nature and consist of longi-
tudinal and transverse vibrations in earth. The waves generally
<onsist of a first impulsive shock followed by a series of rapid oscil-
lations of a complex pattern. There have been a lot of investigations
in the accelerations produced by seismic forces and values of accele-
ration produced by these shocks have been found to vary to a great
extent. This acceleration is usually designated by its ratio to “g”
acceleration due to gravity.

According to “Earthquake-Resistant Construction” by Dewell
H.D. Published in Engineering News Record in April 1928 “Accele-
ration ranging from 0.00037 g to 1.000 g have been observed or esti-
mated in earthquakes. Ap intensity of 0.4 g or more than 12
feet/sec.? is not uncommon in great shocks”. In the Bihar earthquake

of January 1934, the following horizontal accelerations were esti-
mated :

Monghyr 11 ft/sec2 .¢., 0. 34 g approximately

Patna ] _

Bhagalpur i 3 ftfsec2 6., 0. 1 g approximately
& r to to

other places 6 ft/sec2 0.2 g approximately

In addition to vibration in the horizontal direction resulting in
horizontal accelerations as mentioned above vibrations in vertical
directions resulting in vertical accelerations have also been observed
during earthquakes, whose magnitudes have been found to be 10%
to 20% only of the horizontal acceleration.

, Apart from horizontal and vertical vibrations as mentioned
above it was pointed out by Mr. Ayre, R. S. that in the most genera-
lised pattern of vibrations in the ground there would be an association
of rotatory oscillations of the system with that of usual translatory
vibrations. This is produced due to the non-coincidence of the centre
of mass with the céntre of rigidity of the system.

Damage to a structure during earthquake is mostly caused due
to vibrations in earth in horizontal direction. The destructive effect
of vertical acceleration on a structure except in dams higher than
150 ft. is small as every structure is designed with a factor of safety
in the foundation pressure. The effect of rotatory oscillation also is
small on a structure due to its rigidity and size,

When the ground, beneath a structure is suddenly moved to one
side, the structure will tend to remain in its original position due to
its inertia. The horizontal seismic force “F” applied to the base of

*Supetintending Engineer, Investigation & Project Cir cle, 15ATNA
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the structure will be equal to éva, '

where

a==horizontal acceleration in feet per sec. per sec. due to earth-
quake,

w=weight of the structure in pounds above base or horizontal
section under consideration, and

g—acceleration due to gravity in fi. per sec. per sec.

Expressing the horizontal seismic acceleration “a” by its ratio

to acceleration due to gravity “g” the horizontal force due to earth-
quake will be F=we, where «=a/g.

~ In seismic regions dams are likely to be subjected to the follow-
ing vibratory forces in addition to static forces which are generally
considered for non-earthquake areas:—

(a) Due to vibration of dam itself in horizontal direction.
(b) Due to vibration of dam itself in vertical direction.

(¢) Due to vibrating column of water immediately on the up-
stream of the dam,

(d) Dus to vibration of tail water, if any.

(e) Due to increase in the horizontal vibration of the dam due
to resonance.

(f) Due to movement of silt and ice on upstream of the dam.

(g) Dus to movement on faults.

Vibrations due to earthquakes may occur in any direction and
maximum destruction to structures is caused when they act hori-
zontally. Separate considerations may be made for (I) Masonry or
Concrete Dams, (II) Earth Dams,

(I) MASONRY OR CONCRETE DAMS

(a) Vibration in Horizontal Direction

For a gravity dam the most unfavourable direction of vibration
will be normal to its axis. When the reservoir is empty the affect on
the dam will be worst when the vibratory motion of the dam is from
downstream to upstream direction. As usual the dam may be divided
into suitable blocks and the earthquakes forie Fe on each block will
be equal to-W, where W represents the weight of each block. The
force will act horizontally through the centre of gravity of each
block. The effect of this seismic force will tend to shift the resutant
force on the horizontal section under consideration to the upstream
side and consequently outside the upstream middle third point. To
safeguard against this effect the upstream profile of the dam will need
flaring out at the base to keep the resultant force within the middle
third. With the reservoir full the effect on the dam will be worst
when its vibratory motion is from upstream to downstream as this
will tend to shift the resultant force beyond the downstream middle
third. Normally, the downstream profile of the dam near the toe is
flared out in actual practice beyond the theoretical profile as per con-
ventional practice which automatically keeps the resultant force with-
in the downstream middle point. Although as a safety measure
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against earthquake the upstream profile of the dam has been proposed
to be flared out yet it would be pertinent to mention that sucﬁ a mea-
sure will tend to shift the downstream middle third point more
towards the upstream side with disadvantage. This precaution is
necessary only when a dam is expected to remain empty after its
completion. Once the reservoir is filled with water the upstream
flaring out will no longer serve any useful purpose.

(b) Vibration of the Dam itself in Vertical Direction

As already stated the intensity of the vertical acceleration will
normally range up to 0.25 g, and will have most unfavourable effect
on a dam when the structure is vibrating from downwards to up-
wards. The maximum stresses at the toe and heel of the dam will
get multiplied by (14-«), i.e, (140.25)=1.25. Normally, the increase
in stresses due to this effect will be small which will be covered by
the usual factor of safety adopted in the design. Similarly, when the
structure will be moving from an upward to downward direction the
weight of the body will get decreased and stresses in the dam will
get reduced, i.e., multiplied by a factor (1 - «), i.e., (1-0.25)=0.75.

(¢) The Vibrating Column of Water immediately on the Upstream
of the Dam
The inertia of water in the reservoir due to motion of the earth
produces a force on the dam, the determination of which is compli-
cated. The nature of water pressure caused by earthquake may be
represented by a curve, the true equation of which is complex. Mr.
Davis assumed this curve to approximate an ellipse in his book on
Applied Hydraulics. Prof. Westergeard solved this issue more cor-
rectly and determined that it approached a parabola more than an
ellipse as shown in the graph below:
l - -

Fl

As a matter of fact
assuming the curve to
be a parabola it be-
comes simpler to use
and theresulting values
are on the side of
safety. According to
Westergaard the
pressure at a depth on
thc dam may be
tepresented by the
equation

pe=Cexv/'hy
where C, is a coeffici-
ent, developed by
Prof. Westergaard and
‘s equal to

AAALALL LA 22200430 1328 23242
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YV h y2
1—0 72(1‘606@)
where

h represents height of the dam,
te is earthquake period of vibration, and
« is the ratio S3T'hduake acceleration
acceleration due to gravity
and y is depth below free water surface at which the pressure is
determined by Pe,
The total pressure at a depth y, i.e, Pe is given by the expres-
sion 2/3 C,xy\/hy.
The moment due to total earthquake water pressure at any
section can be determined by the equation

Ce

Px= %Ce.oc.y%/ph.

For usual conditiong with, dam heights not exceeding 250 feet
the approximate value of Cé works out to 52. For dams higher than
500 feet the value of Cé has to be determined with caution. The above
mentioned equations are based on the assumption that the upstream
face of the dam is vertical and normal to the direction of earthquake
motion. This condition is usually satisfied by a straight gravity dam.
In case of an oblique earthquake motion, where 4 is the angle between
the direction of motion and normal to the face of the dam at the point
under consideration the above mentioned equations need only be
multiplied by Cosf. In a paper written by Mr, Fergusson, F. F.
“Earthquake Effects on Dams” published in the C.B.I. Journal of May
1959 necessary values for the inertial forces due to masonry and water
have been worked out for dams varying from 100 feet to 250 feet in
height, (assuming to be ranging between 0.05 and 0.175) in a tabular
form for ready use by engineers. To make a structure safe against
above mentioned inertial effect of water this force is take=n into
account like other forces acting on the dam.

(d) Vibration of Tail Water, if any

The existence of tail water will add to the stability of the dam
in an earthquake motion. As such its effect may not be taken into
consideration.

Increase in Vibration owing to Resonance

Every structure has its own free period of vibration depending
upon its height, modulus of elasticity and length of base. When the
earthquake oscillating force applied at the base of a structure has a
time period almost equal to the free period of vibration of the
structure, a dangerous cumulative effect may be produced. Prof.
Westergaard has determined this time period for a concrete gravity
dam of triangular section considering reservoir empty, as denoted by
the equatior}x1 \

= 3550
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where

ts is the titme period of vibration in seconds,

h is the height of the dam in feet, and

a is the length of the base in feet.
The modulus of elasticity has been taken as

23¢10¢ 1bs./sq. inch.

It will appear from above mentioned relation that the possibility

of resonance effect on damg need not be of material importance for
heights less than 1000 feet for reasonable ratio of h to a.

The pattern of vibration of a clamped free elastic bar with one
end fixed in foundation was investigated by Rayleigh and Timoshenko
applying this analogy in the case of a dam its time period was deter-
mined by Messrs. S. K. Guha and Gurdas Ram by solving a differen-
tial equation and was published in a paper “Vibration of Dams—
their free period”. In a similar method the dynamical analogy of a
wedge fixed at the base was also considered with symmetrical sides
about the vertical axis by the said authors and its time period of
vibration was mathematically determined. A table was prepared
showing the comparative values of natural periods of vibrations of
a few high damg in India and abroad from which it will appear that
the values obtained according to Prof.. Westergaard’s & Wedge
methods compare favourably with each other, but differ widely from
those given by the bar analogy method. In conclusion it may be
faid that damage to dams due to direct resonance are considerably
ow.

(f) Effect of Movement of Silt and Ice

Effect of earthquake movements on ice and silt pressures has
not been investigated in detail. It is generally believed that increase in
pressure due to ice and silt during an earthquake is not of material
importane: on dams. This is reasonable as the formation of ice is
restricted within a few fest of the water surface and the depth of
silt touching the upstream face of #he dam is generally small.

() Movements on Faults

Normally, a dam foundation intercepted by active faults should
be avoided. Fault movement is not nec2ssarily confined to the fault
cn which the earthquake originates, but secondary movements may
occur on any active fault in the disturbed area. The force with which
slippage may occur on a fault is immeasurable. Any prominent
fault though apparently dead may be subject to movement in an
earthquake. It is extromely difficult to construct earthquake proof
dam on a fault,

A typical masonry dam section 130 feet high has been designed
to be safe against earthquake, considering seismic forces mentioned in
paras (a) and (c) of pages 35 & 36 as other forces are negligible.
Computations are attached for easy reference with value of «:=02.
Similar computations were made for heights varying from 20 feet to
130 feet considering value of «=0.1 and 0.2. The design of the profile
and position of the middle third points have been represented in Fig.
B1 for a mon-overflow section and in Fig. B2 for an overflow section
showing the extent of extra material required to flare out the profile

of the dam near its base.
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A separate graph has been drawn (Fig. B3) to show the relation
between the height of the dam and the cross-sectional area required.

It will appear from the graph that for a dam of 130 feet height
approximately 12% exira concrete will be required, considering
«=0.1 and 40% extra concrete considering o =0.2.

II. EARTH DAMS

Although damage to earth dams due tfo seismic effects so far
reported is not of serious nature, yet it may be mentioned that. in the
California earthquake of 1906 an earth dam got ruptured due to the
parthquake rift passing directly through the dam. In 1925 in Santa
Barbara a similar thing happened. In view of comparatively more
seismicity existing in the northern part of India it would be advisable
to consider seismic effects in the design of earth dams. An earth dam
may fail due to seismic effects as noted under: *

(a) If there be a fault immediately below or near about the
area covered by the earth dam.

(b) If an earthquake rift of sufficient intensity passes directly
through the dam to cause a rupture in the structure.

(¢) If an earthquake vibration in a horizontal direction occeurs
.immediately after a sudden drawdown on the upstream slope of a
.dam.

For (a) and (b) hardly any precautionary measure can be taken
in the design. For (c) the following need be considered.

EFFECT OF EARTHQUAKE INMEDIATELY AFTER A SUDDEN
DRAW poww

[ 4
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An earth dam is normally designed to resist failure due to slip-
ping of earth in the upsiream slope against a sudden drawdown.
When a dam will be subject to horizontal vibration due to earth-
quake and the structure will be moving in a direction from down-
stream towards upstream it will have most unfavourable condition
so far failure against sudden drawdown is. considered. Consider
a, b, ¢, d as the most dangerous circle which offers least resistance
to shear in the dam. Let e, f, b, ¢ be a vertical slice of earth bound-
ed by the dangerous circle and the slope of the dam. Resolving the
vertical force due to the weight of the earth slice at the circumfer-
ence of the dangerous circle into tangential and normal directions
to the plane b, ¢ we get T—Force tending to produce movement
along the circumference of the dangerous circle due to shear.

- The force tending to prevent this movement may be represented
by N Tan 6 4+ lc which is equal to the shear strength of the earth
materl along the small arc b ¢ of the dangerous circle,

‘where
N=The normal reaction due to weight of the slice.

0=Angle of internal friction, of the material comprising the
dam as det>rmined by tri-axial shear test. .

‘1=Length of the arc intercepted by the earth slice

—~=Cohesion of the material comprising the dam in lbs. per
square foot.

The factor of safety fs may be denoted by

IN Tan®+X1.C IN Tan®--LC (i)
2T Ra T

Where L=length of the arc a, b, ¢, d. When the dam will be
ymoving in a direction from downstream to upstream, the earth slice
efbe will be subjetced to' an ‘additional horizontal force H which
may be resolved into its component forces H; acting parallel to the
-tangential force T and in the same direction as T producing movement
.along the circumference of the dangerous circle and Hy  acting
-parallel to the normal force N, but in a direction opposing it. Consi-
‘dering Ht along with N and T previously determined, the factor of
.safety £ works out to

EIN Tang — ZH N Tan ¢ +LC (i)

F= TTETFIHT

Comparing equations (i) and (ii), it will be observed that in
.equation (ii) the numerator has decreased and denominator has in-
creased resulting in decrease in the factor of safety of the dam against
sudden drawdown.

To make the earth dam safe against above mentioned seismic
forces, it would be necessary to provide a flatter upstream slope than
necessary if no earthquake effects are considered. Computations have
‘been made for dams varying in height from 20 feet to 100 feet and the
factor of safety against sudden drawdown actually derived have
been tabulated and also plotted in Fig. B-4 for ready reference.
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Above results have been based on the following assumptions which
are normally met with in Bihar soils.

Characteristics Impervious Semipervious
Moist weight in lbs/cft 112 115
Saturated ” 115 120
Submerged ” 52.5 57.5
Angle of internal friction 20° 28°
Cohesion in 1bs/sft 1000 <00
Slope upstream and pervious/zone - 3:i
Slope of impervious zone upstieam [:5:1

The effect of pore pressure has been allowed as noted under : —

For the portion of impervious zone of embankment, submerged
unit weight has been used for calculating normal components and
saturated unit weight for calculating tangential components.

Ii will appear from the results tabulated that the factors of
safety arrived without earthquake effect decrease considerably by
considering seismic effects (vide table below):—

Sl Height Factor of Safety with .
No. in ft. Factor of Secismic Acceleration Remarks
— BN .____JL..__—----__.—\

—
Safety 0.1 g 02 ¢g 03 g

20 4.£0 3.80 312 2.28

2 30 3.65 3.05 2.60 1.75
40 2.95 2.48 .

4 ) 2.41 2.05 1.76 1.36
5 €0 2.28 1.89 1.65 1.32
6 70 2.21 1.87 1.67 1.20
7 80 2.08 1.70 1.54 15
8 90 1.95 .66 1.43 1.42
9

100 1.88 [.61 1.38 -—
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APPENDIX D

DESIGN OF DAMS FOR EARTHQUAKE RESISTANCE®*
by
JzroaME M. RAPHAEL®*
SUMMARY

Earthquake resistant design of dams differs greatly from the
design of the usual type of engineering structures, since earthquake
vibration not only generates forces within the structure i but
also increases the magnitude of the external forces which are at all
times acting on the structure. Under the action of earthquake, the
impounded water behind a dam exerts hydrodynamic as well as the
ever present hydrostatic forces on the dam. If failure of the dam
were to occur, maximum damage would not be conflned to the dam
but would be widespread due to the battering ram effect of the
suddenly released waters. As a consequence earthquake design for
dams tends to be conservative. By their very nature, dams are
generally constructed in remote regions where very little engineer-
ing experience is recorded. Determination of proper earthquake
design factors is the major problem in earthqual‘:)e resistant design
of dams. This is made for a given locality after considering the re-
corded seismicity of the region and the relative activity of regional
geologic processes causing major tectonic movements, such as moun-
tain building. Because of the history of sudden major earthquakes in
previously inactive regions, major dams are usually designed for a
minimum earthquake acceleration of 0.10 g, r:;utiing up to 0.20 g in
regions of maximum seismicity. For a given earthquake acceleration,
the hydrodynamic force on the face of the dam depends on the
size and configuration of the dam and reservoir. In some cases,
choice of type of dams is dictated by consideration of earthquake
action. General methods of stress analysis are described for major

types of dam,
EXTRACTS FROM THE PAPER

The next question is : What are the chances of major earthquake
at the site? Gutenb. and Richter and Housner have discussed
statistical analysis of shocks originating in a seismic region in a
manner which is strongly reminiscent of the analysis of flood pro-
bability with which every dam designer is familiar.

Making an analysis of the probability of earthquake of given
magnitudes occurring along various seismic belts, by the Housner’s
method show that an earthquake magnitude 8.2 (Richter scale) (San
Francisco, 1806) may be expected in California once every 200 years,
while shocks of magnitude 6.25 (L.ong Beach, 1933) can be expected

m%uspmented at World Conference on Earthquake Engineering held at California
5 e

s Associate Professor of Civil Engineering, University of California.
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somewhere in California about every 18 months. A similar calculation
made for the Himalayan arc showed that the expected frequency of
occurrence of the Assam earthquake of August 15, 1940 of magnitude
8.4 was once every 500 years, while the expected frequency of occur-
rence of an earthquake of magnitude 8.3, such as was computed for
the Bihar-Nepal earthquake of January 15, 1934 is once each 320

years. Despite statistics, these two earthquakes occurred within 16
years of each other,

The history of many major earthquakes occurring in a region
where none were recorded before imposes caution on the design
engineer. One method of providing for the contingency of an un-
expected shock in a fpz'eviouszly quiet region is to adopt a minimum
design earthquake of 0.10 g anywhere when considering the safety
of a major dam. This follows the recommendations Westergaard made
after considering the characteristic vibration of earthquakes, and
the normal response of massive gravity dams. . His recommendation
of an earthquake acceleration of 0.10 g has been accepted in the vast
ma]l:rity of dam designs, except where close proximity to a zone of
high magnitude earthquakes has warranted an increase. In designing
Bhakra Dam, for instance, which is located to the north of New Delhi,
India, designers used a horizontal earthquake acceleration of 0.15 g.
Similarly, in the design of a dam proposed for a location 30 miles
from the track of the Himalayan arc, accelerations of 0.2 g horizon-
tally and 0.10 g vertically were considered.

EARTH DAMS

Since earth dams are constructed of materials readily available
in the vieinity, designs are varied to fit the properties and quantities
of materials on hand. However, there are definite points of similarity
among all earth dams, and the following discussion will be of a
typical earth dam.

In general, earth dams are characterized by flattened upstream
and downstream slopes. Resistance to the passage of water is given
by a core of relatively impervious material, buttressed up and down-
stream by one or two zones of successively more pervious material,
which give stability to the structure, The actual materials of the
impervious zone is a mixture of solid mineral particles, water and
air, the strength of which is a function of the internal friction of the
mass, cohesion between particles, and pressure.

Hydrodynamic forces from the reservoir are much reduced in the
case of the earth dam because of the flattened slopes. Mass forces
in the embankment are tremendous, because of the large volume of
materials. The actual values of the mass forces to be used in analy-
zing a particular cross-section for stability is under discussion at
present. Most designersusz a seismic coefficient for finding horizontal
earthquake forces, which is constant anywhere in the dam. Others,
taking into account the dynamic action of the embankment itself,
advocate the use of seismic coefficients that increase in some manner
from base to crest of dam, much like the increase in seismic coeffi-
clents in framed structures from lower to upper floors.
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The most common method for evaluating the stability of the
slopes is by the Swedish slip circJe method. Faihere is assumed to
occur along the arc of a circle, and forces that cause a mass of earth
above the failure arc to move are evaluated against the forces along
the arc that resist the movement. The safety factor is expressed as:

G — C—tand (N—P)
T
where
C is cohesion,

tan 6 is tangent of the angle of internal friction,
P is pore pressure,

N is summation of the normal forces, and

T is summation of the tangential forces.

The factors in the numerator of the above equation express ...e
shearing resistance of a soil. It has been found that shearing resis-
tance of soil is greater under dynamic loading than under static
loadings. Casagrande and Shannon found that the dynamic shearing
resistance of clays increased 40 to 160%, sands increased 20% and
soft rock increased 80%, over the static resistance. Seed and Lund-
gren found a 10% increase in shearing resistance of dry sand and even
greater increases in saturated sand. Thus as, in many other cases
of engineering structures under transient loadings, the increased
earthquake forces on an earth dam are to some extent balanced by
increased resistance to stress and deformation.

Special provisions in a seismic design of earth dams include:

1. Carrying cut-off trench deep into foundation to intercept
water flowing through foundation cracks.

2. Making the impervious section wider than any possible offset.

3. Prevention of slumping by weighting down inpervious
section with coarse pervious material.

4. Providing extra heavy outer slopes to close any tension
flssures developed by stretching the dam.

Two earth dams in California successfully withstood the 1906
earthquake, Crystal Springs Upper Dam, which had water on both
faces, was actually offset by fault movement in the foundation but
did not slump under the action. San Andreas Dam, 95 feet high above
stream bed, although cracked, developed no leaks and is still used.
On the other hand, a 25-foot high dam in southern California shd
out on its foundation during an earthquake. With proper engineer-
ing design, earth dams can resist seismic forces as well as any other
structure, - '



APPENDIX E

SPECIAL PROBLEMS RELATING
TO THE CONSTRUCTION OF DAMS IN
ACTIVE VOLCANIC COUNTRY

by
J. K. HuntEr anDp H. G. KEEFE*
,SUMMARY

The paper defines the special problems affecting the design and
constructions of dams and other engineering works which may arise
in active volcaniec country. It discusses the nature and origin aof
earthquakes, their measurement and the additional forces to be pro-
vided for in engineering structures. A few examples are given of
destructive earthquakes .which have occurred in the past and sug-
gestions are offered for the hcecelerations which should be allowed for
in design. .

A general comparison is made for the relative inherent stability
of various types of dam under earth¢uake shock.

The engineering problems associated with the construction of
dams on imperfectly consolidated deposits are discussed and various
means of reducing percolation to safe values are described. A com-
parison is made between alternative methods of constructing water-
tight cut-offs for embankment dams.

EXTRACTS FROM THE PAPER
The Nature of Earthquakes and their Effect on the Design of Dams

The term “earthquake” is applied to the shock waves set up in
the earth’s outer crust as the result of the sudden readjustment of
internal stresses. These stresses arise as a direct result of the thermal
changes caused by radio-activity within the earth. The rhythmic
character of these thermal changes is believed to account for the
successive periods of mountain building and land movements which
are apparent from a study of the surface rocks.

Crustal stresses are usually greatest in regions of pronouced
instability such as those associated with recent orogenic activity
where the weight of the upstanding mountain masses tends to exert
a radial thrust., This thrust in turn sets up tangential compressive
stresses in the earth’s crust which are ultimately relieved either
gradually by plastic flow with consequent erumpling and folding of
the earth’s surface, or by a sudden fracture of the crust, resulting
in a raising or lowering of the land along the crack which has deve-
loped. Except near their orif‘in, the main direction of these tangen-
tial stresses is generally weli-defined though varying weaknesses in
the crust will result in local deviations. Depending upon the magni-
tude of the resulting shock, the general effect can be wide-spread
or confined to local areas.

“Paper prosented at the Fifth nternational Congress on Large Dasas,
43
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In regions liable to earthquakes, relief of crust stresses may
occur through a series of small fractures, spread over a period of
time and accompanied by small shocks, or it may occur with catas-
trophic suddenness, Major adjustments, however, are inevitably of
the latter type, generally followed by a period of comparative
quiescence during which there is a slow and gradual build up of a
stress ultimately resulting in another sudden major readjustment.
To some extent the existence of a major surface fault will act as a
safety valve, since there is a tendency for stress relief to occur gradu-
ally and continually at weak spots in the crust.

At the seat of the disturbance (epicentre) the sudden release
of the energy stored in the stressed rocks sets up a series of vibra-
tions, the resulting accelerations making themselves manifest in the
form of shock waves. These waves are closely harmonic; their ampli-
tudes and periods may vary over a wide range, depending partly on
the focal origin of the earthquake, its depth from the surface and its
distance from the point of measurement; they can be detected and
recorded by a seismograph.

Following the initial shock, a series of further viorations is
-almost invariably recorded. These are due to the transmission of the
original vibrations either through the earth’s core or ground the
lon eé' path of the great circle on which the primary wave has tra-
velled.

The focal origin of an earthquake is commonly about 15 km
‘belovw::1 the surface although very much greater depths have been
recorded.

The first intimation of an earthquake is the occurrence of a
primary shock wave travelling at 7 to 8 km/s, with an amplitude
generally of only a fraction of an inch, although up to 3 inches have
been measured in very great earthquakes. This is followed by secon-
dary waves travelling at about half this speed and with amplitudes
up to about 4 inches.

The period of the shock wave may vary perhaps from 0.05s to
as much as 80s, the principal waves usually having periods between
% and 2is. The maximum acceleration imparted to the ground is
usually a small fraction of that due to gravity, although in Japan
values as high as 0.5 g and 0.43 g were estimated at Kwan-to and at
Mino-Owari respectively.

A structure is most vulnerable under repeated shocks of similar
amplitude, and experience indicates that such shocks are most likely
to occur when the period is between 0.8 and 1.5s (the period for the
principal shock in the San Francisco earthquake of 1906 was 1s and
that in Tokyo in 1923 was 1.35s). Other (ﬁeriodicities outside the
range mentioned appear to damp down rapidly and provide on time
for the development of dangerous oscillations.

The San Francisco earthquake of 1906 resulted in a permanent
displacement of up to 22 feet on one side of a fault extending over a
length of 275 miles, while the Tokyo disaster of 1871 is said to have
caused a displacement of 13 feet horizontally and 19 feet vertically.
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The greatest vertical displacement so far recorded occurred at
Yakutat Bay, Alaska, in 1899 when 47.5 feet was measured.

The area over which an earthquake may be destructive may
extend to thousands of square miles. In the Assam earthquake of
1897 the total area affected by the shock was nearly 2 million square
mi%es, the area of heavy destruction extending to over 9,000 square
miles.

To obtain full knowledge of the local behaviour of an earthquake
at least three seismographs are required, two at right-angles to each
other to determine the magnitude and direction of the horizontal
shock and third one to determine the vertical or radial shock. By
comparing the three sets of records obtained from a number of diffe~
rent stations, the location of he earthquakes focal centre can be
closely determined.

Experience suggests that the epicentre of an earthquake rarely,
if ever, occurs in a mountain mass itself, but in the adjacent foothills,
plains or sea bed. It follows therefore, that dams located in a moun-
tainous region are less liable to suffer damage from an earthquake
than those constructed T more level regions, since it is only the effect
of a shock transmitted from a distant seat of disturbance against
which provision has to be made. On the other hand dams construct-
ed in sub-mountain tracts and especially in the plains are more liable
to disastrous foundation movement.

Since a dam may be subjected to a horizontal thrust from any
direction, it will be apparent that in the case of a straight gravity
dam a thrust along the axis can only be seriously harmtul if the
earthquake should give rise to faulting or permanent deformation of
the ground.

The main threat to the stability of a straight gravity dam arises
from a horizontal thrust in a direction at right angles to the axis.
This horizontal thrust is due to:

(a) the inertia of the water resting against the dam; and

(b) the inertia of the dam itself relative to the foundation on
which it rests.

The effect of (a) depends upon both the slope and the character
of the upstream face. A flat upstream slope will reduce the horizontal
component: of the force due to the shock wave, while the material
of which the dam is built will affect its ability to absorb a shock wave
without damage. For this reason earth and rock-fill dams are better
able to resist earthquake shocks than are solid concrete dams with
their predominant vertical faces.

The effect of (b) depends upon the density of the material of
the dam and the position of its centre of gravity in relation to the
foundations. ' ' o

-. The usual method of taking account of the inertig effect of a
solid concrete dam is to assume an additional external ~horizontal
force equal to the mass of the dam multiplied by some arbitrary per-
centage of the gravitational acceleration g 'Thelallowances:made in
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the case of a solid concrete dam have generally ranged from 0.1 to
0.2 g although in some cases an allowance of only 0.05 g has been
made,

Experience has shown that accelerations of the order of 0.25 g
can occur over quite large areas in the vicinity of the epicentres of
severe earthquakes and it is reasonable to suppose that considerably
higher values can occur immediately over the seat of disturbance.
It is believed, however, that accelerations in excess of about 03 g
would be accompanied by permanent and severe deformation of the
ground surface and that even though the earthquake forces did not
immediately rupture the dam itself, foundation or abutment failure
would nevertheless occur.

While the empirical method described above is still commonly
used, a more advanced technique based on the ground motions likely
to be experienced has recently been developed.

In the case of a solid concrete dam of conventional cross-section,
it is clear that when the reservoir is empty an acceleration in a down-
stream direction is the most unfavourable since it is equivalent to a
horizontal force in an upstream direction tending to overturn the dam
about its heel, 1t can, however, bz demonstratied that on the basis of
any normal earthquake acceleration a dam under these conditions
would be prefectly stable.

With a full reservoir, however, an upstream acceleration is the
most unfavourable because not only does it apply an additional over-
turning force, but the inertia of the water against the face of the dam
imposes a further force in a downstream direction. It should be
-observed that due to the differences in the elastic properties of the
dam structure and the water the impulse forces set up are out of
phase with one another and in consequence their total effect is less
than their arithmetic summation.

It is generally considered unnecessary in dam design to take
an account of a vertical acceleration. In the first place the vertical
component of the acceleration set up by the average earthquake will,
unless the dam is close to the epicentre, be small compared with the
horizontal component. Moreover, the primary effect of such vertical
accelerations is merely to vary the apparent specific gravities of the
dam and the water without altering their ratio. There is, however,
an important secondary effect due, as in the case of horizontal acce-
leration, to the differences in the elastic properties of the dam and
water; the effect is, however, relatively small.

Due to the plasticity of the materials of which they are built,
the effect of earthquake acceleration on earth dam is much Tess serious
than in the case of solid concrete dams. Experience indicates tHat
in an adequately designed earthfill dam the inherent factor of safety
against slips, both upstream and downstream, is ample to provide

against earthquake shock. To a somewhat lesser extent this is also
true of rockfill dams. '

_ Precautions which should be taken in the design of an earthfill
include :— ‘

(a) a Liberal freeboard; and



47

(b) a section largely composed of materials which have self-
sealing properties.

With regard to (a) it may be mentioned that during the Second
World War the maximum level of all reservoirs in the United Kingdom
dependent on earthfill dams was lowered by 5 feet to reduce the risk
of overtopping in the event of subsidence as the result of bombing.

Where a core of impermeable material having plastic properties
is used, additional thickness should be provided to reduce the risk of
leakage following fracture as the result of earthquake shock.

If an interior concrete core-wall is employed special precautions
are necessary to ensure flexibility at the plane of junction between
the dam znd its foundations, while strong reinforcement throughout
the height of the core-wall is essential.

The use of a thin concrete membrane on the upstream face is

undesirable since even if heavily reinforced it is liable to be displaced
by earthquake shocks, especially if these should be in a longitudinal
direction.
' In general it may be said that a well-designed earthfill dam is
the safest of all dams under earthquake conditions. This applies
specially tc dams on a rock base, but where the ground is soft there
is a danger of greater settlement.

The determination of the best type of earthquake resistant
design in any given case depends mainly on three site conditions,
namely; (1) type of foundation, (2) probable direction of seismic
shok (derived from past observation); and (3) materials available
for construetion.

Summarising, the most suitable types, in order of their inherent
resistance t¢ earthquake shock, are as follows :

Earthfill.

Rockfill.

Solid enncrete gravity.

All these types can be made to withstand earthquake shocks
provided the latter are not of such a magnitude as to cause permanent
rupture or deformation of the foundations. Should such deformation
occur the dam will fail irrespective of its inherent strength.

In Table 1 are given particulars of three dams in the San Andreas
Valley, California, and one in Chile, which have survived severe
earthquakes.

TasLE 1
Date ’
) Lo- of Height Remarks
Name caticn ccns~ Type in
tructicn feet
1 2 3 4 s 6
“San San 1870 Earth- 95 Cut-off 35 ft. deep.
Andreas  Andreas filt Raiced in 1875 and inin
Valley 1928, Inthe 1906 earthquake
(Cali- the dam moved bodily 8%, -

fornia)
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"1 2 3 4 5 6

Upper San 1M Earth- 8s Cut-off 105 ft. doep.

Crystal Andreas fill Sited across a fault,

Springs Valley In the 1906 earthquake it
scali- developed several shear cracks
omis) along the fault. One part of the

dam moved 8 ft,
Further cracks  developed
parallel to its axis.

San San 1889 Concrete 154  Axis of dam parallel to a fault.

Mateo  Andreas gravity Built on argillocal carcous lime-

§Crystal Valley store. Undamaged in the 1906

Prings) }Calg- carthquake.
ornis)

Cogoti  Chile 1938  Rock- 246 Little damaged by severe earth-

fill quake in 1943,

The Cogoti dam in Chile is of special interest since it was
y designed for service in a seismic region and was severely
tested in the earthquake of 1943, only five years after completion. It

ig a rockfill dam, 246 feet high, the design of which was based on the
following principles :

(1) Selection of side slopes which would not flatten under
earthquake shock.

(2) The use of a water-tight upstream face which could bend
without rupture.

The side slopes were chosen after study of natural rock slides
which had })reviously been subject to earthquakes. After dumpoilég
the main fill of the dam to its natural angle of repose additional r
was added to flatten the upstream slope which was then finished off
with a surface fill of screened and washed gravel, bringing the final
face to a slope of 1 to 1.6. On the finished face of the rockfill was
laid a laminated reinforced concrete slab desi to ensure maxi-
mum flexibility. The downstream slope of the was made 1 to 1.8,

It is reported that the 1943 earthquake (which probably reached
an intensity of at least 0.2 g) caused very little damage to the dam,
the leakage being almost unchanged, while the settlement of the fill
which had totalled about 13} inches between 1938 and 1943 was only

increased by a further 15 inches, It is reported that subsequent settle-
ment of the dam has been negligible.

Where tunnels are constructed in rock, earthquake damage is
usually confined to the portals. ' In this connection experience obtained
in the Hawkes Bay earthquake in the North Island of New Zealand
is of interest. This earthquake which occurred in 1931 resulted in
a permanent uplift of 8 féet near the epicentre and of 6 feet at the
town of Napier, 10 miles distant, the horizontal -acceleration over a
considerable area being computed at not less than 0.25 g.

At .Tuai, some 40 miles from the, epicentré, a 12 feet diameté{
tinnel,. 780 faet long, although driven through very broken country
was undama while railway tunnels near Napier were only dam-
aged at the portals or blocked by landslides. et
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Japanese experience seems to confirm the relafive immunity of
tunnels from the effect of earthquakes, and this immunity represents
an argument in favour of the adoption, where practicable, of an under-
ground arrangement in the case of hydroelectric works constructed
in seismic regions.

L5CW&PC/63—5



APPENDIX F

MEASUREMENTS OF SETTLEMENTS
AT CERTAIN DAMS ON THE TVA SYSTEM
AND ASSUMPTIONS FOR EARTHQUAKE LOADINGS
FOR DAMS IN THE TVA AREA

by
C. E. Buek & A. A. Meyer*

SUMMARY

The authors present observations and measurements on the
structural behaviour of several dams built by the Tennessee Valley
Authority. They also discuss the studies made and the loading as-
sumptions adopted to compensate for seismic forces which might be
experienced in certain portions of the Tennessee Valley area.

* * *

The authors outline the studies of seismic occurrences in different
parts of the Tennessee Valley, the sub-division of the Valley which
was adopted for seismic purposes, and finally they explain the basic
assumptions adopted for earthquake loadings. Seismic forces acting
on retaining walls are specifically discussed. Model tests on the shak-
ing table to probe the magnifications of the amplitude of seismic
motion in fill materials led to the application of an inertia force to
the Coulomb wedge, which resulted in an increase of about 35% in
the volume of retaining walls.

EXTRACTS FROM THE PAPER
ASSUMPTIONS FOR EARTHQUAKE LOADINGS FOR DAMS
IN THE TVA AREA

Of the 20 dams built by TVA, 19 are in the regions where a
seismic factor could be omitted. Only one hydro project, Kentucky
Dam, is located in the seismic “active” area on the lower river.

Kentucky Dam is a barrier 8,422 feet long, designed to withstand
a maximum waterhead of 78 feet and having a maximum height
between foundation and deck of 206 feet. The barrier includes three
separate earth embankments having a combined length of 6,612 feet.
The remaining 1,810 linear feet of the dam is formed by concrete
gravity structures, functioning as spillway, powerhouse and naviga-
tion lock, respectively.

From the outset it was agreed to apply seismic loads only to
those parts of the structure which act as a dam. Structures removed
from the dam or superimposed on the dam but not retaining reservoir
water in a direct or indirect way were excluded from earthquake

design.

sPaper presented at the Fifth Internaticnal Congress on Large Dams, Paris, 1955.
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Seismic loads were not applied to the rolled-fill earth embank-
ments, but the embankments were designed with a wide crest and
conservative factors of safety against sliding were used in the analysis
for static loads. These factors of safety were 1.5 or better throughout.

A layer of gravel and rockfill with a minimum thickness of 4
feet was placed on all upstream slopes of the embankments.

After considerable study and discussion, the earthquake accele-
ration applicable to the design of rigid structures founded on rock
was taken as 0.05 gravity, with this acceleration acting either parallel
or normal to the axis of the dam.

For concrete gravity structures of great rigidity and founded
on rock, the loads were increased in the conventional way by adding
inertia and water hammer loads to the static loads. The water hammer
loads were applied in accordance with Westergaard’s theory. For
less rigid structures, in which foundation motion may be substan-
tially amplified, an equivalent caleulated inertia force up to 0.10g was
applied. The application was based upon rational calculations of the
dynamic action of the structure.

Since the layout called for three separate sections of earth
embankment, there were four junctions between earth and concrete
striuctures to be designed. It was at these junction points that the.
factor of earthquake loading became of real importance, requiring
special considerations in the design of the retaining structures.

It is well known that ground motion introduced by an accelera-
tion in rock will be magnified in a fill overlying the rock. Depending
on the size and shape of the embankment and the character of the:
fill material, the amplitude of the ground motion may be increased:
up:to. ten or more times the amplitude of the motign in the rock
where the vibration originates. Observations  on the- ‘'very severe
destructions of docks at Yokohama during the ‘1923, Tokyo earth-
quake had led to the investigation of this phemomenon. :
and Matsuo developed a theory as to the behaviour of earth pressure
intensities during earthquakes.. To clarify the design procedure on
the Kentucky retaining walls, TVA initiated shaking table tests
which were carried out by Professor Jacobsen at Stanford University,
California. The test results were in substantial agreement with
Mononobe’s theory. Tests were also run to measure water -pressures
on walls during earthquakes. The result of these tests gave a very
close confirmation of Westergaard’s theory of water hammer.

Designing in accordance with the results of these tests, an
inertia, force of (.18g was applied to the Coulomb wedge in the mahner
of Meononobe. This increment was applied as a separate and addi-
tional load, with the point of application about 0.60, the height above
the base of the wall.  Applying seismic loads resulted in an increase
of approximately 35% in the volume of the retaining walls. For
comparison, the corresponding inerease for a concrete dam structure.”
when adding inertia and water hammer loads, with the intensities -
used at Kentucky Dam, amounts to only 7%. Figure 3b shows a
cross section through the retaining wall between the spillway and
west embankment with the static earth pressure loads and the seismic
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load increment indicated. The tabulation of the figure gives the
results of stability analysis of the section;.the effect of the seismic
inc:re'md IIIent is shown by the difference in stresses between cases II
an 3 '

STRESSES
CASELVZIH Ib/sq in Q
Kips Kips fr fe fs

I 1350 O 71 720

TIA 1917 617 127 76 33 102
II 1558 380 96 69 20 15.7
1D 1668 776 178 0 41 7.8

Note : Loads are for 1-foot length of

wall.
pe—
DESIGN CASES
Case I Dead load concrete
? structure only
FUIN
J m Case JA Dead load con-
hid crete plus com-
pacted dry fill
,,J:'- Case II Water surface Bl
375 saturated fill
/7
Tis3o
Case 111 Same as case II
o U7 v 80 :‘ plus  earthquake
poe— 18K17 acting from em-
L. . bankment side
Fg 3(b)
SYMBOLS
D. Dynamic increment. IV. Summation of vertical
B. Static carth load. loads
G. G.ound surface. TH. Summation of horizontal
S. Saturation line. loads
W. Maximum water surface fr. Base stress at river side
fe. Base stress: at embankment
side
Fig. - 3b. fs. Average shear stress on base
Kentucky Dam. Earthquake design Q. Shear friction factor of safety
of retaining wall Barrage de Kentucky. __0.250A +0.80EV
Calcul sismique du mur de o IH

retenue. A. Base area in sq. inches.



APPENDIX G

HYDRODYNAMIC PRESSURES ON DAMS DUE TO
HORIZONTAL EARTHQUAKE EFFECTS
ENGINEERING MONOGRAPH
No. IT OF USBR

by
C. N. ZANGAR

SUMMARY

. This monograph presents a rapid, inexpensive, and accurate
method for determining the increase in water pressure on dams, due
to horizontal earthquakes and gives the magnitude of these pressures
for a number of cases. Although earlier papers have shown that the
increase in water pressure on dams due to earthquake is not exces-
sively large, it iz an important factor in their design. It has been
recognized that water pressures due to earthquake diminish with
decrease in the upstream slope of a dam, but data do not exist giving
these pressures as a function of slope. Mathematical methods may
be used to compute these pressures, but they are complicated and
time consuming. .

If water is assumed fo be incompressible, an electric analog
may be used to determine the magnitude and distribution of the
water pressure increases caused by a horizontal earthquake on a
dam on any profile. Although this assumption is not conservative, a
comparison with Westergaard’s analytical results for dams with ver-
tical upstream faces shows that for dams under 400 feet in height the
error is exceedingly small and that it is not excessive for dams as
high as 800 feet.

The electric analog method consists of constructing a tray geo-
metrically similar to the dam and reservoir area. A linearly varying
electric potential is placed along the boundary representing the up-
stream face of the dam, and a constant electric potential placed along
the boundary representing the bottom of the reservoir. The tray is
then filled with an electrolyte and the streamlines are surveyed by
means of a modified Wheatstone bridge. The distribution and magni-
tude of pressures on the face of the dam are obtained from the equi-
potential lines that are constructed from the streamlines.

~ The increase in water pressure, Pe, caused by an earthquake is
given by the equation.

Pe=Cocwh... ... (nH

Where w is the unit weight of water, h the depth of the reser-
voir at the section being studied, and « the horizontal earthquake
intensity. C, the unknown quantity, defines the magnitude and dis-
tribution of pressures which are determined by the equi-potential
lines in the flow net. C is a function of the shape of the dam and
reservoir and is unaffected by the intensity of the quake.
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The designer need only select a reasonable value for « and use
the proper C values given herein to determine the water pressures
on any dam due to a horizontal earthquake. With the water pres-
sures known the stresses in the dam can be computed by statical
methods.

EXTRACT FROM THE PAPER

Earthquake Intensities

In order to determine the total horizontal force due to an earth-
quake, it is necessary to know the acceleration of the quake or the
earthquake intensity. The use of earthquake spectra derived from
recorded accelerographs is suggested for determining the intensity.
Biot’s proposed standard spectrum may be used if a damage scale
is applied since it does not include damping. A joint committee of
the ASCE and Structural Engineers Association of California has
applied a damage factor to Biot's proposed spectrum and has sug-
gested that the maximum value of « be 010 and the minimum
value 0.03 for other than frame structures. The Bureau of Reclama-
tion has consistently used a horizontal intensity, « , 0.10 on dams,
alongwith a vertical intensity of about equal or smaller magnitude
Kosi Dam and Bhakra Dam in India, however, were analysed fer a
horizontal earthquake intensity of 0.15.

Resonance in dams is not apt to occur for several reasons. The
fundamental period of vibration of the usual concrete or earth gra-
vity dam will be from 0.08 to about 1.00 second while the maximum
energy of the earthquake appears in most spectra at a period of
approximately 0.2 second. Resonance with the foundation is not apt
to occur since studies of the fundamental ground periods show values
of 0.03 to 0.05 seconds. Although earthquakes are experimentally
and analytically treated as harmonie, recorded ground motions do not
appear to be harmonic in the destructive zone of the quake, and a
steady state response of the structures is usually not established.
Also, many forms of damping that are difficult to evaluate act to
prevent resonance.

At the present time, the choice of earthquake intensity to apply
to a structure must be based upon experience in conjunction with
available seismic records. Earthquake spectra including the effects
of damping need to be determined for structures having a wide
range of fundamental periods. The spectra should be obtained by
subjecting the structure with damping to actual recorded accelero-
grams of destructive earthquakes such as the Helena, Montana quake
of 1935, the Ferndale, California quake of 1938, and the El Centro,
California quake of 1940,
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APPENDIX H

UNITED STATES DEPARTMENT OF THE INTERIOR BUREAU OF
RECLAMATION: COMMISSIONER’S OFFICE

Building 53, Denver Federal Centre, Denver 25,
COLORADO
In reply
Refer to: D-209 F
Dated October 14, 1959.

Airmail

Mr. R. C. Shenoy,

Superintending Engineer,

Assam Investigation Circle,

Central Water & Power Commission,
Ulubari, Gauhati, Assam (India).

Dear Mr. Shenoy,

The following information on earthquake design of Trinity Dam
is furnished in response to your letter of September 25, 1959.

No major faults have been located near the Trinity Dam site.
In the design of the dam an investigation of the seismicity of the gene-
ral area was made. Nineteen recorded earthquakes were found to be
applicable. These were analysed and a design value of 0.0'Si%,l applied
simultaneously vertically and horizontally, was chosen. is value
was added to the forces in the conventional analyses for the construc-
tion condition, high level reservoir steady state condition and sudden

- drawdown.

We do not have data on the performance of high earth dams
subjected to earthquake. Six years ago we installed accelerographs
at a dam in a highly seismic area in Southern California, which even-
tually will provide information on this important subject.

Sincerely yours,

Sd/- Stephen H. Poe, Chief
Technical Information Branch.
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APPENDIX I

Rome, January 21, 1960.

Mr. K L. Rao,

Government of India.

Central Water & Power Commission,
New Delhi, India.

My dear Mr. Rao,

I reply to your letter of December 19, 1959, asking me for news
coneerning the building of dams in seismic areas.

) Regarding this matter, no specific rules have as yet been issued
in Italy which regulate the planning and construction of dams in
declared seismic areas, however, the problem has always been vital
even if solved with arbitrary solutions based on statistical elements
regarding, above all, the static behaviour of works that sustained
intensity seismic action tests,

Following the idea of adopting structures that can react elasti-
cally to dynamic actions, the arch and gravity-arch types have always
found major credit, for mural structures, provided that the abutment
soil offers a good homogeneity both as regards the mechanical fea-
tures as well as the nature of the earth’s soil.

The multiple arch type structure, even if Italian regulations do
not exclude it, was not adopted for a general conviction, both with
the planners and the controlling channels, that such a structure, with
its elements constituted by arches and jetties, cannot react homo-
geneously to dynamic actions.

The gravity type, like the more modern one with jetties, favour-
able geognosite conditions of the nature of the earth’s soil recurring
have been frequently adopted even in declared seismic areas.

Other cases concern solutions relative to loose materials dams;
earth and dry masonry, considered comforting, especially when, in
the latter the stress element consists of a nucleous of argillaceous
material easily deformable as it occurs for the earth dams.

Briefly, it can be stated that earthquakes, even of important in-
tensity, which occurred in Italy in the present century, have not
caused any damage to the existing storage dams located in the areas
struck by seisms and conforming to the above mentioned ideas.

: For information purposes I may add that recently the problem

of seismic action on dams was the object of experimental trials carried
out by the LS.M.E.S. of Bergamo, under the direction of Prof. Guido
Oberfi, on the reduced-scale model of the Ambiesta Dam, of the
double curvature single arch type, of the Societa Ardiatica di Elet-
tricita, planned by Eng. Carlo Semenza.
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The work, subdued to very severe seismic actions, has given
excellent results showing excellent degrees of resistance and stability
with up-heaving and undulative seisms of exceptional intensity.
However, the corresponding geognostic conditions of the abutments

soil, faithfully reproduced on the model, were not at all defined as
favourable.

As a rule, the building of mural works in areas declared seis-
mical is only allowed when the soil offers excellent mechanical
features, sufficiently uniform, or when any eventual deficiencies
result definitely restorable with appropriate omogeneizing works.

In the caculation of stability it is advisable to bear in mind, in
addition of the action of its own weight and that of the water, seismic
actions, compared in simplified form :

—for the masonry inertia to an increase or a decrease of its
own weight not below 20% for upheaving seisms and
10% for undulative seisms, acting horizontally in each
direction;

—for the water inertia, said comparison is advisable for a
uniformly distributed pressure on the face wall not less
than 5% of the maximum hydrostatic pressure.

For second class seismic areas, said additional forces can be
reduced to one-half.

Said criteria, to be accepted provisionally, seem sufficiently pru-~
dent. In this connection I recommend that the following memoran-
dum be consulted :

“Le azioni sismiche sulle dighe”
(Seismic actiong on dams)

by Francesco Penta and Giulio Supino.

Giornale del Genio Civile

(Civil Engineering Bulletin)

No. 7-8, July-August 1957, page 499.

To date, in our country, no collapse of earth or rock dams
occurred. :

Sincerely yours,
Sd/- M. Visentini



APPENDIX J
THF EFFECTS OF SEISMS ON DAMS

SUMMARY

(1) Justifies the formulation of article 25 of the regulations for
dams. (2) Some preliminary remarks relating to seismic phenomena
are given. (3) The exact measuring of seismic action is explained.
(4) The most dangerous period of vibration of earthquake shocks. (5)
Effects of an earthquake shock from a geological-technical point of
view. (6) Special studies on dams made by Italian and foreign inves-
tigators. (7) Accelerations produced by earthquakes. (8) The founda-
tion rock as a fundamental factor which determines the resistance of
a structure. (9) Technical regulations in force for calculating the
resistance of strmuctures built in seismic regions. (10) Criteria for the
design of dams given by various authors. (11) Theory of Westergaard.
(12) Stability of dams in the presence of seismic actions according to
the authors of this paper. (13) An example of the variation of thick-
ness of a massive gravity dam with triangular profile, calculated on
the basis of the anti-seismic rules; '(14) Criteria for estimating the
degree of seismicity of a given locality. (15) Conclusions.

ANNEXURE
Text of article 25
as approved by the Superior Council

1. The first Italian regulations for the design, construction and
maintenance of barrage dams was dated 1925 (Royal Decree No. 2540,
dated 31-12-1925). The regulations were later brought up-to-date in
1931 (Royal Decree No. 1370, dated 1-10-1831).

Recently the Ministry of Public Works decided that a new revi-
sion of the regulations was necessary. So by an inter-ministerial
decree dated 1-12-1954 (No. 18569), a technical commission was
appointed for the modification of the regulations. This commission
concluded its work in October 1958.

The text of these regulations has been approved by the respec-
tive Superior Council. The new text differs in some parts from the
two previous documents. Among other points we may mention that
a new article (No. 25) appears in the new regulations for the first
time, prescribing special precautions for the construction of masonry
dams in earthquake zones. :

The drafting of the different articles of the regulations was ob-
viously the collective work of the commission. However, we think
we may state that the prescriptions given in article 25 were mainly
due to our suggestions. As it is to be expected that this article may
give rise to controversies, we wish to give briefly in this paper the
fundamental technical reasons that led to the formulation of these
prescriptions.



60

2. We shall begin with a few observations on seismic pheno-
mena.

Earthquakes are due to various causes, e.g., they may be origi-
nated by the collapse of caverns in the subsoil layers, by voleanic
phenomena, by fractures; in these three cases the earthquakes are
generally of slight intensity and normally of local character. Or they
may be “fault earthquakes”, due to the overcoming of the limiting
friction between the two faces of the fault; in this case the earthquakes
originated are of great intensity.

Earthquakes which originate at a great depth and are due to
causes which are not yet fully known are of less frequen{ occurrence.

In view of the settling down which is taking place at present in
different parts of the earth’s surface, there are zones which are sub-
ject to earthquakes with a certain degree of frequency. Such areas
are called seismic zones.

We should at the outset draw attention to the fact that the inten-
sity of an earthquake is not solely related to the intensity of the
original shock. Different geological factors also exert a direct influ-
ence on the intensity. The principal influences are nature, strength
and degree of external alteration of the topmost superficial geological
formations, their stratigraphy and tectonics in relation to the morpho-
logy of the ground.

These factors contribute, in different measures and in different
directions, to the increase or the decrease of the shocks registered in
a given locality. When we know these factors, it is possible to estimate
beforehand the maximum seismic effects on the surface of the given
locality*. We shall return to this point later.

3. In what does a seismic action consist? An earthquake is a
sudden and rapid succession of vibrations of the earth’s surface, either
in the vertical direction (upheaval earthquakes), or in the horizontal
direction (undulatory earthquakes). The two expressions “up-
heaval shock” or “undulatory shock” indicate, however, only the pre-
dominating nature of the vibrations. In reality a point in the zone
traversed by an earthquake describes a closed trajectory, which is
generally nonplanar and very variable in direction. Such a trajectory
may be seen in Fig. 1, which represents the projection on a plane of
the actual trajectory of a point.

The disturbed locality, which may be at a greater or smaller
depth, or at most on the superficial crust, where earthquake shocks
originate is called the hypocentral zone. If the zone is at a great
depth, the hypocentral zone may be represented by a point (hypo-
centre). The name epicentral zone is given to the surface area whie
experiences the most intense effects of a given earthquake; most gene-
erﬁe . the epicentral zone lies vertically above the hypocentral zone.
Around the epicentral area, if the number of observations is sufficient
we can trace he iso-selsmal curves (which are the curves joining
the points on the surface where the shock was registered with the
same intensity). Similarly we can trace the homo-seismal curves,

._.-.... F. Peﬁta : Notes on lessons in fééhnical (fv';"c;logy. Napoli'."lu‘)él-. pagES
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which are the curves passing through the points of the surface where
the shock was registered at the same instant. These curves are very
irvegular, for the reasons already mentioned in section 2 above, and
those which we shall mention below in section 5.

Earthquakes, as felt in a given locality, are classified, depending
on the effects produced, into 12 different degrees of an empirical
scale called the Mercalli scale.

The degrees of the Mercalli-De Rossi-Forel scale, as completed
by G. B. Rizzo (Lessons in Geophysics 1929-30), who added the last
two -degrees, are as follows:— :

Dég'me I

Instrumental earthquake (registered only by seismographs).
Degree 11

Very light earthquake (felt by few persons in repose).
Degree 111

Light earthquake (felt by persons in repose, who are moreover
able to estimate its duration and direction).

Degree 1V
Moderate earthquake.

Degree V

Intense earthquake (generally felt by all the people in the
locality).

Degree VI

Very intense earthcjuake (felt by everyone indoors, and by some
of them with alarm).

Degrep v

Most intense earthquake (felt with alarm by most people indoors,
some rushing outside the houses and accompained by the fall of
chirhrieys and tiles and injury to buildings).
Degree VIII | A

','f,'Disastrous earthquake (causing great alarm to the population,.

partial destruction of some houses and considerable injury to other
housés).
Degree IX

Calamitous earthquake (total destruction of some houses and
serious injury to many others).
Degree X

Very calamitous earthquake (destruction of many buildings even
if solidly built, slight changes in the conflguration of the ground). -
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Degree XI

Catastrophic earthquake (total destruction of cities, sinking or
sliding of mountains and marked changes in the configuration of the
ground).

Degree XII

. Great catastrophe (total razing down of cities, opening of chasms
in the ground, etc.).

4. 1t is possible to find from any seismogram (even if it is irre-
gular) the maximum amplitude of vibration and the maximum
acceleration occurring in the surface layer of the earth. Cancani
correlated the acceleration with the degrees of the Mercalli scale and
obtained the following results :—

Maximum
Degree acceleration
1 From 0 To 00025 m/sec?
H 0.0025 ,, 0.005 "
111 ' 0.005 ., 0.01 .
v . 0.01 ., 0.025 "
A\ . 0.025 e 0.05 "
v, 0.05 0.1 .
vit 0.1 1006 .
vl 025 . 0.50 "
X 0.50 o 1.00 "
X 1.00 w1l 250 -
xi ., 2.50 . | 5,00 "
XII Beyond 5.00 misec?

A comparison of other earthquake intensity scales with the Mer-
alli scale may be found in the various treatises®.

The Messina earthquake of 1908 and the San Francisco earth-
quake of 1906 probably gave rise to maximum accelerations of 2.50
m/sec?, The Tokyo (1923) and Avezzano (1915) earthquakes pro-
bably gave rise to accelerations reaching up to 4.50 m/sec>

The duration of an earthquake is short. At Mino Owari in the
Japan the total duration of the shocks registered in the 1891 earth-
quake was of the order of 28 seconds; the period of duration may
have reached 30 seconds in the Irpino earthquake of 1930. But other
disastrous earthquakes had much shorter durations—that of Tokyo
(192321 lasted for 4 to 5 seconds and that of Avezzano (1915) for 6
seconds.

The period of vibration of terrific earthquakes ranges between
0.4 and 1.8 seconds.

Starting from the data mentioned above different investigators
(and in particular some of those who have studied the action of seisms
on dams) have attempted to find out if the vibration due to a given

*G. B. ALFANO: Modern Seismology, Milano, Hoepli, 1910. T
€. S. FOX: Engineering Geology 1935, Cap. VIII p. 168. e F. Pentas, op. cit.




63

earthquake was in resonance with the natural period of vibration of
a given strucure.

But such an investigation seems irrelevent. Firstly the vibra-
tion due to an earthquake is irregular (as already shown before, vide
Fig. 1); secondly resonance is only caused by vibrations which are
rep;eated many times and not those that last for very short periods
only.

5. From the geological-technical point of view, the prinéipal
ideas with which we are concerned are the following :

If the zone in which a construction is to be put up is within the
epicentral area of an earthquake of degree higher than X, every
precaution is insufficient.

The phenomena observed in such an area are awe-striking (such
as modifications in the configuration of the ground, sliding of moun-
tains, opening of chasms). So it is not possible to design a building
capable of resisting such violent actions. On the other hand there is -
onli‘;;da small probability that a given area, which is generally to be
called seismic, should coincide with the epicentral area and that the
latter should possess degree of intensity higher than X. Therefore,
excluding this exceptional case, a knowledge of the geological and
morphological characteristics of an area facilitates much a forecast of
the effects of a possible earthquake shock. :

In fact, outside the epicentral area, an earthquake does not gene-
rally show a disastrous effect, but that effect may increase due to the
geo-morphological characteristics of the layers traversed.

The intensification of a shock, caused by the character of the
local superficial rock formations, is negligible for the lapideous rocks, .
is one to three degrees of the Mercalli scale for soil consisting of the
disaggregation of lapideous rocks, and of one to four degrees of the
Mercalli scale for ground consisting of non-cohering loose material.

This influence of the nature of ground and of the regional and
local geological and morphological characteristics is schematically
illustrated in Figs. 2, 3, 4, 5 which are reproduced here. In general
the strongest effects are seen on narrow and isolated peaks, on the
edges of terraces. on steepslopes on declivities consisting of narrow
argillaceous or alluvial borders. superposed on lapideous formations,
or, still more, on formations which are liable to get cracks,

But even in regions which are horizontally level, but where the
subsoil consists of non-cohering loose materials (especially if much
compressible) and having small thicknesses, a seismic shock, acting
as a vibrator, may lead indirectly to catastrophic effects on construc-
tions of which the foundations have not been suitably laid.

The danger of serious damages is still greater when the com-
gressibility i{s notably non-uniform along different directions in the
orizontal plane.

As regards the question of the lines of propagation of selsmie
waves, great surfaces of discontinuity in the subsoil (faults, fractures,
LSCW&PC/63—6
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stratigraphic non-uniformity) generally increase sensibly the seismic
effects; folds attenuate the effects to a higher or lower degree (by
damping), according as the direction of propagation is perpendicular
or parallel to the axis of the fold.

Regions which attain a state of tension due to a seismic effect
may become secondary centres of an earthquake, etc.

All the above considerations are sufficient to explain why the
pattern of the iso-seisms over a region affected by an earthquake is
generally so complicated.

6. The preceding remarks apply to all (open air) constructions
in general and for dams in particular.

As regards the latter, we do not yet possess sufficient analytical
studies from the view-point of seismic effects.

C. Guidi in 1930* made the following remark in regard to the
stresses caused in dams by seismic waves—"The fact that in Italy
the Corfino and Scoltenna Dams behaved well at the time of the
Garfagnana earthquake is no proof that other dams would have
behaved just as well; in reality, the small mass of the two dams and
their metallic armature assisted much towards the mintenance of
their stability during the earthquake”. The same author, after sum-
marising the investigations made and the conclusions reached for
designing suitably the dimensions of the Pasadena Dam in California,
made the following suggestion about taking account of the seismic
stresses. “In the regions subject to earthquakes, when designing bar-
rage dams for the formation of artificial lakes, it is necessary to keep
in mind that the external vertical forces may be increased by 50 per
cent due to an upheaval earthquake, and that horizontal thrusts may
arise equivalent to & of the weight of the masses caught by an
undulatory earthquake”,

A. Marin, a collaborator of M. Lugeon, studied 23 cases of col-
lapsed dams and found that 19 collapses were due to ‘the slipping
mechanical characteristics of the foundation rock, and so due to
geological causes. Only four collapses were due to an error of cal-
culation or of construction**. There was not a single case of collapse
by seismic action.

“R. F. Legget (1939)1 attaches great importance to the problem
of seismic effects in the designing and dimensioning of dams, and is
of the opinion that in earthquake regions seismic stresses should be
taken into account even if the foundation beds consist of very solid
lapideous rocks.

" He records that generally the earthquake factor is considered
as equivalent to a horizontal acceleration equal to 1/10 of the gravity,
and that the vertical component may be neglected.

*GUIDI, C. : Should scismic stres<es be taken into account ir‘l.i'thc constructicn of
-dams? L'Ingegnere, giugno 1930, p. 375.

o*] UGEON, M. : Barrages and Geology. Librairie de 1'Universite, Losanna 1933,
$Geolagy and Engineering. McGraw-Hill, New York & London, 1939 (p. 327-333)



65

He draws attention to the investigations carried out by H. M.
‘Westergaard for determining the natural period of vibration (about
0.18 sec.) of the Morris Dam (in 8. Gabriel Canyon, near Azusa in
California, height about 100 m) resulting from the hydrodynamic
(seismic) effect of the vibrations of the water of the respective
reservolir.

He refers also to the studies made in connection with rock-filled
dams in Chile, constructed in earthquake zones,

Legget seems surprised that, as so many old dams were destroy-
ed by seismic action, the dams more recently constructed in a direc-
tion perpendicular to faults have resisted so well to earthquake
shocks.

He mentions in this connection the earth-filled dams constructed
(between 1870 and 1876) over the Sant’ Andrea fault in Califernia
over an argillaceus formation. During the San Francisco earthquake’
(degree X of the Rossi-Forel scale) which produced movements along
the fault, the two dams did not collapse but were only found deformed
with a relative displacement of over 3 metres. A gravity dam built
in concrete (in 1877 and enlarged in 1888-99, the Crystal Spring Dam)
located at a distance of only quarter mile from the same fault, did not.
suffer any injury. 4

Legget then refers to the means (especially the insertion of
joints, suitably inclined and bituminized) which should be employed
to bind the dams in order to prevent as much as possible the probable
relative displacement of the foundation rock and of the imposts
under the action of seismic forces.

G. D. Louderback®*, in his general description (1950) of faults
and their effects on the ground and on engineering works near to
faults, distinguishes “active” faults from those for which it can be
established that relative movements took place only during the ear-
liest geological periods. With special reference to the California fault,
he indicates the movements which faults may undergo and notes
that “active” faults are, in general, the origin of seismic waves.

In general, therefore, one should avoid to locate engineering
works in fault zones which are admitted as “active”. When this is
not possible, it is necessary to adopt measures which will ensure the
maximum security factor. Louderback quotes some examples of re-
servoir dams supported on imposts over fault zones.

To mention a special case, the Temescal Dam wag situated in a
fault zone which suffered displacements on the occasion of the San
Francisco earthquake (1908). But the dam itself which was an earth-
filled structure did not suffer any injury.

In seismic zones, or when situated over active faults, it is advis-
able to adopt deformable barrage structures, since even in case of
large deformations, ruptures will only take place gradually.

_—_.‘LOUDE-R_BACK. 01157 Faults and engineering geology in “T—he Geological Society
of America”, Application of Geology of Engincering Practice, 1950.
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It is also advisable to adopt the measures necessary for the pro-
tection of the impermeable nucleus of the structure from the action
of waves that are likely to be formed in the reservoir. The imperme-
able nucleus should have considerable dimensions and the declivity
of the faces of the dam should be very slight.

E. B. Jr, Burwell and B. C. Moneymaker* in their treatment
of the subject of geology in dam construction (1950) make no men-
tion of the seismic effects on dams.

F. D. Kirnt suggests that account should be taken of the over-
load due to direct seismic action (acceleration) on the structure, as
well as of that due to the indirect action transmitted by the mass of
water (or mud) pressing on the dam. He also draws attention to the
need of keeping in mind the effects of resonance.

J. R, Schultz and A. B. Cleaves (1955), in the chapter on dams
found in their Tex Book of Geology for Engineeringt, treat the sub-
ject of “seismic forces”. They begin by remarking that few problems
are so difficult to handle as that of the possible effects of seismic
forces on dams. Records show that well-designed dams have very
seldom failed to resist even violent earthquake shocks. The Crystal
Springs Dam is located at a distance of about 100 metres only from
the fault which was “responsible” for the 1906 San Francisco earth-
3uake, but the structure survived the shock without any injury. This

am is constructed in concrete and belongs to the type of gravity
arch dams. For the deformation of the upper Crystal Spring Dam
(earth-filled and about 25 metres high), vide the paper by Legget (§)
previously referred to.

During the Santa Barbara (California) earthquake, the Gibralter
Dam (an arch type structure) suffsred such a heavy shock that the
superintendent who was accidentally on the top of the dam, found
difficulty in keeping his footing. 'Nevertheless the dam did not suffer
any injury. :

On the other hand, there is no doubt that earthquakes reduce
considerably the margin of security and it is therefore necessary to
make a careful examination of the risks involved and of the precau-
tions which it may be possible to adopt for increasing the security.

7. According to Schultz and Cleaves, the accelerations to which
earthquakes give rise depend on the intensity of the earthquake and
on the sum total of the “local factors”.

Accelerations which reach very nearly the value of gravity prob-
ably arise in the case of sufficiently violent shocks but tiir gfgct is

*BURWELL. F.B. Jr. & MONEYMAKER, B.”..: Geo'oay in damt constructio i
“The Geoloninnl Society of America™, Application of  geolozy to crrx?g‘i;nlccr:in:
practice, (950,

$*Criseria for the design of gravity and arch-type dams™ published by “Bu-
Reclamation” (Denver, Colorado, Octobe - 1933)‘? P ed by “Bureau of

Geology in Engineering. Ed. J. Wiley & Sons & Ch v
:London, o g Y ns & Chapman & Hall, New York &

§Cited above.
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very much localised. For “solid” rocks lying at a distance of a few
miles from the epicentre, it seems probable that the accelerations are
seldom greater than 0.1 of the value of gravity. In the case of loose
material, the value may be somewhat greater., In the U.S.A. the
common practice is to adopt a security factor of about 0.1 of the
gravity for horizontal forces. Vertical accelerations are considered
to be negligible. If a dam is to be situated near an active fault, or
its foundations laid on loose material, higher security factors are
probably necessary. Dams should not be constructed in such localities
if it is probable that the consequences of the deformations will be
serious. It is also advisable to avoid localities where there are faults.
But unless one knows for certain that it is a question of an activel
fault, such localities may still be treated as admissible, provided
suitable treatment of the foundations is adopted and selection made
of suitable structural types.

The Pine Canyon Dam near Pasadena in California is placed
over a fault which is considered to be inactive. Nevertheless, as an
additional security factor, a joint has been constructed in the masonry
above the fault so that, in case of a dislocation of the fault, the flexi-
bility of the joint might serve to prevent or minimise the occurrence
of fissures in the concrete.

The Rodriguez Dam in Mexico is located over a fault which
passes across the bed of a stream. In this case a special type of arch
was constructed at the lowest point of the surface downstream to
serve as an additional security factor.! The purpose of the arch is to
make uniform the part of the load supported by the less resistant

rock of the river-bed and transfer the rest to the sound rock of the
gides of the river valley.

We may also mention that M. Gignoux and R. Barbier in their
recent book* do not treat of the influence of seismic phenomenon
on the stability of dams.

It is not necessary to proceed straight away at this stage to an
examination of the department of dams in Italian territories which
have been struck by earthquakes of a certain degree of intensity.

It seems enough to refer to th» few cases already reported by
C. Guidi (1913) for the seismic zone of Garfagnenai and draw

*GIGNOUX. M. & BARBIER. R.: “Geology of Barrages and other hydraulic
Works™, Ed. Massone, C.; Paris, i937,

+The Garfagnana earthquake of 7-9-1920 wa- defined as Catastrophic (degree 1X-X).
Inthe region most affected by this earthquake there werc two dams namely;

(1) The Corfino Dam of simple arch-type struciure 42 metres high max. thickness
2 metres at the snmmit and 7 metres at the base. It was supported on imposts
in a massive (exotic)block of greenish rock lying within the scaly argillacious
formation. This dam did not suffer any deformation though not far away, the
village of Villa Collemandina was conpletely destroyed. .

(2) The Scoltena Dam across Rio Lunato, a multiplc arch-type structure, with masonry
spus, about 20 metres high implanted on sandy foundations, notwithstanding this
the dam did not suffer any injuries, though it fell within the cpicentral area. The
latter dam is built in reinforced concrete, while from the description of the .former
as given by its decioner Engineer Omodeo in “L" Industria”. January 1918 (p. 18)
it appears that the Corfino dam is in plaster (2.5 cm thick), reinforced with
streched steel sheets,
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attention to the damages suffered by the dams of Alto Fronto (Scanda-
rello) and of Vomano (Campotosto, Provvidenza), and their respec-
tive works, on the occasion of the Gran Sasso earthquake of Septem-
ber 1950. It should be noted that all the works were situated in an
area which was then classified as epicentral of degree VIII*. It is
also necessary to add that both the foundations and the imposts of
the dams lie in the same arenaceous formationt which is consider-
ed, as regards seismic effects, as a lapideous formation.

The Turano and Slato dams which fall in grade VI zone of the
same earthquake, and which were also supported on imposts on lapi-
deous formations, also suffered no derangements or disturbances.

What we have written so far treats of generalities.

8. Let us now enter into some particular aspects of the seismic
influences on dams. Some investigators are of the view that a seismic
shock should not affect dams in the direction normal to the face, that
in the longitudinal direction; that is, in the passage from the struc-
ture to the ground; and caused by the sudden variation in the elastic
characteristics between the structure and the ground. In view of
this, one would be led to employ, depending on the foundation rock,
structures with elastic characteristics changing gradually from those
of the ground to those of the main body of the structure

In the case of valleys caused by fractures, the orientation with
respect to the fracture and to the direction of propagation of the
seismic waves should be carefully examined, taking into account the
influence of such fractures on the intensity of seismic effects, of which
we5have already treated abdve, and shown graphically in figures 2
to 5.

In this connection, we may refer to the measures adopted by
American constructors of certain dams in cases similar to those above.

As regards the danger of the sinking or sliding of the banks
-under the action of earthquakes in formations of a small degree of
coherence, it should be noted that a dam constructed as a barrage
serves also the purpose of a support to the banks themselves.

But this case of easily breakable banks is not quite relevant to
our argument which we are treating. For we are only considering
masonry dams for which the fundamental assumption is that the
banks as well as the section to be covered by the barrage consist of
lapideous formations having a high degree of cohesion, and there-
fore not liable to slip.

*V.D. Di Filippo & L. Marcelli: A study of the earthquake of Gran Sasso (ltaly) of
“th September (950.

$This region forms a part of the Miocene Marl-and (Pontic Molasra) which
surrounds on the north and east the massif of Gran Sasso, This formation
consists of layers of sandy rock of different thicknes:es (few decimetres to a few
metres), sometimes alternating with banks of clay marl and of bluish clays™ (vide
the recent investization of J. Demangeot M, Manfredini. etc).

The formation has a thickness of over 1000 m and is everywhere more or less
Incongruous with the underlying strata.

The Compostosto Lake is a depression filled with quarternary deposits.

Suddenly to the cast of Compostosto is found a fault directed approximately N.8,
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In the case of sections consisting of loose formations which are
compressible (uniformly or non-uniformly), the seismic problem
takes another form, especially because, in the case of these types of
ground, we can only think in terms of deformable structures.

In this connection R. W. Clough and Z, Pirtz* have recently
described the experiments that they carried out on models of rock-
filled dams in order to measure the resistance of this type of strue-
ture to seismic action.

First of all, they determined the conditions which a model should
satisfy in order that the dynamical similarity between the model and
the dam should be accurately reproduced. The model was then sub-
jected to dynamic forces induced by blows of a beating mass which
struck an oscillating table, on which the model was placed.

They tested two types of structure (one with inclined imperme-
able nucleus and another with vertical impermeable nucleus) under
different conditions of filling of the reservoir upstream. The models
were subjected to accelerations lying between the values 0.08g and
1.23g (g = acceleration of gravity).

No sinkings or collapses sufficient to load to the total destruc-
tion of the structures was noted during the testing, but only deforma-
tions of the faces and sinkings of the crest of the dam. :

From these analyses of the displacements suffered by the model
dam it came out that there was a certain difference of phase between
the movement of the base of the dam and its crest.

Permanent deformations of the structure only took place for
accelerations greater than 0.4g.

According to the authors the high resistance to seismic effects
shown by 1ock-filled dams seems to be due to the fact that loose mate-
rials show a higher resistance to dynamical forces than statical.
Further, dams of this type are in a condition to undergo large defor-
mations and to sustain considerable yieldings without cracking up.

In the opinion of the authors the usual methods of calculation
for taking account of dynamical actions (method based on considering
a statical force equal to 0.1gM where M js the mass of the dam) has
no value from the practical point of view. This is because such a
method of calculation does not take account of the variation in diree-
tion of the accelerations of an earthquake.

No difference of department between the models with inclined
impermeable nucleus and those with vertical nucleus were found by
the investigators.

J. W. Spielman, in discussing the communication of the two
-suthors just mentioned, draws attention to the fact that in order to
render similar all the conditions between the models and the dams, it
is necessary to reduce the breaking load of the materials employed for

sCLOUGH. R.W & PIRTZ. Z.: Earthquake resistance of rock-fill dam Proc, ASCB,
SM 2, p. 941, 1956.
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the construction of the models. In fact, in the prototypes a good
number of the yieldings which are noted are due to the breakage of
the rocks of which the dam consists, at the points where the rocks
are in contact among themselves. These conditions are not realised
in the models,

N. N. Ambraseis, who also took part in the discussion on the
paper by Clough and Pirtz, did not agree as regards the reasons for
the high resistance of rcck-filled dams. In particular he did not
admit that loose materials could present a higher resistance to dyna-
mic actions, except under very special conditions. According 'to
Ambraseis, the high resistance to seismic actions which was under
discussion is solely due to the possibility of rock-filled dams bearing
large deformations without breakage, especially if the foundation rock
is sufficiently solid. The essential factor which is responsible for the
resistance of the structure is the foundation rock. If the foundation
rock is somewhat soft it is to be feared that deformation of the
structure will take place as an effect of excessive yieldings and the
creation of discontinuity in the foundation rock itself; the latter will
lead to the sinking of the faces of the dam due to decrease of the sup-
porting power of the ground constituting the foundation.

Different criteria than those mentioned seem therefore to hold
true for dams consisting of deformable structures.

In these cases, however, especially when dealing with earth-
filled dams, the height of the flood bank above water line should be
proportioned taking into consideration the seismic disturbance of the
free surface of the water. In this' connection, and by way of an
example, M. Baratta (1936, p. 28), referring to sea-quakes, observed
that “in the Argenta earthquake of 1624 the waters of Po-di-Primaro
and the neighbouring river courses, as though lashed by a fierce tem-
pest, rose into huge waves which beat menacingly on the high banks”,

We may thus conclude that the main criterion to be followed in
selecting the placement for the construction of a dam in a seismie
region is reduced to the searching for a locality where the conditions
. v«’;,hicht increase the intensity of the seismic effect are, ag far as possible,
absent.

The general geologisal characteristics which are the most un-
favourable from this point of view have already been explained and
fllustrated in figures 2-—5. Recalling that, as already mentioned, we
are only treating masonry dams, which presuppose lapideous founda-
tion rocks, we need not consider the unfavourable seismic effects
which relate to loose material formations.

But even assuming that we are only dealing with lapideous for-
mations, it is still advisable to avoid the placement of mason
structures in correspondence to surfaces of discontinuity along whi
complications (like refraction, reflection, ete.) may arise in the ordi-
nary and simple process of propagation of a train of elastic waves.
The effect of such complications will be felt on the surface of the
ground and on the works that it supports in the form of a series of
impulses and vibrations.



71

Surfaces of discontinmity are not to be limited to fractures and
active faults only, but they may consist of contacts of any sort between
rock formations of markedly different elastic characteristics.

A preliminary survey, carried out by using the methods offered
by modern geo-seismics, followed by a suitable interpretation of the
results, should give the designer valuable elements for judgement.

It should be well understood that all that we have been saying is
valid for areas outside those which are epicentral and of degree
higher than X. We do not have any pretention of giving criteria
for guaranteeing the stability of a dam (or other similar construec-
tion) erected in a place where the original shock (not augmented by
the nature of the ground) deforms, breaks, or dislocates straight-
awex even lapideous formations. What we mean is, that the case
of the placement of a dam in an epicentral zone of degree higher
than X is altogether excluded.

For obtaining a higher degree of safety in cases where the lapi-
deous formation has favourable configuration and arrangement, but
an original shock may be felt which is more than sensitive though not
catastrophic, it is necessary to take account of the stresses likely to
arise in the manner given below.

9. We have so far recalled the various investigations on the
seismic action on dams, carried out on the basis of an analysis of the
different deportments of rock formations and that of the works
already constructed. Let us now determine if it is possible to ensure
the safety of a dam b grescribing special safety factors for calculat~
ing the proportions of the dam. It is obviously to be borne in mind
that the safety factors only refer to earthquake shocks outside the
epicentral zone (at least for earthquakes of degree higher than X).

Before taking up the problem we wish to refer to the restrictive
specifications which are in force for antiseismic buildings, as well as
to the suggestions of the different authors who have treated the seis-
mic stresses in dams from the point of view of engineering calcula-
tions. :

The rules for antiseismic buildingy suggested by the California
(1906) and the Calabrian-Sicilian (1908) earthquakes are based on the
evaluation of the accelerations caused by the different shocks. The
accelerations are less than 1 m/sec.? for earthquakes up to degree IX
inclusive. But they may attain values of 2.5 m/sec.? for earthquakes
of degree X and 5 m/sec.? for earthquakes of degree XI.

In Italy the “technical standards for buildings with special speci-
flcations for localities subject to earthquakes” at present in force
(Legislative Decree No. 2105 of 22-11-1937) lay down the following
(article 31) : In order to take account of the seismic acceleration due
to undulatory earthquakes, the total load is to be taken as equal to
the sum of the actual load plus 1/3 of the accidental overload increas-
ed by 40 per cent in those cases where the total obtained is not less
than the sum of the actual load and the accidental load.
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. The following forces are also to he considered : Horizontal forces
applied to the masses of the different parts of the building, arising
from the seismic accelerations transmitted to the building by the
undulatory earthquake. These forces should be considered as acting
in both senses, whether in the longitudinal or ‘the transversal direc-
tion. The ratio between the horizontal forces and the weights corres-
ponding to the masses on which the forces act should be taken as
equal to 0.10, whatever may be the height of the building and the
number of storeys. For the calculation of the horizontal forces the
accidental load should be limited to 1/3 of the maximum value
assumed for the load of the individual structures.

The above prescriptions are valid for seismic localities of cate-
gory 1. For those of category II we are asked to assume for the
vertical forces an overload of 25 per cent (instead of 40 per cent),
and for the horizontal forces a ratio of 0.05 (instead of 0.10).

It will be seen that the present-day legislation relating to build-
ings is much more severe for the upheaval than for the undulatory
earthquakes : the load taken into account for upheaval shocks (actual
weight plus 1/3 of the accidental load) is essentially the total effective
load (because if any ceiling is calculated at 250 kg/m? it does not
exactly follow that the load acting on the ceiling is always 250 kg/m?*,
but that, on the average, the load acting on all the ceilings of the
building will have a much smaller value); now the total effective
load is increased by 40 per cent and so a vertical acceleration of 4.00
-m/sec.? ig provided for. On the other hand the horizontal accelera-
tion provided for is only 1.00 m/sec?.

.~ This difference is partly due to the fact that upheaval shocks
; sg;netally have a more serious effect on buildings than undulatory
‘shocks. Further the prescribed instruction of taking into account
1/3 of the accidental load is, for undulatory shocks, equivalent to
increasing conventionally the accelerations. (This is because ordi-
narily the accidental load is not restricted to the walls but . by
borizontal vibrations may pass to the floor, while for upheaval earth-
‘quakes the accidentzl load acts directly as an overload).

, We should observe that these standards for antiseismic build-
ings have been modified several times and the specifications now
prescribed are less severe than those of the older standards.

In fact the Legislative Decree No. 2089 of 23-10-1924, now re-
placd by the 1937 Decree, prescribed the taking into account of the
actual weight plus the whole of the accidental weight (article 28)
.and marked an overload of 50 per cent for upheaval earthquakes and
‘of 12 per cent (about ) for undulatory earthquakes, in the case of
“buildings not higher than 12 m; for all other buildings it prescribed,
in the case of undulatory earthquakes, an overload of 18 per cent
“(about 1/68). The same specifications were also given in the tem-
"porary Legislative Decree of 19-8-1917, article 229.

i The tendency to prescribe less rigofous speciﬁéations-‘ mny
be justified by the fact that no precaution is posible in epicentral
zones of earthquakes of degree higher than X and, therefore, it is
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sufficiént to limit the prescriptions to shocks which cause accelera-
tions of less than 2.5 m/sec®. The inconsistency of providing unnetes-
sarily ‘high accelerations for upheaval earthquakes still remains in
the current standards.

10. Several investigators have taken up the problem of includ-
ing the effect of seismic actions in the calculations relating to dams.

In Italy the problem of calculations relating to gravity dams
was taken up by Puppini in a paper dated 1921*, In this paper
no account is taken of the seismic action of the reservoir water
against the dam (a point which was studied only 12 years later by
Westergaard). Essentially, two puints result from Puppini’s paper :

(1) When it is desired to construct a gravity dam capable of
resisting seismic actions, both when the yeservoir is full and when
empty, il is necessary to give up the usual form of the dam, that
is the form with a vertical face upstream.

 (2) A dam with the two faces equally inclined is best adapted

- to rasist seismic action (producing accelerations up to 2.50 m/sec.?)

if the triangular profile selected has the base equal to the height of
the triangle.

Guidit treated the problem in a very short note in 1913, he
also ignored the seismic action of the water against the dam. " As
already mentioned, Guidi in this article, though mentioning that the
Corfino and Scoltenna Dams showed a good deportment in the

"@arfagnana earthquake, suggested that in the calculations for dams

“"{of any type) we should observe the current standards for buildings

~{and ‘therefore referred to the Legislative Decree of 1924 mentioned
in the preceding section, but he limited the thrusts for undulatofy
earthquakes to 4 of the weight).

As far as we are aware, no writer has yet remarked that, while
for gravity dams both undulatory and upheaval shocks cause anxiety,
arch type dams (Corfino type dams) are subject to grave risks only
in the case of undulatory shocks. -

In America prescriptions relative to the seismic effects on dams
have been included in several treatises.

Davis §, referring to gravity dams, observes that two types
of horizontal seismic forces are to be considered—those du= to the
jnertia of the dam and those due to the pr:ssure of the watzr. For
the latter, we may adopt for the foundation plane, according to
Karman§, F=0.555«xyah? («x being the ratio b:tween th: seismic
acceleration and the value of gravity, ya the specific gravity of

*U. PUPPINI : “Massive dams in Seismic Zones.” “Memoric delia R. Accademia
delle Scienze dell'istituto di Bologna®, Serie VII, Tomo VIII (1920-1921).

$+C. GUIDI: loc. al n. 6.

YHandbook of Applicd Hydraulics, C. V. Davis, editor-in-chief, McGraw-Hill
book company, New York, 1942, page 137.

*The formula was suggested by Karman in the dis-ussion following the reading of
his paper by Westergaard,
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water and ‘h’ the height of the dam), The force F is‘\applied at-a
distance of 4 h/3x on the foundation plane. Davis considers, however,
that besides these horizontal forces we should also take account of
vertical forces (relating to undulatory shocks).

In the treatise by Creager, Justin and Hinds* it is stated that
in regions where earthquakes are possible or probable, the calcula-
tions should take into account the seismic stresses even if it has been
observed that some dams ‘did not suffer injury during recorded
earthquakes. In this connection he mentions two dams—the arch
gravity dam of Crystal Springs which resisted well the California
earthquake of 1908 and the arch type Gibralter Dam, which resisted
well the Santa-Barbara earthquakes.

After these preliminary remarks he suggests that seismic
stresses should be treated in the usual way (both as regards the
action of the water and as regards the acceleration of the material).
Following Dewellf he suggests that the earthquake factor to be
adopted (in the USA) should be an acceleration of about 1 m/sec?.

The Bureau of Reclamation published a monograph in Octo-
ber 1953 (written by F. D. Kirn) giving criteria for design of gravity
type and arch type dams.

In this monograph it is stated that the maximum acceleration
to be considered is about 0.3 g, and it is suggested that account of
seismic shocks should be taken in the following manner :—

(A) Undulatory shocks :

(1) For dams which have their upstream face vertical or in-
clined the variation of the hydro-static pressure due to an e
quake is given, in terms of the depth of the reservoir, by the equa-

tion as given below:
Po=Coct Yah

=C_2“’ -;’;(2—-{)+ \/’__;11_-_—._?)]

where the symbols have the following significance :—

P,—The normal pressure on the face;

« =The intensity of the earthquake=acceleration of the earth-
quake/acceleration of gravity;

va=Specific gravity of water;

h=The maximum depth of the reservoir;

—The vertical distance of the surface of the reservoir from

the level under consideration; and

.=Non-dimensional coefficient, the value of which can be taken
from the graph, Fig. 6.

. The formula was obtained on the analogy of a similar equation
in electrical theory, adopting the simplifying hypothesis that water
is non-compressible.

sCreager, Justin and Hinds: Engineering for Dams, Vol. II, New York, 1945, pp.279-286.
tDewell,, H. D. : Earthquakeresistant Construction, nel’ “Engincering New-
Record”, April 26, 1928, p. 650. _
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(2) If the dam has its upstream face at an inclination varying
with height and the vertical portion extends over more than half the
height, the whole face may be considered as vertical. If on the other
hand the vertical part is less than half the height, a mean inclination

should be obtained by joining the highest upper pond level with the
upstream base of the dam.

(B) Upheaval shocks :

(1) The component of the pressure of water normal to the face
should be altered by applying the appropriate acceleration factor.

(2) The unit weight of the concrete should also be modified by
applying the same factor*.

In Germany Kelent refers to the action of earthquakes and
suggests the use of the formula due to Karman and Westergaard, of

which we have already spoken. He gives an example of the calcula-
tion fer an undulatory shock.

Toelket gives only a general treatment of the problem, remark-
ing that arch type dams show an excellent deportment during earth-
quakes, that gravity dams behave less well, and rock-filled and dry

masonry dams still worse. He thinks that earth-filled dams would
be the best type.

Press§ remarks that seismic effects should be taken into account
only in the zones subject to earthquakes. He suggests the adoption
of an acceleration of about 1 m/sec.® for the body of the dam; the
increase of pressure due to the inertia of the water should be cal-
culated, he suggests, with the formula p=0.08ya\/(2H-y)y, where
H is the height of the dam and y the vertical distance from the
summit of the point considered. He holds that the stresses calculated

with the overload indicated by him may be greater than those gene-
rally admitted as possible by about 25 per cent,

The German Regulations (DIN 19,700, February 1953) do not
make any mention of earthquakes. In Xrance, Bourgin’s treatisen
on calculation for dams takes account of the seismic acceleration on
the material of the dam and even works out a numerical example in
this respect, but he only makes mention of the inertia of the water,

with the remark that the problem is too difficult for theoretical
treatment.

*The design of como of the modern Amcrican dams takes account of all types of
the additional stresses arising from eartbquake shocks.  Thus the Morris dem of
C iforniy, which i1 of the gravity type rnd 97m high has dimensions which tee
about L5 per cent larger than_those which it would have in the absence of sei.mie
action:. cfr. S. B. Morris & C. E. Pearce: A concrete gravity dam for a faulted
mountainous area. En3. New-Record, Vol. 113 (1934), pp. 823827,

IN. Kelen ;: *Gravity type barrage masonry dams and massive weirs.”
Springer, 1938, p. 17 & p. 36. Betlio,

$A Ludin : “Conitructions for water power stations”, 2nd half, Ist part “walls

acrois valleys, barrage dam: and barrage walls,” Friedrich 1k
Springer, 1938, pp. 110-113, fedrich Toelke, Berlino,

§H. Press: Barrage dams and water power works, Part 1, Tal ;
Emst, 1953, pp. 16 & 18-19. ’ #lspereen Berlino, W.

ﬂéé 3B}oux'gin: A course of calculations for barrages. Parlgi, Eyrolles, 1948, pp.
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11. It will be observed that in all the treatises cited in the pre-
ceding section, the only theory mentioned is that of Westergaard
Since this theory has not been included in any Italian publication,
we think it is appropriate to give a brief exposition of it in this
paper.

The problem to be solved may be posed as follows*.

Let us consider a dam with vertical face upstream. The dam,
which is solidly attached to the ground, commences to vibrate at the
same instant as the latter, while the water remains still, due to inertia..
On this account the dam behaves towards the water mass as the
piston of a pump and causes a motion of the liquid which is in con-
tact with the upstream face of 'the dam. This is the fundamental
cause of the excess of pressure excrted by the mass of water.

" Westergaard takes up the solution of the problem on the analogy.
of the method employed in hydrodynamics for the study of expansion ..

wavest.
Using the notation ordinarily employed in Italy we have

S _ 8 Bp . & . )
5x e &z’ 8y 512
where, since the displacements are small, we have written 68_? Instead
D & . Dn_ . - ou Du-
of Dr=% & instead of D7 =v; and similarly 5T instead of —
etc.

We, therefore, have p=e#, where ¢ is the modulus of compressi-
bility and

_ &, & ay
0= 5t &

so that
- b , O @
p=¢ 87+ &y :

The motion is governed by equations (1) and (2). The value:-v;
of ¢ for water is known to be equal to 2.07 x 10® kgm-2.

The limiting conditions are : —

p=o0 fory=o0
n=o0 fory=h _ 2)
&= ‘!‘f_n?cos._z;,—' forx =0 @)

where a g is the (horizontal) ‘acceleration due to the earthquake
(a being a pure number < 1), t the time, and T the period.

*H M, Westergaard : Water pressure on dams during Earthquakes. “Trans. ASCE”,
1933, p. 418. Vide also the “Discussion” which followed the publication of this
article, and particularly the letters by K. V. Karman, Bauman, etc.

1V. per e8 H. Lamb: Hydrodinamics, Chapter X,

Dz ..
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It will be noted that the first limiting condition leads to a further
simplification (analogous to that introduced by Poisson in the
theory of vibration waves), namely to put p==0 for y=0, while
p=0 for y=n.

If, besides the two preceding limiting conditions, we make the
further assumption that when x tends to infinity, p tends to zero,

Westergaard is able to put ¢ and n in the following form, which
satisfies all the conditions imposed:—

el
z;:_agTz Cos 2™ E gan+1 Sip @n+Dry

3 T n=o0 2n+1 2h

-—

- T n=0 (2n+1Csp4

[e 0
agT? 2nt T ¢ an+1 Qn+Dny
Cos Cos T 27

16 h
ce =1— el
Tt ! Gnt1)ieT?

. (2’1+1)1TC2n+|.X
d2n+1 = -"—Zh"—-—'

. . 21
It follows from equation (2) above that
8151}.' Cos 2nt
n? T

T e-a2n+i k. (2,,_|_1)n~y :
n=0 (2n+1)2Caq41 2h (3]
where y is the specific gravity of the water. .
Let us consider the pressures exerted on the dam., These are
obtained from equation (3) and have maximum values for t=0, T,

2 T, etc. The pressure is maximum at the bottom and in correspon-
dence with the dam, where we obtain:

(o)
Sayh X (-

Po= TRT p=0o (@nF1)Cros1 (3]
it is nil at the surface and it varies along the face very nearly in
accordance with a parabolic curve. In fact, Westergaard suggests an
approximate formula, which employing the metre and the second as

itggmay be written as follows :—
% ’ 090 a h »
: Ve tonne[m? (37

_‘ v B h 2

tonne= (metric) ton.
The trouble with the above formula is that it is dimensionally
non-homogeneous: we have to express h in m, y in m and T in sec.
1t seems, therefore, simpler to establish an empirical formula
based on the two following points :
(1) that.the variation of p can be approximately represented by

a parabola with vertex at the surface of the water and its axis
vertical; and ,
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(2) that consequently it is sufficient to determine the value of
p at the bottom to obtain all the parameters of parabola.

Now equation (3’), if we take account of the values of the coeffi-
cients of the series, we obtain : —

_ 8ayh. 1
P= C, [4]
where
2 16 oh2
C.=1-~ eT? 5]

Since T=1 sec, @ =100, £=2.07 x 108, it follows that
C2,=1-0.00000773 h? and therefore, for heights of water less than 150
m, C% is practically equal to 1. For h==150 m, C.2=0.83; C.=0.91.
If h=200 m., C:2=0.70 and C.==0.84.

If we put C.—1 and a==0.1 (acceleration of 1 m/sec?), we finally

obtain : —

p, ~ 0-08Y%h (6]
If on the other hand C.=0.8, we obtain ¢
po & 0'1y%Ah N

Since p varies very nearly in accordance with a parabolic law,
we may write for depth y =
p = 01y* Vhy; 8]
the above expression while representing a rough approximation gives
an extremely simple formula.
The @‘&al pressure will be given by :—
p =Jpdy =0:067 y%? [9)
and will be exerted at a height 2h/5 from the bage.
If we wish to reduce the calculations to a still more elementary
form, we may proceed as follows :—
Let us consider a pressure p; which is distributed uniformly
on the upstream face of the dam and find what value should be given
to p, in order to produce the same effect as p. It is sufficient to

observe that the action of p essentially consists in producing an addi-
tional moment on the base. This moment mag’hbe expressed, assum-

ing the simplifications already introduced, bys p =0.0267vah?, while

the uniform pressure p, produces a moment=3% h p; h writing the two
moments as equal, we obtain:—
p1=0-053 y«h*. _ (10
1t follows that the test of stability of the base of a dam in
respect of seismic actions caused by the water may be carried out by
assuming the following : —That, in addition to the hydrostatic pres-
sure, the upstream face of the dam is subjected to a pressure py,
normal to the face and uniformly distributed on the face. Obviously, -
the simplification enhances th2 conditions of stability to be imposed on
the horizontal layers of the dam higher than the base.

*This formula differs very little from that given by Karman (fora = 0-1).
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12. Let us now go back to the practical aspect of the problem
of the stability of dams when confronted with seismic forces.

We wish to observe in the first place that no interest is attached
to the question ofidesigning a dam capable of resisting an earthquake
-even when the reservoir is dry. In faet a barrage has by itself suffi-
clemt stability not to be affected by earthquakes corresponding in
intensity to the earlier degrees of the Mercalli scale, we have only
to see that the dam is solid enough to resist shocks of degrees
and X; it is very improbable that any structure will resist the intef-
sities designated as “catastrophe” or “great catastrophe™ ‘

Now, if for the intensities within our view, an earthquake
causes the collapse of a dam when the reservoir is empty, there ig no
doubt that the material loss will be heavy, but the consequences of
collapse on, other works will be nil. If on the other hand the reser-
veir is full, the collapse of the dam will produce a fearful flood suffi-
ctent to augment notably the destruction caused by the earthquake
in the zone affected by it. We may recall that the collapse, without
any earthquake, of the Gleno and Orba Dams caused very serious
-destruction with hundreds of deaths. 'We shall, therefore, only eonsi-
der the tests for stability against seismic effects in the case when the
regervoir is full. :

What we need is to establish value of the maximum acceleration
10 be taken into account in the case of a filled reservoir.

As regards the upheaval wave, we think it is convenient to
assume accelerations. of an order of magnitude of 2 m/sec= it may be
noted that, when the Seigmic acceleration acts downwyards, our assum-
ption implies that accelerations of about 12 m/iec? may normally
occur., We may, therefore, assume that for very short periods the
structure is able to resist accelerations of 12.5 m/sec® (that is, the
dam will be able to resist earthquakes of degree X).

When the acceleration due to the seismic wave is directed up-
wards, it may be noted that the proposed value of 2 m/see? will leave
a gravity component equal to about 8 m/sec? (which value may
-decrease to about 7m/sec? for earthquakes of degree X).

But the stability of the structures is also ensured by ‘other
factors; thus in gravity type dams account is always taken of possible
falls of the hydraulic pressures below the normal (these constitute
an effective safety margin rather than a real water load). For arch
type dams, we have already observed that their own weight does not
have much influence in producing stresses.

As regards horizontal seismic waves, we think that it is generally
sufficient to take into account an acceleration of 1 m/sec?; we have
chosen this value pot so much because this value has been prescribed
in the regulations for buildings, but on aecount of the following con-
sideratiens : theory indicates that in the case of an acceleration which
is directed downstream, account should be taken simultaneously of the
actions of the mass of water and of the mass of the dam, on the
assumption that both are in the same phase (as this is necessary when

L5CW&PC/65—7
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we assume the hypothesis of harmonic vibration); but in an actual
case, as the vibrations are very irregular, the two actions will differ
in phase. It seems, therefore, that if we take the value of the horizon-
tal component of the acceleration as equal to 2 m/sec?, this would
lead to unnecessary high solidity of the structure. On the other
hand if a region does not show favourable characteristics, we may
provide for an even higher rick (i.e. take into account a horizontal
acceleration equal to the vertical, that is, 0.2 g).

These observations, we believe, justify the text of article 25,
which is reproduced in the appendix.
13. Let us calculate, for illustration, the changes of thickness

produced in the case of adopting the antiseismic rules in a massive
gravity type dam with triangular profile.

With the notation employed in figure 7 (and recalling that for
an element of a parabola with the vertex at A, length h and ordinate
ps, the area equals 2/3 poh, while the centre of gravity lies at a dis-
tance of 2/5 h from the bottom), we have, calculating the moments
with respect to 1/3 of the height downstream, the following condi-
tions for equilibrium :—

1 s B 2 o g 2 o hx\ A
5 vt 242 o Zadt (owm 2)T

1

where :
$v.h?<Thrust of water applied at h/3 from the bottom.
2/3(0.1y,h?) =Increase of the pressure of water due to seismic
action applied at 2h/3 from the bottom.

0.1 le%‘zIncrease of the pressure in the masonry work due to
seismic action applied at h/3 from the bottom.

yng =Vertical weight of the masonry applied at h/3 upstream.
It follows from the preceding equatijon that:—

vah? (140°16) + 0 lymh® = ymh? [12]
that is: - r

%2 ~ 0'lhx — _Ya p2 1:16=0 '

Ym
x=005h+ [ ©0shy+ 1o i 116
Tm
— . Ya .
x——h{ 1-08 \/% + oos} [13]

Since, in the absence of seismic action, x=h Vys/y= we deduce
that thecincrease of thickness by undulatory seismic effect will be

about 16 per cent,
For upheaval seismic effects, the calculation is even simpler.
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~ Let yy be the specific gravity of the material. If the accelera-
tion of gravity is reduced by 20 per cent, it means that the specific
gravity of the material is reduced to 80 per cent of the original. We
shall now find that—

x=h1/"a/0.8ym =1.11844/7a/Ym _
An increase in the gravity would not induce any increase in the

dimensions of the base except if the pressure on it attains values
higher than the safety load introduced.

14. In order to assess correctly the degree of seismicity of a given
locality it is necessary to refer to the official catalogues of recorded
earthquakes in the communes of Italy, and to the compilations pub-
lished by M. Baratta*, A. Cavasinot and P. Caloi in the Annali di
Geofisica, ete.

In evaluating properly and correctly the seismicity of the area
where a dam (together with other connected works for the different
installations) is to be placed, it is necessary to keep in mind in the
first place the two following considerations : —

(1) The assigning of the degree of seismicity for a whole
region is at most an extrapolation from observations made in the
areas where constructions and espzcially groups of houses and build-
ings were found destroyed to a greater or lesser degree.

The type of construction used in these buildings has a great
influence on the observed effects of the earthquake.

Not seldom it happens that at a little distance of the centre of
habitation destroyed to a large degree or totally by an earthquake,
good constructions erected on geomorphologically more suitable
ground would have felt the effects of the earthquake much less, and
so would show little or no destructive effects of the same earthquake.

It is therefore improper to apply to a given locality of a com-
mune what has been determined in its inhabited centre, It is essen-
tial that, before application, a suitable geological examination of the
locality in consideration should be made (to be completed eventually
with excavations, borings, and geophysical exploration).

(2) Vice Versa, in areas of the commune which show unfavour-
able configuration, the effects of an earthquake would have been
seen as disastrous if the area contained houses or other construc-
tions. The earthquake remained unobserved or nearly so because
the area was uninhabited or remained without observation.

*Baratta, M. : The carthquakes of ltalyed, Fratelli Bocca, Torino 190!, The
carthquakes of Italy ed. Le Monnier, 1936.

1Cavasino, A. : Earthquakes recorded in Italy in the thirty-five ycars 1899—1933
Appendix al Vol. 1V & III delle Memoric del R. Ufficio Centrale di metereologia &
Geofisica Roma, 1936,

$Caloi, P. : Seismic activity in Italy in the decade 1930—1939 Vol. 1X dello Pubbli-
cazioni della R. Accademica d'Italia, Commissione di Studio periproblemi del soc-
corso allepopolazioni. Ed. le Monnier, Frienze, 1942.



9

) 15. Conclusions: The different points which we have explained
in the preceding sections show that a very detailed and extensive
examination of the locality where a barrage is to be sited is neces-
sary; such examination should also be made of the localities where
itt ig intended to construct the different plants, piezometric towers,
etc. -

It is on the basis of the results of this examination that the
engineering calculations of the different works and of the dam itself
should be carried out, taking into account the seismic stresses, which
the preceding examination indicates are likely to occur.

For the dam itself the criteria given in this paper may be adopt-
ed. For the constructions overground, which are in general free of
vibrations, account should be taken of the possible dynamical actions
by having recourse to experiments on models. For the underground
works we may even omit straightaway any consideration of seismic
action because it is understood that the works will be located in the
core of the ground or of the subsoil and placed at a sufficient distance
from the peripheral region of unfavourable topography, that is of the
formations likely to crack or undergo strong differential vibrations.

APPENDIX

The text of article 25, as approved by the Superior Council
Article 25—Seismic effects

In localities declared as seismic of the first or second category,
as defined by the laws in force, the construction of masonry dams is
only permitted when the foundation rock has sufficiently uniform
mechanical characteristies in addition to those prescribed in article 23.

In the seismic locslities of the first category the calculations
regarding dams are to be made taking account, in addition to the
statical effects of the weight of the dam and of the water, of the re-
spective dynamical effects, which in a simplified form may be taken
to be equivalent to :— :

(ay As regards the inertia of the masonry structure.

1. For upheaval shocks, an increase or decrease, of the actual

weight of the structure of not less than 20 per cent.

2. For undulatory shocks, horizontal forces acting in any direc-.
‘tion of not less than 10 per cent of the weight of the individual parts
of the structure.

(b) As regards the inertia of water, a pressure uniformly dis-
tributed on the face of not less than 5 per cent of the hydrostatic
pressure at the base of the structure.

The above-mentioned additional forces may be reduced to § of
the values stated for seismic zones of the second category.

In reinforced concrete dams, the resistance to the resultant for-
ces of traction, obtained after taking into account the additional
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forces mentioned above, may be borne by the metal reinforcement,
and a verification of the respective forces acting on the concrete
which covers the reinforcement, may be omitted.

For areas which are admitted as subject to earthquakes on the
basis of their seismic records, even if they belong to communes net
included in the catalogue smnexed to the Royal Legislative Decree
No. 2165 of 22-11-1937 and subsequent enactments, the designer m
be ordered to observe the preceding rules; in such a case the area wx
be classified as of the first or second category, depending on the inten-
fity 1ziand the frequency of the earthquakes which have occurred in the
ocality.

When the geological characteristics of the locality where the
barrage is to be placed are found to be especially favourable, lower
dynamical forces than those prescribed in the preceding paragraphs
may be adopted, even if the locality lies in a commune classified as a
setsmic commune of the first or second category.
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Fig. 1. Plane projection of the trajectory of a point in a formation
subjected to an earthquake.
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APPENDIX K
A CUPOLA-ARCH DAM IN A SEISMIC ZONE

THE BARRAGE ON THE RIVER AMBIESTA AT
CHIAICIS DI VERZEGNIS (UDINE)

1) General remarks

The Ambiesta Cupola-arch Dam has been built to form a bar-
Tage across a stream of the same name, which is a tributary of the
‘Tagliamento in the region Prealpi Carniche. This region is highly

seismic, classified as of category II according to the R.D.L. of
'22-11-1937.

The dam has been constructed for the purpose of forming a re-
servoir to serve as a compensation reservoir, daily and weekly, for the
.hydroelectric works of Medio Tagliamento-Somplago. The reservoir
is ffed by a tunnel about 20 km long in which the water flows with a
free surface; from this runs out another tunnel of 9 km length in
which the water flows under pressure, conveying the water to the
<central Somplago which stands below.

«2) Dates

Preliminary studies about this dam were commenced in 1949 and
completed in 1964. The excavations were commenced in January 1855
and completed in November of the same year. This allowed the
commencement of the castinis immediately after that. Work was sus-
pended during winter 1956, but the castings were resumed in the
spring and finished in December of the same year.

(3) 'Geology and Seismicity ﬂ

The seat of the dam and its reservoir is an erosion furrow in th
Dolomia called Principal of the Upper Trias. This rock is characteris-
ed by intense minute fracturation and marked fissurations which
-sometimes extend from one side to the other of the valley and which
are themselves filled up with mylonitised rock. At the bottom, as
well as in its interior at a certain depth, the rock is everywhere
-sound and does not show any longitudinal faults. Its strata are
inclined upstream. :

. The region is intensely seismic and the shocks observed are fre-
quent, Among the more severe recent shocks, we ma refer to that
of 27th March 1928, when there was a violent earthq with shocks
estimated at 9° and 10°, maximum acceleration of approximately
420 mm, and amplitude 50 mm, with the epicentre in a place near
to the damsite (about 2-3 km distance from it). This earthquake
resulted in cracks in builidngs, land-slips in the ground, clefts in the
rock and a certain number of casualties.

8s -
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It seems that the seismicity of the zone may have contributed'
to the fracturation of the rock, but it is believed that this fracturation

is predominantly due to the intense orogenetic movements of the:
Alpine ridge.

This study of the project was made taking this circumstance into
account (vide Section 5); the preliminary investigations were
«1:arr1ed out with th: cooperation of eminent seismologists and geo-
ogists.

First of all, we set up on the two banks, at a level corresponding.
to that of the arch of the crest, and mbove at a certain distance from
the arch, four pairs of clinographs for the purpose of observing the:
slow movements of the rock. These movements were also studied
with relation to the seismic phenomena of the zone, the latter pheno-
mena being kept under observation by the use of seismological appa-
ratus installed at Tolmezzo, at a short distance from the site.

There would have been great danger to the stability of the
structure if the two imposts of the dam were to be found geognosti-
cally independent, but the preliminary investigations had for their
principal purpose to confirm the singleness or sameness of the roek
block comprising both the banks.

(4) Reservoir

The normal maximum level of water in the reservoir is about
484 m above sea level. The total capacity of the reservoir is 3,885,000
m?, while the useful capacity which lies between the levels 484 &
455 m, is 3,600,000 m3. The catchment area which directly feeds the
reservoir is 8 km?. The catchment area which served the dam in the
first stage of the project was 311 km?, and is 624 km? on completion of
the project.

-(5) Dam—Characteristics, Calculations, 'll'ests on Models

The dam is of the symmetrical cupola type, built in concrete-
using pozzolana ferro-cement, weight 250 kg/m3. It consists of a
slab with double curvature which rests by means of a perimetral
jeint on a large “chaptrel”. The maximum height from the foundation
is 59.23 m. The total length of the coping is 144.64 m. The inclination
af the face of the central bracket in the upstream direction is 60 per
cent, and that in the downstream direction (on which side the jutting
of the plumbline is maximum) is 48 per cent. The volume of the
concrete used for the dam including that of the chaptrels is 28,734 m*
and the volume of the excavation was 53,697 m3 'The planimetric
radii of curvature vary on the intrados side from 29 to 71 m, and on
thé extrados side from 48 to 74 m. The chord of the mean arc of the
orest between the chaptrels is 117.71 m, and the rise of the arch i¥
80:54 m. The minimum thickness taken at the summit under the are
of the crest is 2.1 m. The thickness at the base of the foundatien:
chaptrel is 7.81 m, and that of the cupola is 5.52 m.

The intrados curves of the arches are 3-centered, and the extra-
dos curves are circular. At the top the slab is made rigid by means of
a powerful crest arch, in the central part and on this are sunk piles
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-which support a platform for the roadway. The crest arch is founded

-%n. two small artificial abutments and contains a passage for inspec-
on,

The reason why we selected a cupola-arch type, with strong
.inclination downstream, was because it was thought that this type of
structure was most elastic and offered the best assurances of support-
ing exceptional overloads, as compared to gravity types of dam. Any
-other type of dam, like those built with dissolved materials, could
not be adopted due to the circumstances of the locality and the diffi-
culty of finding local materials. Even in case of a disaster, an arched
type structure, with its various parts well-joined together, is consi-
-dered to be the least subject to cracks extending throughout, even if
the structure suffers considerable injury. This is probably because
the various parts can remain in position, each part, as it were, sup-
porting the other. Even if the injuries to the dam were such as to
lead to the emptying of the reservoir, such cracks are likely to take
place somewhat slowly, so as to minimise the risk of great rushes of
.flood downstream.

In particular, we designed a cupola with brackets (vertical sec-
tions) with a marked inclination downstream, as this would tend to
lower the lines of thrust, and this would contribute much to the
-stability of the structure as a whole, even in the most unfavourable
.case of the seismic accelerations travelling from downstream to
upstream. i

Further, the resultants in this type of dam show a less tangen-
‘tial course as compared with other similar structures.

-

Still further, the dam, especially the part consisting of the
-chaptrel and the arch of the crest, is strongly fortifled so as to permit
it to resist and distribute any exceptionally strong stresses likely to
be caused by seisms and the consequent possibility of small displace-
ments of the foundation rock. Numerous strong stitches have been
inserted, especially in places where the fissurations were most notice-.
.able. All the voussoirs whether of the chaptrels or of the cupola have.
been joined with crossed iron pins, which form hinges and have also
the purpose of sustaining the struature during construction, in view
-of the inclination to the plumbine of the central part. The total
amount of iron used in the dam amounts to 5,327 q. (metric quintals)
which is equivalent to over 18 kg. per m? of concrete.

The calculations and the tests for stability were carried out in
.accordance with the “Regolamento Dighe Italiano” (Italian regula-
tions for dams), considering the dam divided into independent ele-
‘mentary horizontal arches subject to hydraulic load, temperature
-effect and contraction. Caleulations relating to the arches were made
by assuming that they are fitted into the imposts, and then applying
the theory of elasticity. We tested also the stability of the central
bracket considered as an element of small thickness of the rotation
cupola. For all the brackets, besides, tests were carried out with the
reservoir empty considering the cupola resistant or not to traction
forces.
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Finally, we carried out an analytical investigation of the seismic
- effects on the structure in acordance with the standards given in the
respective Regolamento. Supplementary vertical and horizontal
forces equivalent to 1/20 of the value of gravity were applied to the
structure. The test was made when the reservoir was full and the
dam subjected to a constant acceleration equal to 0.07 g in the direction
of the chord and the rise of arch (i.e.,, higher than the acceleration
prescribed in the Regolamento), but taking into account that the
tests did not exactly correspond to the conditions due to earthquakes.
The forces resulting from the calculation would not exceed a compres-
sion of 52 kg/cm? and a traction of 7.4 kg/cm?2

It was found that the dam undergoes considerable yielding at
the imposts, before traction forces higher than 7 kg/cm?* have been
reached; more exactly, we have to admit a lengthening of the chord
of 17.50 ecm at the level of the coping but this is reduced to 4.375 cm
at the level 450 m.

We also carried out the same tests on the model both as regards
statical and dynamical stresses.

The maximum stresses observed during the statical test were
found to be much lower than those calculated (29.7 kg/cm? instead
of 56.4 kg/cm?), This was mainly due to the effects of the rigidity of
the arch of the crest and to the solidarity between arches and brac-
kets; in part it was also due to the fact that in these tests we neg-
lected the effects of the contraction and of temperature varjations.
In the breakage tests, the structure resisted well up to a stress 11.5
times higher than that due to the hydrostatic load. Up to the end
the structure remained within the limits of the elastic state.

Of special interest were'the investigations carried out on the
model with respect to dynamical stresses. These will be referred
to separately at this convention (Messina 1859) by Prof. G. Obesti,
Director of the Institute for the Experimental Study of Models and
Structures (I.S.M.E.S.) and his co-worker Engr. E. Lauletta. The
tests at the .S M.E.S. were carried out in close cooperation with the
authors of this paper. We shall give here a very brief account only.

First of all we arranged and studied the behaviour of a vibra-
ting table placed on elastic supports, the model of the dam and of
part of the reservoir being placed on the table. Every part of the
model was constructed of special materials, such that there would
be the best possible approximation between the breakage loads of
the concrete of the prototype dam and the materials of the model.
Even the specific gravity of the liquid in the model was suitably
selected.

The vibrations were imparted by means of a pendulum giving
damped sinusoidal vibrations or by means of a “vibrodine” giving
vibrations of a constant character. The amplitude and the fre-
quency of the vibrations could be varied at will. By means of
measuring instruments, the characteristics of which were previously
studied, we checked the inflections of various points of the model
dam and the character of the vibrations imparted to it.
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A partial breakage of the model dam (of the central upper
part only) was obtained after numerous tests with damped vibra-
tions imparted by our pendulum. These vibrations when converted
into the values referring to the dam itself gave an amplitude of
168 mm; acceleration of 0.95 g and a frequency of 1.22 Hz.

The breakage when employing the “vibrodine” only took place
after numerous and long-drawn tests, and only in the central upper
part of the model, due to the effect of the persistent vibrations.
These gave, when converted, an amplitude of 102 mm, acceleration
of _0.9% g and a frequency of 1.5 Hz, after more than the first 36
minutes.

In both the tests referred to abave, 'the oscillations produced
waves in the direction of the chord when the reservoir was full
(condition of maximum compression stress).

Still a third test, with persistent jerky shocks, led to a break-
age (in this case also of the upper part only) after the first 50 minutes
(converted value) with vibrations having amplitude 505 mm,
acceleration 0.76 g and frequency 1.94 Hz.

In all the three tests, the seisms imparted to the model were
of much greater range than those known, whether for the charac-
teristics of the vibrations or for duration.

(6) Fillings

The consolidation and = impermeabilization of the foundation
rock demanded a large volume of perforations and fillings., In view
of the constitution of the rock a special treatment was nece
to avoid the absorption of large quantities of the substance injected.
We employed special materials for the washing of the holes and their
lubrication (Silicates and the like), but the results were not very
satisfactory.

The fillings did not lead to much improvement of the character
of the rock; however, extensive investigations made by means of
suitable borings gave us the hapé)y assurance that, on the whole, the
rock though fractured is markedly impermeable, compact and with-
out cavities.

After the filling of the dam, losses of water were noted in the
passages close to the imposts of the dam, especially on the right
hand, upstream of the diaphragm. After a new series of fillings these
losses were considerably reducad, though not eliminated.

tven the joints were filled in two stages, at the time of the
principal contraction and at a low temperature of the concrete.
(7) Instruments of Measurement and Control

In the most characteristic points of the structure and the sur-
roumdfgg rock, we have placed various instruments of control, like
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thermometers, electro-acoustic extemsometers, dialatameters and
ciinographs; additional to those normally set up for collimation and
precision topographiesl survey. In view of the need for keeping
under observation the seismicity of the zone, we have also installed
in its neighbourhood, as already mentioned a 3-component seismolo-
gical station, As regards the latter and other seismological and
clinograph stations and their application for the checking of dams,
a separate paper has been presented to this convention (Messina
1959) by Engr. Dino Tonini.

The following drawings and photographs illustrate the main
«characteristics of the dam described.
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Fig. J-5.—Ambiesta Dam—Left Side View



90f

Fig. J-6.—Ambiesta Dam—Right Side View



APPENDIX L

SEISMOLOGICAL & CLINOGRAPHIC OBSERVATIONS IN THE
NEIGHBOURHOOD OF LARGE RETENTION DAMS

(1) Progress in science is only made possible by an ever increas-
1ng refinement in the methods of research: it is only by a gradual
change in the investigational procedures, by the use of finer, subtler,
more penetrating methods, that we are able to dive deeper and deeper
into the mine of knowledge. ‘

We should aim at limiting to the minimum if not at excluding
altogether all direct observations (for our senses are fallible); we
‘should use indirect observations, that is, substitute desultory personal
‘observations by continuous instrumental records.

We should learn to enter into the core of a phenomenon, and
mot restrict our view merely to the more or less startling external
manifestations. The latter are only the reflex of actions which have
a much more remote origin, and it is not always easy to deduce the
causes by the observation of superficial phenomena.” We should, there-
fore, turn our attention from bhig oscillations or displacements to
micro-oscillations or micro-displacements; from large changes of tem-
perature, elastic stresses, pressure, etc., we should raise our mind to
the examination of the micro-structure of matter (which is apparently
at rest) and all its micro-manifestations..

Here lies the secret of every phenomenon, the origin of every
external manifestation. It is quite apparent that the great distur-
bances originate : when they first begin to be perceptible, it is almost
always too late to control them; it is necessary to seek them out in
their pre-gestation phase, when everything is at rest.

(2) Hence arises the need, as already stated, of a continuous
and minute supervision.

Let us consider, as an example, the slow movements of the
earth’s crust. Geodesy possesses the means for carrying out contours
surveys and triangulations with extraordinary accuracy.: But the
geodesist undertakes his very precise survey work for some specific
purpose only and in places and at times which are altogether unre-
lated; there are occasions when decades elapse before geodetic field
work is undertaken a second time at the same place. For the purpose
of a correct interpretation of the slow movements of the earth’s crust,
this type of survey is obviously insufficient. It is necessary to inten-
sify observations in time and space; it is even necessary to find the
means of replacing personal observations by continuously self-record-
ing instruments. It is only by such a method that we shall be able
to follow continuously the movements of a given region, and
make it possible to watch, hour by hour and minute by minute, the
department of a region which is apparently at perfect rest. That is
the only way to detect the moment when the “microscopic” move-
ments turn into “Macroscopic”. If this moment is determined, we may

9N
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be able to investigate how an imperceptible activity tends to become
more and more perceptible. When we learn the how of the pheno-
menon, it will be easier to explain the why.

(3) Investigations carried out on this principle are also valuable
in studies of smaller extension, as for example, in the study of the
behaviour of a massive dam, erected for the formation of hydro-
electric reservoirs.

The scientific interest is, in such a study, accompanied by dis-
tinetly practical considerations affecting human beings. :

There are many factors which can endanger the stability of a
dam.

It is not my intention to catalogue these factors or expatiate
on them. I only intend to dwell on one type of the forces which can
cause the most serious injuries to a dam—those released by the sudden
movements of the soil which support it.

The engineer estimates the loads and the stresses which the
dam may have to resist, but he is not in a position to counterbalance
the intensity of the natural forces, when these occur in association
with resonance phenomena.

All the techniques that human ingenuity can devise against
earthquake risks prove insufficient if the ground on which the struc-
ture is erected is untrustworthy,

The solution of the problem, therefore, does not lie within the
province of the science of construction above. It involves a whole
series of relations of interdependence hetween the effects of the earth-
quake and the ground on which we build. It is necessary to acquire
a complete knowledge of the geological and elastic characteristics of
the surface structure of the earth, the predominating natural frequen-
cies of these layers, etc., in order to determine, for each particular
region, the type of dam which is most suitable for it.

Further, it is altogether insufficient fo consider the problem
solely from a statical point of view—not only insufficient, but erro-
neous as well. No doubt, the dynamical treatment of the problem is
arduous: but we should not delude ourselves with the idea of having
overcome the difficulty when, as is conventional, we replace dynami-
cal actions by purely statical stresses, which are supposed to produce
the same effects as the former. As long as the fundamental elements
of the dynamical actions remain unknown, any supposed law of equi-
valence is a pure, unjustified extrapolation.

At this point T only draw attention to a problem which I con-
sidered at greater length in a previous paper (1). I shall return to
the question shortly when treating of the damages which may be
caused to dams by slow movements, the seat of which lies solely in
the earth’s crust.

Whatever be the angle at which the problem is viewed, there
can be no doubt that a seismological station, fitted with three suitably
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constructed instruments, erected on the dam itself or in its neigh-
bourhood, can provide extremely valuable indications about the
behaviour of the dam. It is sufficient to emphasize the interest that
attaches to a comparison of the vibrations obtained when the reser-

voir is full and when empty; or those registered in periods of drought
and of prolonged spells of rain.

The slow movements of the basin—and hence of the voussoirs
of the dam—are followed better by the use of clinometers. Consider-
ing that the elasticity of the rocks is not perfect and that their beha-
viour is influenced by other physical characteristics (like internal
friction and viscosity), the slow movements are always accompanied
by sudden movements of the type of small shocks. This is the reason
for the great importance of seismological station at the damsite itself.
The observations will show, when a given deformation occurs, whether
it is elastic (independent of time) or a mass deformation (which is
a function of time); in the latter case whether the deformation is

temporary or permanent (for this purpose, obviously, the clinometer
is the better instrument).

Also the study of the vibrations which affect the voussoirs of
the dam are of notable interest. It is clear that these will present
different characteristics depending on the level of water in the reser-
voir and the degree of tension to which the dam is subjected. These
records will show a constant aspect if the elastic tensions of the dam
do not undergo sensible variations, but in the case of a variation of
the load, or an eventual crack, they will show different characteristics.

One thing is certain. No cracks, however small, can be produced
in a dam, without their occurrence being promptly recorded in the
seismographs.

With the use of seismographs and photo-clinometers the surveil-
lance of dams becomes an automatic affair. Besides, the records pro-
vided by these instruments constitute irrefutable documents which
can always be made to witness unto truth and justice.

(4) Slow Movements of the Earth's Crust: Geodetic Blocks

It is known that the earth’s crust is the seat of slow movements
of ascent and descent with respect to mean sea level; these movements
may cause the emergence of more or less extensive land arcas from
under the sea, or lead to the submersion of continental lands adjacent
to coasts. Obviously, such movements become manifest after very

long periods and are known by the generic term of secular
variations(?).

1t has been proved in recent times that, on these movements
of a general character which affect a vast region, are superposed
local movements, specific to a limited area of the crust(?). The exis-
tence of the latter type of movements was shown by the frequent
repetition of precision geodetic measurements in the same area. Cli-
nographic observations are also excellent for this purpose. By such
observations it has been found that sectors of the earth’s crust, bound-
ed by recent faults, are subject to block movements of ascent and
descent, without any perceptible deformation of the blocks.
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We think that this phenomenon assumes a special importance in
question relating to the stability of dams.

Assuming the fact that the earth’s crust is divided into blocks,
it is extremely important to avoid the sitting of dams astride the
zones separating two blocks.

Block movements of opposite sign, or even of the same sign but
of different amplitude, may endanger the stability ¢f a dam if it is
situated between two blocks.

Methods exist which permit us to determine the boundaries of
the geodetic blocks belonging to a given region.

One of the best methods is the use of photo-clinometers placed
on both the banks of a river in the zone where the construction of
barrage is proposed. The continuous records given by the instru-
ments over a suitable period of time enable us to determine whether
both the banks belong to a single geodetic block or each bank belongs
to a different block.

(5) The research section of a big hydroelectric company which
is under the direction of an eminent scientist, takes special interest
in the importance of seismological and clinographic cbservations
obtained in the neighbourhood of large dams.

In compliance with the request of this scientist, cur institute
provides the installation of suitable seismological and photo-clino-
graphic stations near a large scale dam, of which the construction has
Just been completed.

Clinographic stations were later installed near other hydro-
electric reservoirs of the same company.

We shall give here briefly some of the results obtained.

The detailed reports are in the possession of the company, who
will examine the results with a view to their utilisation; these reports
are, therefore, at present of the nature of confidential documents.

However, some characteristics of general interest may be deduced
even now and published.

We shall begin with the seismological observations.

The seismographs were constructed in the workshops of the
National Institute for Geophysics under the direction of the geophy-
sist, Dr. Peronaci, and the instruments have mechanical self-recording
arrangements. The principal instrumental characteristics are given in
figures 1 to 3. The magnification was intentionally kept low since
the shocks recorded would have their origin close to the instruments.
At first, the three components (vertical, N-S and E-W) were placed
close to the dam; and another instrument (N-S component) was instal-
led at a distance of about 2 km.

g At present, all the four instruments are functioning close to the
am.

On completion of the dam, as the reservoir was gradually filling
up, records werc obtained of very minute and slight shocks, originated
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by very slight vibrations in the rock system, the different portions
of which tended to take up new equilibrium positions.

In many cases it was found possible to determine the point of
origin of these small shocks—most of them originated at that part
of the reservoir where the water had reached the greatest depth
(of the order of 100 m).

Figures 4 to 7 give examples of the records of the slight shocks
which originated in the reservoir.

Even during the first discharge from the reservoir, the instru-
ments registered a considerable number of small shocks.

Many of latter had their origin at the base of the voussoirs and
showed special characteristics (differentiating them from the former
type), like greater frequency and the persistence of the vibrations
vide figures 8, 9, 9 bis).

Some periods of specially marked microseismic activity observ-
ed, which were altogether independent of the filling up or the empty-
ing out of the reservoir.

- We shall speak later about this type of seismic activity.

It was possible to determine acfproximately the energy develop~
td by each small slock, for four different types of shocks. Iet us
consider a simple harmonic wave of amplitude x and period T. The
energy which crosses the unit area of a pencil of waves per unit of
time is :—

2
o (F)

Where v is the velocity of propagation and € the density of the
. rock.

If we assume that the energy is propagated from the source
uniformly in all directions, we can multiply y 21 A% where A is
the focal distance. This will give us the total energy crossing a hemi-
sphere of radius A during unit time. Multiplying by the duration
t in seconds, of the train of waves at the distance A, the approximate
energy of the shock may be expressed by :—

2
F.=4 73 ovt (—%(.—) N2 c. g 8. §))

In order to determine the value of A, it is sufficient to know
the interval s-p between the instants of the registration of the trans-
verse waves (s) and the longitudinal waves (p). In previous researches
we had already determined the velocity of propagation of longitudi-
nal and transversal waves passing through the rock system constitut-
ing the bottom of the hydroelectric reservoir.

We may observe that pand s generally present a complete wave;
the other vibrations that succeed s are to be attributed to reflections
or to waves of a superficial type. Therefore, the value of t which
occurs in equation (1) may be taken as equal to the period of the
wave under consideration. '
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The result obtained by applying equation (1) to a single com-
ponent, say, in particular to the waves s, would be divided by 4,
since the waves sH (for which the vibrations occur in a plane normal
to that of the propagation) are amplified by twice the free surface.
The waves sV (for which the vibrations are in the plane of propa-
gation) show, however, an amplification which is slightly less than
in the former case. Nevertheless the result itself would be multiplied
by 4, since the energy propagated by longitudinal and transversal
waves is nearly equal, and further the mean energy in the spherical
corona of the shock is equal to the mean kinetic energy. Therefore,
the total energy for a single component is that calculated by applying

equation (1) to the observed value of s (which is generally larger
than p).

Four types of small shocks were considered, depending on the
mean energy liberated, namely 109, 1017, 102, and 10 ergs. The
number of shocks recorded with mean energy of the order of 10° ergs
was extremely large.

We shall refer later to.the order of magnitude of the energy
liberated during occasional periods of abnormal seismic activity.

At this point we wish to draw attention to another characteristic
of the microseisms which is specific to the basin under observation.

It is known that, from the direction of the initial movements
of earthquake, determined from a certain number of observatories
suitably distributed around the epicentre, it is possible to deduce the
physical nature of the cause of the earthquake.

Of what nature then are the small shocks observed in the hydro-
electric reservoir under consideration ?

At first sight, a reply to this question may seem impossible; the
data of a single selsmologlcal station are in face insufficient to explam
the phenomenon in all its aspects.

However, in our case, a fairly satisfactory reply can be given.
Let us recall that these small shocks were only observed during a
very short period of time. The fact that during this short interval
the seismological station recorded shacks characterised by compres-
sion or dialatation immediately excluded the possibility that the
movements to which the shocks may be attributed were movements
of ascent or descent. In fact, it cannot be admitted that vertical
movements of opposite sign could occur at an interval of a few hours
-—or rather minutes—from each other, as in this case.

It is, therefore, guite logical to assume that the small shocks
are to be aitributed to slips along small fractures: The existence
of initial signs of opposite sense for the longitudinal waves signifies
that the plane of the fault changes from one shock to another, or from
a series of small shocks to another. This interpretation is supported
by the fact that the centres of the shocks are numerous, and there-
fore spread over the whole area across the dam.
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(6) I have explained in another paper(®) the theory of the
photo-clinograph of the type which is now installed near some of the
dams. I shall only give here the formula that expresses the magnifi-
cation of the instrument,

If ¢ represents the deviation of the image at the distance of 1
metre, we have : —

5=75 —£; wT

Where g is the acceleration of gravity, 1 the reduced length of
the bifilar pendulum, y the angle of variation of the apparent vertical,
and ‘T the natural period of the pendulum.

The suspension filaments are made of costantana. The main
characteristics of the instruments, which are operating near some
dams and in a number of Italian observatories, are given below :—

Modulus of rigidity of costantana = 6.1 x 10 dyn./cm?3.
Length of suspension filaments =9 cm.

Mass =165 g.

L (reduced length of the pendulum) =7 cm.

Diameter of the suspension filaments  ==75 microns.

An example of the possibility of using photo-clinograph of the
bifilar type for the registration of the variation of the apparent ver-
tical is given in figure 10. This figure shows the record of the dis-
turbances observed at the location of the central voussoir of a large
scale dam which is under construction. They were caused by the
coming and going of heavy cranes on the adjacent rails, which were
laid parallel to the dam, in the space downstream from the latter,
during the construction of the voussoir, The variations of pressure at
the base of the voussoir caused by the displacements of the cranes
were changed into variations of the vertical of the voussoir them-
selves.

Obviously such wvariations were'almost exclusively recorded
in the upstream-downstream direction. (Figure 10-11).

(7) Records of the Diurnal Wave

The rays of the sun, when they shine on the exposed walls ot
a building, heat these walls causing thermal imbalances more or
less marked, between the exposed walls and those in shade. The
thermal action is accompanied by a mechanical action on the build-
ing. A clinograph placed inside the building would record any
strong mechanical effect in the form of oscillations, the characteris-
tics of which would vary from building to building and from locality
to locality. These disturbances of the apparent vertical, which are
associated with the thermal action of insulation, are known under
the name of the “diurnal wave”.

We should not fail to expect the recording of such diurnal
waves within the voussoir of a dam,
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Obviously, the intensity of the wave will depend on the exposure
of the voussoir to sunlight. In some voussoir this exposure is very
restricted, if not altogethar absent,

The level of water in the reservoir has a notable influernce on
the diurnal wave,

When the reservoir is getting filled up, or is full, the diurnal
wave is recorded distinctly—obviously, on sunlight days.

When the reservoir is dry, the diurnal wave is altogether
absent, or is not perceptible.

The explanation of the phenomenon is as follows. The diurnal
wave, as already stated, arises as the result of the thermal contrast
between the different surfaces of the same structure; the stronger
the thermal contrast, the greater will be the amplitude of the result-
ing thermal wave.

When the basin is full the thermal contrast on sunlight days
is the greatest; in fact, the upstream walls of the voussoir will show
a mean temperature of 4° {0 10°; on the downstream side the walls
may attain in summer  temperatures above 40°. These are the
conditions required for large diurnal waves.

If the reservoir is dry, the contrast will he much attenuated
and, under certain conditiong, it may be altogether annulled; this
is the cause why only small diurnal waves, or no waves at all, are
registered in this case.

The records obtained during the last phase of the discharge
of a big reservoir (1951) are most interesting in this connection;
figures 12-13 show the gradual re-appearance of the diurnal wave
during the rise of the level of water in the reservoir.

The variety of diurnal waves observed is very great: waves
characteristic of a given station, which themselves are different
from month to month; almost perfect sinusoidal curves, or curves
which are much deformed; symmetrical, or asymmetrical with res-
pect to the “at rest” line.

When the daily thermal contrast is very notable, we obtain
diurnal waves of large amplitude (e.g., 2 10 9 February 1952, figure
14). 1f the thermal inversion is sudden, we obtain maxima and
minima which are pointed (e.g, 23 to 27 XYebruary 1952;: 2 to 5
February 1952, figure 14). If the thermal inversion is gradual, the
change of curvature of the maximum of the diurnal wave is also
gradual (e.g., 14 to 17 January 1952, figure 15).

For small diurnal temperature changes we obtain curves of
small amplitude. Even in this case the form of the wave is closely
related to the temperature curve. A characteristic record is that
for the week 15 to 22 December 1951, which shows sharp maxima
due to sudden heating and thermal inversion, and on the other hand
minima with large curvatures, due to the slow cooling {figure 16).
From 22 to 26 December 1952 we have instances of days with short
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rapid heating and gradual long period cooling (figure 17). Other
examples are found in figures 18 and 19.

Figures 20 and 21 relate to a smaller dam, of which the orien-
tation to the sun was different.

Figures 21 bis and 21 ter show distinet diurnal waves super-
posed on long period (12-14 days) oscillations of considerable ampli-
tude in the downstream-upstream component.

The indication of a photo-clinograph are particularly impor-
tant in showing the behaviour of the dam during the periods of
filling up and emptying out of the reservoir.

This behaviour, when other conditions are equal, is a function
of the thickness of the dam and of the resistance (which may be
expressed by means of the modulus of elasticity of the rock system
in which the voussoir of the dam are embedded).

Figure 22 shows the course of the flexure of a large dam (dur-
ing filling up of the reservoir) at a point corresponding to a specially
massive voussoir (thickness about 36 m at the base); figure 23 shows
the flexure of the same dam as seen by the effects in a voussoir of
lesser thickness.

The flexure is generally very small.

Figure 23 bis shows the case of thrust downstream caused by
a sudden increase of the level of water in the reservoir.

In the case of thinner dams, supported on rock systems with
a relatively low modulus of elasticity, the amplitude of the flexure
of the voussoir is obviously more perceptible.

Attention may be drawn to the instance reproduced in figure
24, which related to the operations of filling up and discharging of
a reservoir formed by a relatively small retention dam supported
on a bed of rock with relatively low modulus of elasticity.

Figure 25 relates also to the same dam.

As regards movements which cannot be attributed to changes
in the water level or to sudden thermal or atmospheric variations,
we may cite the case of the movements shown by the right shoulder
of a large dam in the autum of 1950, a year after its construction.

The data relating to the water level in the reservoir and to
air temperatures show that no external conditions were present to
justify increases of stress on the dam and on the shoulders bound-
ing it.

A brusque movement in approximately the NE direction which
took place during the week 4 to 11 November, 1950 was followed—
in the clinographic station of the right shoulder, placed on the rock—
by the beginning of a large movement of about 90° in the succeeding
week (11 to 18 November); there was a slight change of direction
(N 42° W) in the week 18 to 25 November. During these 15 days,
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the angular movement was conspicuous (fig, 26). Simultaneously,
the right side of the dam as shown by the clinographs of the vous-
soir nearest to the right shoulder No. XXIX—showed a slight flexure
towards the rock formation at the right shoulder, which was retrac-
ing in the direction W 33° N ca. (fig. 27), that is in a direction very
nearly the same as the longitudinal direction of the dam (S 42> W,
fig. 27 bis).

This slight flexure of the right side of the dam towards the
corresponding bank brought about a similar flexure of the central
voussoir (XXIII, XIV) in the direction upstream-downstream accom-
panied by a slight component towards! the right bank for voussoir
No. XIII and towards the left bank for voussoir No. XIV (figs. 28
to 29).

The interesting feature in this case is that, about a year later
(11 months, 1o be exact), the same phenomenon was repeated on the
right side of the dam, namely a brusque flexure for which no cause
related to the level in the reservoir or the air temperature could
be attributed. The amplitude of this movement was smaller than
that of in the preceding year. This marked the begining of an
exceptional period of seismic. disturbances as shown by the seis-
mographic station functioning near the dam, namely on its right
shoulder.

_ Was all this due to the movements of a block bounded on the
cast by the right bank of the river?

Indications like those mentioned above would lead us to be-
lieve that such a hypothesis may be accepted.

(8) A review of the clinographic observations in the period
6-5-1950 to- 16-6-1951, between two consecutive discharges.

.(8) Voussoir XIV (at the left centre of the dam).

The two graphs (fig. 29) refer to clinographic records obtained
at the base of voussoir XIV in the periods 6-5-1950 to 26-8-1950 and
28-10-1950 to 16-6-1951, The interruption of about 2 months was
due to disturbances caused by works which were being done near
the clinographic station.

The diagrams give the resultants of the two records obtained
simultaneously from the two components of the clinographs; one
oscillating normally at the voussoir downstream-upstream, (N 10°
E—S 10° W), the other longitudinally along the dam (E 10° S—W
10° N).

During the filling up of the reservoir there was a thrust down-
stream, which showed a nearly continuous course. This was fol-
lowed by a period of relative rest, with minute contrasting move-
ments.

From 28-10-50 to 3-2-51 the movements which continued to be

small, and took place sometimes in one sense and sometimes in the
opposite sense, were characteristic of a stable period.
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From 3-2-51 the movements showed a decisive tendency to-
wards the downstream-upstream direction, interrupted however by
sudden partial reverses to the opposite direction.

From this time up to the time of complete emptying out of the
reservoir, the graph shows an assemblage of figures similar to the
Lissajous’ figures.

As may be seen from the behaviour of wvoussoir XXIII and
XXIX, the thrust in the direction downstream at the end of August
1950 could not be far from its maximum value.

The angular movement in the last three months preceding the
discharge was, as may be noted from the figures, more perceptible
than the thrust downstream caused by the filling up of the reservoir.
We are led therefore to conclude at least as regards voussoir XIV—
that, in its return to the no-thrust position, the voussoir passed
across its original position and “bent” slightly towards the reservoir.

. (b) Voussoir XXIIL In the case of this voussoir also, the an-
gular movement was principally in the direction upstream-down-
stream and vice-versa.

The effect of filling up the reservoir was felt slowly and show-
ed a distinet contrast up to 16-9-50 (fig. 29).

.From the above date the effect assumed a definite and wun-
indirectional character—excluding a few instances of the opposite
sign in December 1950 and the first days of January 1951—up to
20-1-51. Beginning from this date, the direction of the movement was
reversed until nearly the complete discharge of the reservoir,

In this last phase, the angular changes showed contrasts.

The diagram has been broken into two parts in order to avoid
the inevitable superpositions of the lines which would otherwise
blur the figure; the displacements during charging and discharging
of the reservoir took place in fact in nearly the same direction.

‘(e) Voussoir XXIX. This vousscir showed a deportment which
is clearly different from that of voussoir XIV and XXIII. In the
first phase the angular displacement was in the upstream-down-
stream direction (with a slight deviation to the right) corresponding
to the effect of filling up; this was followed by a period of rest, with
a slight deviation towards the left (fig. 27). These displacements
became more pronounced in September-October 1950. During the .
first days of November 1950 the angular motion took decisively a
direction towards the right shoulder (fig. 27 bis.), coinciding with
the general movement in this direction to which we referred in
paragraph 7. This movement, which lasted till the end of 1950 was
followed by a period of rest until the commencement of the move-
ment which took back voussoir XXIX very nearly to the position it
had at’ the beginning of the discharge (fig. 28).

(d) Right shoulder. The clinographs placed on the rock bed
in the neighbourhood of the dam, on the right shoulder, showed a
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somewhat peculiar behaviour. The angular movement in the first
months after filling up the reservoir took place mainly in the SE
quadrant (fig. 26). During the first days of November, coinciding
with the similar movement observed in voussoir XXIX, there
appeared a decisive angular motion in the mean direction S 42°
E—N 42° W, which was of exceptional amplitude in the weeks 11 to
18 and 18 to 25 November 1950. On 24-2-51 the movement was
reversed, and on completion of the discharge, the apparent vertical
of the site at the left shoulder was found perceptibly displaced from
the apparent vertical at the beginning of the filling up of the
reservoir.

(e) Summarising, the behaviour of the voussoir in the period
between one discharge (1950) to the next (1951), was as follows:
Voussoir XIV completed a to-and-fro angular movement very nearly
in the same direction (upstream-downstream and downstream-
upstream), but with a slight component towards the left shoulder, In
the return movement the voussoir overpassed slightly its initial
position, “slanting” towards the reservoir.

Voussoir XXIII showed a similar behaviour, that is angular
motion almost exclusively ‘in the direction upstream-downstream,
downstream-upstream, but with a slight component towards the
right shoulder. After the 1951 discharge this voussoir was found
very nearly in its initial position. _

Voussoir XXIX, after a slight displacement in the direction
upstream-downstream, showed a distinct angular displacement to-
wards the right shoulder. This voussoir was also found, at the end
of the second discharge, in very nearly its original position.

The strong component of the displacement towards the right
shown by voussoir XXIX is explained by the fact that this voussoir
is near to the right bank of the river; in view of the form of dam
(gravity arch), it is clear that a central thrust in the direction up-
stream-downstream .involves a perceptible component towards the
banks for the lateral voussoirs.

The clinographic station placed on the rock formation at the
right shoulder showed the movement which we have described in
(d) above. At the end of the second discharge the apparent vertical
was found to be quite digtinct from the original direction. It follows
therefore that the rock formation on which the clinograph was
installed underwent a permanent deformation, though, maybe of
small amplitude. This explanation seems obvious. hile the con-
crete of the voussoir is a compact material, the left shoulder on
which the dam is supported consists of fissure rock full of veins
of water. Under the increased pressure during filling up of the.
reservoir, the small cavities get contracted and this prevents the
reck formation from its primitive position when the pressure is.
reduced.

(9) Comparison between clinographic and seismographic
recqrds t—_

The question may be raised whether the variations in intensity
and frequency of the small seismic shocks recorded have any
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relation with the similar variations in the run of the clinographic re-'
cords. Generally there is close relation between the more or less
rapid variations of the apparent vertical and the number and inten-
sity of the recorded shocks,

The variations of the apparent vertical correspond to flexures
in one sense or the other of the voussoir of the dam between which
the clinographs function.

I could cite numerous examples of a surprisingly close corres-
pondence between abnormal seismological activity and abnormal
clinographic activity.

I shall only adduce a few of the most significant instances.

The notable seismological activity, both as regards the number
and intensity of shocks, which occurred from the first days of Feb-
ruary to May, 1951 is closely associated with the slow movements
of the voussoir recorded by the clinographs from December 1950
to February 1951 the movements of the voussoir were extremely
small. In the first days of February 1951 there commenced sudden-
ly a series of comparatively rapid angular variations, with a general
tendency towards the downstream-upstream direction; these varia-
tions were especially marked on the left side of the dam (as may
be se:n from the clinographic record of voussoir XIV (fig. 30).

Tt is remarkable that these bending of the voussoirs towards the
reser oir, which was in the process of discharge, did not occur as
a continuous movement, but alternated with reversals of direction;
this was particularly so in the case of voussoir XIV. It is just during
this period that the number and intensity of the shocks was parti-
cularly noticeable. The second series of shocks analysed by us refer
exac'lv to the beginnings of February. There is no doubt that the
enhanced seismological activity should be attributed to the com-
plexity and amplitude of the movement of voussoirs, which in their
rapid motion to-and-fro created in the subsoil the conditions favour-
able for small fractures and subsequent slidings along these

fractures.

Let us note further that during the period mentioned, voussoir
XXIII—and presumably the neighbouring voussoir as well—showed
a whole series of rapid movements superposed on those of a longer
period (fig. 30). Naturally these movements caused vibrations in
the rock formations into which the voussoirs are embedded, and
consequently induced sudden stresses, from which arose the series

of small shocks.

. Another characteristic period of exceptional seismological acti-
vity is that associated with the period of clinometric movements
which commenced in the first days of October 1951. These move-
ments began almost suddenly on the 6th October in the form of a
slight flexure in the downstream direction of the voussoir on the
right half of the dam; this may be seen from the clinograms of vous-
soirs XXIII, XXIX and that on the right shoulder, where the images
were thrown off the record (fig. 32). It is precisely, during these

LSCW&PC/63—
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days, and coinciding perfectly in time, that we observed some of the
most exceptional records of small shocks (figs. 9, 33, 34), which had
a very special aprearance, distinguishing them from shocks of a
different origin. The clinometric movements, due to similar move-
ments of the voussoir, began again towards the middle of October
and lasted, almost without intermissions, up to the end of 1951.

During the same period of the intense seismological activity
continued unabated, testifying to the close association between the
slow movements of the voussoir and the small and sudden seismolo-
gical movements (figs. 35, 36, 37).

This is the proper point to draw attention to the fact that the
small shocks recorded sﬁow a different aspect, depending on their
origin, If their epicentre is within the reservoir, the seismic waves,
even of considerable amplitude, are rapidly damped and so comprise
a small number of oscillations. If on the other hand the shocks
originate at the base of the voussoir close to the seismological station,
they consist of a long series of very rapid oscillations. This can be
explained by the fact that the concrete of the voussoir (as was con-
firmed by experiments in the Lumiei Dam) conducts and enhances
the very rapid vibrations, in regard to which the voussoirs show
a deportment somewhat similar to that of the prongs of tuning fork.

(10) Movements of diverse origins, The photo-clinographs
show a large variety of movements—rapid, slow, periodic, or aperio-
dic—the origin of which is not always easy to determine. A few
examples are given below :

On the 31st December 1950 the upstream-downstream compo-
nent of voussoir XXIII of the large dam (to which most of these
observations relate) was registering a slow and long period oscilla-
tion corresponding to a slight increase of pressure on the dam caused
by the water in the reservoir.  Towards 19 hours of the same day
the clinometer of the same component (fig. 38) showed a sudden
movement towards the direction corresponding to a decrease of the
pressure. This was the beginning of a whole series of rapid irregular
oscillations, among which one finds even uni-nodal oscillations (of
about half-an-hour period) mixed with other having periods of 1 hour
or more. Towards 15.5 hrs. of 1-1-5]1 there was a sudden movement
of the clinometer in the direction upstream-downstream; the rapid
irregular oscillations continued till about 18 hrs. of 2-1-51.

The curve of the atmospheric pressure was altogether normal;
the phenomenon observed cannot therefore be attributed to the latter,
except perhaps if a train of micropulsations in the atmosphere (not
registered by the barograph) caused some sort of vibrations in the
mass of water in the reservoir. The wind was blowing from NNW,
with moderate velocity. The clinographic movements cannot how-
ever be attributed to the wind for two reasons : First because, when
blowing from the direction mentioned, it should have caused an
accumulation of water towards the dam; secondly because winds
of that velocity blowing from that direction are common, but do not
ordinarily cause the type of movements referred to.
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We. have numerous other examples of such movements, some
of them still more startling than the above.

I shall mention another case of records, also obtained in the
same voussoir XXIII, because the clinographs attached to it give
slow moving records which permit a good resolution of rapid oscil-
lations. The month of February 1951 was specially remarkable for
both slow and rapid disturbances. Attention is invited to the tracing
reproduced in fig. 39, and more specially to that reproduced in fig.
40, where the rapid irregular movements are indeed most notable.

We frequently find the simultaneous occurrence of irregular
vibrations of veri long period (8 to 10 days), which last for months.
Occasionally such vibrations seem to be related to similar tempera-
ture oscillations (e.g., voussoir XIV); but such parallelism does not
in general exist (vide for example 8-1-51, voussoir XXIII); it seems
therefore more logical to attribute these disturbances to oscillations
of the geodetic block supporting the section of the dam where the
movements are observed.

The photo-clinographs register also the small variations of the
apparent vertical caused by the free oscillations (sesse*) of the lake :
The alternation of the maxima and minima in the amplitude of the
sesse. determine small variations of the pressure at the bottom;
these variations are transformed by the dam into small variations
of the apparent wvertical. We are obviously referring to clino-
graphic oscillations of small amplitude, of period differing largely
from the natural period of the voussoirs themselves. The uni-nodal
sesse of the lake has in fact a period of the order of 25 minutes
(figs. 9—11).

Another type of record has been noted near the seismological
station of the large dam; this type of record is mainly of geophysical
interest.

Among sugh records we shall first mention the very numerous
and extremely rapid oscillations recorded in hundreds on certain
days of December 1951. These oscillations, which taken all-in-all
have the appearance of small spindles, consist of such rapid vibra-
tions that it is not possible to resolve them even after magnification.
I have no hesitation to attribute these vibrations—recorded when
the seismological station was provisionally stationed on the shore
of the lake—to small shocks communicated to the shores by the
cracks which, on certain days, occur in the ice of the frozen lake;
it is well known that the vibrations which originate in ice (“Biege-
wellen” in German, “flexural waves” in English) are generally of
a very high frequency.

Another phenomenon of a wvibratory character and of great
geophysical interest are the records of very minute microseismal
waves which last for weeks, and the cause of which is unknown. It

*Sesso—Vertical oscillations of the water of some large lakes, independent of lunar-solar
causes—Translator,
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is well known that the term “microseismic movements” is employ-
ed to indicate only those disturbances, periodical or otherwise; in
which only the surface layers are involved and which therefore are
not, properly speaking, of seismic origin. The microseismic agita-
tions which have been studied in greatest detail both as regards
their scientific and practical aspects, are those associated with atmos-
pheric disturbances, and specially those associated with the passage
of cyclones over the oceans and their respective inland seas. Such
agitations, consisting of groups of oscillations of periods ranging
from 1 to 12 seconds, depending on the distance of the focus of dis-
turbance and the geological characteristics of the strata traversed,
are registered by all the seismological stations of the world—some-

times more clearly, sometimes less clearly; these oscillations are
most noticeable in winter.

The type of vibrations mentioned in the closing lines of the
preceding paragraph is not the same as the type of vibrations re-
corded by the seismological stations attached to dams. Nor can
the latter type of vibrations be attributed to traffic, in view of the
great distance of large cities, or trunk roads, or railways, and also
of the conditions under which the vibrations occur. I have the inten-
tion of giving my attention to this problem with a view to discover-
ing—if possible—the causes of these very minute vibrations of dams:
(those illustrated in figs. 42, 43 and 44 show a period of the order
of 1/10 sec.). Are they due to minute orogenetic movements ?

This is what we hope to clarify by pursuing special investigations
for the study of these minute vibrations.

ROME, NATIONAL INSTITUTE OF GEOPHYSICS, JULY 1953

Summary

Some of the results obtained in a first period of geophysical
observation (in particular, seismic and clinographic) of a vast reten-
tion dam for a hydroelectric reservoir are briefly explained here.
From the time that these results were first made known, the interest
has been clear in such continuous observations. Of scientific in-
terest are the following : Any new information that one can extract
with respect to the behaviour of a large dam, the comparison of the
rocks to which it is gecured, and knowledge of the forces to which
it is subjected on the part of the reservoir, and also that many per-
turbing causes have no relation to the science of construction, being
of merely geophysical origin (such as the movements of geodetic
crustal blocks). Of practical interest, not less important because
they give a continuous, prompt, and very sensitive means of control,
are the measurements given by special seismographs and photo-
clinometers placed near a great dam. Other measurements on

minima and flexures can quite possibly be carried out with the avoid-
ing of large scale damage.
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Fig. 7—Small shock estimated to be of degree II (E=1,5X 1011 erg. approx,)
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Fig. 8-——Smali shocks transmitted from the voussoirs in the neighbourhood of the
Seismological Station (Component E-W ; 2.3 Nov, 1951)
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Fig. 9—Very intense Seismic activity (Component E-W : 9-10 Oct. 1951)
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APPENDIX M

MEASUREMENTS FOR THE SEISMIC CHECKING OF DAMS

(1) The structural importance of modern dams and the possibi-
lity of their construction even in highly seismic zones have led in
recent years to the development of a special technique for the check-
ing of dams with respect to possible seismic events. On this account
we think it is opportune to give in this paper some references to
what hag been done in respect of its dams by the Adriatic Society
for Electricity (Societa Adriatica di Electricita, S.A.D.E.), especially
because the society has for its consultant an expert of the eminence
of Prof. Pietro Caloi and the warm cooperation of the National
Institute of Geophysics.

Our general practice is to establish, in the neighbourhood of the
dam under examination, ocbviously when the dam has a certain im-
portance or the seismicity of the zone makes it advisable, a complete
seismic station with all the three components as well as a certain
number of clinographs distributed over the foundation rock and over
the structure itself. In some cases observations are limited to those
of the clinographs.

Of the seismic stations serving our dams, two are already func-
tioning and a third is in course of construction.

Recalling that the dams of the S.A.D.E. cover an area of about
3,000 km?, we have a mean density of one station for about 1,000
km?. This allows us to obtain, besides a knowledge of the total
irregularities, a very good idea of the seismic character of the region
in which we are concerned, and so of the hebaviour of such of our
dams that do not have their own seismic station.

The first seismic station to be installed was that attached to the
dam, Pieve di Cadore. It is situated in the control cabin and is thus
almost exactly over the left foundation of the dam. The station is
provided with three seismographs, two for the horizontal components
and one for the vertical, as well as a radio received for the reception
of time signals, a regulating chronometer with accessories, and the
selsmic observations are supplemented by those of 5 Zollner-Caloi*
clinographs distributed over the foundation rock and the structure
itself. This seismic station, which forms a part of the geoseismic net-
work of the National Institute of Geophysics commenced observa-
tion in 1949 and has been functioning regularly from that year.

The second station is that of Tolmezzo situated in the Services
Office of the S.A.D.E,, which is 3 km distant from the zone where the
Ambiesta Dam rises. This station has Girlanda three-component
selsmographic instruments. It began to function in 1951 in the Sale-
sian Institute of Tolmezzo and was transferred to the place mentioned

*Pietro Caloi-Emma De Rossi. Diamanti—*The Photoclinograph with horizonta
pendulum; theory and applications™.
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-in 1955, where it has been functioning regularly from that year. In
the neighbourhood of the dam and over the structure itself are instal-
led 7 Zollner-Caloi clinographs.

The third station is under construction at the left abutment
(command cabin) of the Vaiont Dam. The construction will be com-
pleted in 1960, The three-component Girlanda seismographs are, how-
ever, functioning already since 1959, Like the preceding, this station
also is supplemented by 2 Zollner-Caloi clinographs placed over the
foundation rock and 5 more are being installed on the structure itself.

Other clinographs have been installed at the Val Gallina Dam
(one) and the Pontesei Dam (three),

In total, we have three seismographic stations and three clino-
graph stations. In addition, measurements of rotation are made in
the dams mentioned and in those of Lumiei, Fedaia and Barois with
direct reading clinometers and pendulums, the observations being
generally taken twice a week, These readings give us the amount of
rotation which has occurred in the interval between two successive
readings, while the clinographs (which are also very much more sen-
sitive) provide a continuous recording of the rotations.

It should be observed that the seismic and clinograph stations
are only a small part of the organisation for keeping a check on the
dams, of which the physical characteristics, the deformations and the
displacements are under continual observation. For example, we
may recall that for the Pieve di Cadore Dam we have about 800
measurement points in addition to a topographical survey network of
great precision with 60 bench marks. The Vaiont Dam will have a
network of measuring stations of about the same magnitude.

(2) The seismic measurements for the checking of dams, in addi-
tion to their general interest, are of special importance particularly
in the initial phase of the mutual adjustment between the dam and
its foundations. This active phase lasts over a considerable period of
time. The heavy hydrostatic loads caused by the accumulation of
the: water behind the dam, in fact, do disturb a geomorphological
equilibrium established over a long period of time, and this originates
a succession of “adjustment” microseisms. These are at most observ-
able instrumentally and they are too small to have any effect on the
structure. In fact, it is of great importance to the persons who con-
struct a'dam and those who are in administrative charge of it to know
if the displacements of the structure which are observed are due to
changer in the hydraulic load, or are due to thermal effects etec. or if
they orginate from the adjustment of the structure itself to a new
state of equilibrium.

It this connection the investigations made about the Pieve di
Cadore Dam by Caloi* are of great interest. They show, ameng
other things, how, following on the construction of thz dam, the rock
systeras of the two river banks, which had different elastic charac-
teristicg, but geological ages, acquired a relative dynamic indepen-
dence This “independence” prevents the accumulation of tensions

*Tietro Caloi—*'Seismical and clinograpi\i;: observations in the n.c_i.gTbﬁgurhood of
l«rge barrage dams”—Ann Geofis VI (1953) No. 3.
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of a certain magnitude, by the formation of small but numerous
seisms. The latter are probably due to the accumulation of a small
amount of energy and its discharge by wave formation along small
fracture planes, probably existing in the transition zone between the
two systems. In the case of the Pieve di Cadore it seems that we
cannot speak of two different geodetic blocks for the two banks, since
such blocks are subject, as is well known, to movements of ascent
and descent, but without any appreciable deformation. It is of special
importance to be able to determine the existence of such blocks at
the time of designing the dam. Clinographic observations in the region
under examination (it is usual to erect clinograph stations on both
the banks of the river to be dammed), continued for a certain period
of time, serve the purpose; whether they be of the same sign and
amplitude or not, they can establish if the two banks belong to a
;ingletgeolagical block or to two different but continuous geological
ormations.

While on this subject of clinographic observations it may be
recalled that such observations have shown the importance of the
isplacement of a dam due to the diurnal variation of temperature,
which until now was not taken into account as were the seasonal
variations which are of larger amount. The fact that the daily tem-
perature observations are not of any importance in the case of a Jayer
of concrete larger than 20-30 cm., does not signify that the structure
does not suffer displacements due to differential heating; the displace-
ments are maximum when the basin is full or in course of filling up;
or on clear limpid days when sunshine is continuous, or when the
temperatures are high. Thus the diurnal displacements are due, not
so much to the action of the temperature, but that of solar radiation.

The amplitude of oscillation of the daily waves is, from what
we have stated above, associated, on one side, with the physical char-
acteristics of the dam—rock systemn (elasticity, temperature, etc.),
with the state of influx or eflux, and finally with the meteorological
canditions (duration and intensity of the solar radiation, which in its
turn depends on the season of the year, the clearness of the atmos-
phere, etc.). When all these conditions, at least the principal aones,
are normal (a point that may be easily checked from our routine
measurements with the addition of a phaniometer for the measure-
ment of solar radiation), it follows that the amplitude of oscillation
of the diurnal waves is due to the ratio between the moduli of elasti-
city of rock and concrete. This ratio, as is well known, has a at
importance at the stage of designing the dam and it is advisable to
check its value periodically. Further investigations on this subject
9r:e11‘10:v in progress, and we expect that the results will be of some
interest.

. The great sensitiveness of the clinographs permits usto observe,
not only the deformations, elastic or not, due to seismic effects more
or less associated with the succession of the influxes and effluxes or
the displacements due to the direct action of the latter as well as
those due to thermal action. Clinographic observations permit us also
to observe the permanent deformation due to the mutual adjustment
of the dam-rock system and also the plasto-viscose deformations due
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to the slow and small scale, and in a certain sense continuous changes
in the microstructure of the dam and the rock. More specially, when
we have to deal with a fissured rock, it may happen, depending on
the hydrostatic load, that a contraction is effected and consequently
a partial plastic closing of the numerous fissures of the rock block.
When the pressure ceases to act, these small fissures are formed again,
or are only formed in a reduced degree. The opposite phenomenon
may also happen, namely an increase in the porosity of the vrock
(understood in a broad sense) due to the innumerable small lesions
or minute fractures originated by the agitations to which the rock is
subjected over a long period in consequences of the small microseisms
which as stated, arise during inflow*,

As regards the concrete, it is well known that its modulus of
elasticity increases with time, but that this increase, for structures
under a load on even partially or temporarily loaded (as dams are)
is marked by the so-called phenomenon of plasto-viscous flow.

Investigations about the modulus may be made with specimens
of the concrete, but more reliable results are obtained by means of
small artificially induced seisms}, or with ultrasonics. This method
permits, by measuring the velocity of propagation of the elastic waves
and of the density of the medium to obtain a very exact idea of the
variations of the elastic modulus. The same method is also employed
successfully for investigating the variations of the elastic modulus
of the rock beds.

Further the alternation of the maxima and minima in the ampli-
tude of the seisms determines variations of pressure on the bottom,
which are transmitted through the structure in the form of small
variations of the inclinations, and these variations are recorded by
the clinographs. The amplitude and the period of the oscillations
recorded differ from the actual values and the record made of the
movements of water does not tally exactly, that is, it does not synch-
‘ronise with the movements, especially as regards the period. This
is because the hysterisis in the variation of the vertical component
in the two directions is not equal (the structure generally reacts
immediately to the effects of a new force, but with a certain retarda-
tion to the cessation of the new force).

It has been observed by Caloii that there is an important
correlation between an abnormal preliminary activity of the clino-
graph records and subsequent abnormal macroseismic or micro-seis-
mic activity. In fact, gradually increasing continuous movements in
the different strata of the rock bed, caused by the tensions to which
it is subjected, would lead to a veritable state of unstable equilibrium
(earthquake) and result (in the final step) into a sudden rupture

* Piotro Caloi—Maria Cecilia Spadea—*Decrease of the value of the elastic/modutus
1£ rocks in contact with artificial water reservoir.”’ Ann. Geofis VII (1954).
0, 4.

+ Pietro Caloi—*‘Periods of free oscillation of the voussoir of a dam, and their
relations with the elastic characteristics of concrete.” Energ Electher XXXTIT
(1956) No. 12,

1 Pietro Caloi—Maria Cecilia Spadea “‘Relations between slow variations of the
inclination and seismic movements in highly seismic regions” Accad. Naz.
Lincei—R, C, Sc. Fis. Mat—XVIII (1955) p. 251.
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of the rock. As an example, the variations in rotation observed from
September 1954 in the foundation rock of Ambiesta (Tolmezzo) Dam
which is now under construction are of great interest. The rotation
is at first in the N direction, but later it deflects towards W in which
direction it was especially active during the period 3 to 8 October.
During this period the first seisms detectable by the instruments com-
menced and continued with increasing frequency. This confirmed that
there was tension in the ground which was in slow movement.

Subsequently the rotation again changed its direction to N, and
corresionding to this change of direction there was on 11th October
a shock of the order of 10 erg, followed by an almost uninterrupted
series of small instrumental shocks. The latter had the function of
exhausting the residual tensions which remained in the strata involv-
ed in the earthquake.

Another new point on this subject is the verification that the
maximum velocity of seismic wave is generally associated with a
maximum in the frequency. This is an important generalisation of
a phenomenon already known in other fields of physics. This pheno-
menon affords a new quantitative basis for the classification of the
elastic characteristics of a solid medium . the latter is the more com-
pact the greater the frequency of the seismic waves that it can con-
duct provided of course all other conditions are the same*. Our
knowled%;e on this point of seismol may be further increased b
the geophysical interpretation of the displacements of the benc
marks of a high precision trigonometric survey (such as employed
for the checking of the behaviour of a dam). These displacements
permit us to obtain the ellipsoid of the elastic deformations of the
point under consideration.

By way of conclusion we wish to mention another interesting
regult, still unpublished, obtained very recently by Prof. Caloi. It is
known that large arch dams in Italy are not directly “encased” in the
foundation rock but are supported as it were on a cushion solidary
with the rock. This cushion has, in the lower and central part of the
river bed, a special feature (tampon) so disposed as to render con-
tinuous the structure, which thus acquires the possibility of reacting,
at least within certain limits, to the actions for which it has been
designed (hydrostatic load and thermal forces) independently of the
actions which proceed from the impost and the foundations. The
latter actions are not easily determinable, but which are absorbed by
the cushion and the tampon.

This scheme and the tests made with models on the efficacy of
the perimetral joint which is established between the cushion and
the structure were confirmed very satisfactorily be measurements
made on the Ambiesta Dam. Measurements were taken by means of
two clinographs installed in the principal cross-section of the dam:
(1) at the upper limit of the tampon, and the other (2) one metre
higher at the lower limit of the structure, that is above and below
the perimetral joint. These measurements show that the structure
reacts, for the most part, to the actions of the hydrostatic load, while

® Pietra Caloi—**Dispersion of scismic waves in the range of very high frequencies.”
Ann, Geofis (1957) No, 3, 4, :
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the tampon is sensitive to the thermal action, especially that of the
diurnal variation of temperature, which is chiefly manifested in the
form of long diurnal waves both in the direction upstream and down-
stream and in the direction abutment-abutment. The diurnal up-and-
downstream wave is, as already stated, caused by the radiation of
the tampon, while the abutment-abutment wave is caused by the
difference of the radiation effects on the cushion and the rock. It is
seen that the tampon has an elliptical movement during the day,
while the movement of the structure is nearly linear. These are
small displacements of the order of the tenth of a second.

This brief memorandum shows how much seismology has contri-
buted directly and indirectly to investigations on the design and
security of dams. The applications of seismology, we have described,
are due to the suggestions of Prof. Caloi and his collaborators. They
lead to the conclusion, which though not new, is still of special impor-
tance, that structure and ground formed a single complex, in which
each of the two elements intervenes with actions and reactions which
interact with each other 'in a complex way, but not always imme-
diately. Therefore only continuous and contemporaneous investiga-
tions on both the elements can contribute to clarify the various inter-
esting problems which present themselves whether to dam builders
or to students of geophysics:
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APPENDIX O

PROCEDURE FOR EARTHQUAKE RESISTANT DESIGN OF
DAMS BEING FOLLOWED IN INDIA

1. Introductory

In India, the Himalayan and the sub-Himalayan regions, Indo-
Gangetic plains, the State of Assam and Kutch and Kathiawar re-
gions are subjectied to earthquakes of varying degree from times im-
memorial. However, the records of the earthquakes and the damage
caused in the recent past are only available. Some of the more im-
portant of these which have caused great havoc are the 1905 earth-
quake of Kangra, 1934 earthquake of Bihar, 1935 earthquake of
Quetta and 1950 earthquake of Assam. The Assam earthquake of
1897, records of which are available in some detail, is recognized to
be one of the worst earthquakes of history. The earthquake zoning
map showing the regions in which earthquakes of different inten-
sities are normally experienced, as prepared by ISI may be seen
at appendix ‘S’.

Recently few dams like Bhakra, Kosi, Rihand, Barapani and Beas
have been completed or are already under construction in the seismic
zones. Many more dams like Kopili, Ramganga, Barak, Tirap etc.
are under investigation which would help to tap the great irrigation
and power potential that exists in the rivers flowing through the
seismically active belts of India. In order to take care of any poten-
tial damage due to earthquakes, there is a need for evaluation of an
earthquake resistant design procedure for dams in India. Recently,
a standard code of practice for seismic design of engineering struc-
tures has been prepared by Indian Standards Institution—No. IS:
1893-1962, So far t%e practice of examining the stability of the
dam structure for the earthquake conditions by model tests has not
been developed in India. As a result, certain design criteria are
being followed. These are described below.

2. General Design Criteria

As in other countries, seismic coefficient method of statical ana-
lysis is adopted for seismic design of dams in India. This design is
underlined by considerations of economy. Due to the short duration
and infrequent occurrences of earthquakes and due to the fact that
failure of a structure is almost unavoidable in case of earthquake of
magnitude high enough to cause a permanent rupture, the section
designed for earthquake conditions is reasonably increased in size
to accommodate forces likely to be set up during the apprehended
earthquake, The period of vibration is generally taken as 1 second.

Usually, the designs are based on the most adverse combination
of probable load conditions but these include only those loads having
reasonable probability of simultaneous occurrence. Combinations of
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transient loads, each of which has only a remote probability of occur-
rence at any given time have normally no probability of simultan-~
eous occurrence and are therefore not considered as a reasonable
basis for design. For example, maximum earthquake should not be
combined with maximum design flood. While checking the section
of dam under earthquake conditions, relaxations in permissible
stresses and factor of safety are allowed for the condition of maxi-
mum earthquake and the most adverse combination of other condi-
tions. In fact, design of a non-tension section is not insisted upon
and certain permissible tension is allowed to develop under these
conditions., The direction of action of earthquake acceleration is
:.iaken normal to the axis of the dam in the case of gravity and earth
ams.

3. Seismic Coefficient

The seismic coefficient, expressed as a ratio of earthquake acce-
leration to the gravity acceleration, to be allowed in the design of a
dam is determined by considering the following factors :

(a) Type and life span of the dam.

(b} Type of foundation. -

¢) The magnitude and uency of occurrences of earth-
(© quakes %rlxuareas whe?ﬂhe dvam is to be constructed.

(d) Location of active faults and distances of the site of the
structure from these. :

Seismic coefficients used in some of the dams recently designed
in India may be seen at appendix ‘R’. The procedure adopted for
the seismic design of masonry and earth dams is given below with a
few examples.

4 Masonry Dams

In the design of dam, the earthquake force is generally consi-
dered to act 1Yerpend.icular to the axis. In the design of masonry
dams, the following earthquake forces are considered :

-(a) Effects of horizontal earthquake acceleration on the hori-
zontal and vertical component of reservoir and tail water
load.—Due to the horizontal acceleration of the foundation
and dam, there is an instantaneous hydro-dynamic pressure
exerted against the dam in addition to the hydrostatic
forces. The direction of thig hydro-dynamic force is oppo-
site to the direction of the earthquake acceleration. Based
on the assumption that water is incompressible, the pressure
at any depth y below the reservoir surface is expressed
by the following equation:

P.=Cup, Wh
where .
Pé=hydrodynamic pressur at depth y,
W=unit weight of water,
h=maximum depth of reservoir,
ap=horizontal seismic coefficient, and
C=Coefficient which varies with shape of dam and depth.
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(b) Masonry inertia force due to horizontal earthquake acce-
leration.—The horizontal inertia force of concrete or mason-
ry weight due to horizontal earthquake acceleration acting
at any horizontal section of the dam is the product of the
weight above the section and the seismic coefficient, as
expressed by the following equation :

Vi—_= ahW

where
Vi=Horizontal inertia force of concrete or masonry,
W=Dead load above the section under consideration, and
ap—=Horizontal seismic coefficent.

This inertia force also acts in a direction opposite to the direc-
tion of the earthquake acceleration and it acts at the centre of the
gravity of the mass above the section. It causes an overturning
moment about a horizontal section, adding to that caused by the
hydrodynamic force.

(¢c) Effect of vertical earthquake acceleration.-—The effect of
vertical acceleration is to change the unit weight of water,
concrete and masonry. The upward acceleration increases
the weight; while downward acceleration decreases
it. Vertical and horizontal forces and moments computed
for the analysis without earthquake effects are therefore
multiplied by the factor (1*s) to include the effect of
vertical acceleration.
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(d) f{ect of earthquake acceleration on uplift forces—Effect
earthquake acceleration on the uplift forces at any
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horizontal section is determined as a function of the hydro-
static pressure of reservoir and tailwater against the faces.
of the dam. During an earthquake, the water pressure
is changed by the hydro-dynamic effect. However, the
change is not considered effective in producing a corres-
ponding increase or reduction in the uplift force. The
duration of the earthquake is too short to permit the
building up of pore pressures in the concrete and
foundations. Therefore, normal uplift force is assumed to
have such an intensity that at the line of drains, it ex-
ceeds the tailwater pressure by one-third the difference
between the headwater and tailwater, The pressure
gradient is extended to the headwater and tailwater in
straight lines and the pressure is assumed to act over 100
per cent of the area.

(e) Effect of earthquake acceleration on dead silt loads.—.
Experimental and analytical methods both indicate that
earthquake acceleration is only about one-half as effective
in silt or soil masses as it is in water. This is mainly
due to internal shear resigstance of the silt. Since the unit
weight of water is also approximately 4 that of silt, it
is sufficient to determine the Increase in silt pressure
due to earthquake as if the water is extended to the base
of the dam. This increase is then added to the static silt
pressure. . _

In important and very high structures like Bhakra Dam, with
the provision of keyed and grouted joints, study is made under
trial load analysis considering transfer of some portion of internal
loads under the extreme earthquake conditions to the abutments.
Two examples of the dams recently designed are given below :

Barapani

Proposed Barapani Dam site is across Umiam river in Shillong,
Assam State, is situated in a highly seismic zone. Geological struc-
ture of the area shows that entire Shillong Plateau has to be consi-
dered as unstable and susceptible to earthquakes. It may be pointed
out that no less than 32 earthquakes of magnitude varying from

6.0 to 8.6 on Richter's scale have been experienced by this region
between years ;1906 to 1952. Out of these at least 11 shocks were
- having greater magnitude than 7.5. ‘

In the design of this 236’ high concrete dam it was decided to
adopt a factor of 0.225 g for horizontal acceleration and 0.1 g for
vertical acceleration. The analysis of the blocks was carried out
in the most unfavourable directions of the earthquake and a period
of vibration of 1 second was assumed.

Kosi Project

This project lies in an active seismic zone. The investigations
after 1934 Nepal-Bihar earthquake placed the area in intensity IX
of the 1931 Mercalli modifled scale (equivalent acceleration bet-
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ween 0.24 g and 0.46 g) the seismic coefficients adopted for the
design of barrage and the earthen embankment are as follows:

Berrage
Horizontal earthquake acceleration .. 0.15 g
Vertical earthquake acceleration .. 01lg

When checking the design for barrage for forces including
earthquake factor, 33-1/3% extra over normal stress of t—=18,000
lbs per sq. inch, and ¢=750 ibs per sq. inch have been allowed in
the designs.

Piers: The piers have been designed for an earthquake acce-
leration of 0.15 g horizontal and 0.1 g vertical. As the structures
are massive, the dynamic analysis has not been considered neces-
sary and design was made assuming that the earthquake force is
eqniv?lent to a static force at the centre of gravity in either
direction.

5. Earth Dam and Embankments

For the design of earth and rockfill dams, the most common
method for evaluating the stability of slopes is by the Swedish
Slip-Circle Method, which is based on the assumption that failure
plane of an earth-slope is cylindrical. The method aims at the deter-
mination of the total shearing forces and the total shear resistance
along an assumed cylindrical surface, thereby arriving at a factor
of safety against sliding. The factor of safety is expressed Bs

follows
S, = C(N—P)Tang
T

where
=Cohesion; :
N=Summation of forces normal to the sliding plane;
P=Pore pressure;
Tan ¢=Tangent of the angle of internal friction; and
=Summation of forces tangential to the sliding plane.

Although it is generally recognized that an earth dam or
embankment will vibrate when subject to ground motion during en
earthquake, requiring thereby a dynamic analysis of the structure,
nevertheless, currently accepted design procedures are based on the
assumption that the structure is rigid. This is largely on account
of the fact that a dynamic analysis, besides being a considerably
more complicated procedure, involves the application of data which
is seldom available and regarding which there is great uncertainty.
Therefore, the seismic coefficient method as applied in masonry
dam is adopted in the case of earthen dams also.

The earthquake effect is considered to be the worst when the
reservoir is in the state of drawdown. The earthquake force is
considered to act in a horizontal direction and the factor of safety
is calculated by taking ratio of total shear resistance to develop
shear force along the most unfavourable circular force of sliding.
Besides the effects of (a) change in horizontal and wvertical
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components of reservoir forces, (b) horizontal imertia due to hori-
zontal earthquake acceleration, (c) change in unit weight of earth
and water due to vertical acceleration, are also considered. The
pore pressure is assumed to remain ineffective. The value of cohe-
sion is doubled with no change in the angle of internal friction.

6. Stability of Upstream Slopes

The stability of the upstream slope of an earth or rockfill dam
is tested with reservoir level at full operating elevation with hori-
zontal earthquake acceleration acting in a direction which yields
the most adverse conditions of stability. The maximum drawdown
condition is not combined with earthquake forces. The stability
of the upstream slope is also tested with reservoir level depleted
to the minimum operating elevation under steady state of seepage
conditions for the above mentioned earthquake accelerations. The
hydrostatic reservoir load is then reduced to the extent of hydro-
dynamic pressure determined in the manner described earlier and
modified on account of vertical earthquake acceleration.

. An additional horizontal inertia force due to horizontal earth-
quake agceleration is then applied to the earth mass above the
plane of the slope acting in a direction towards the reservoir. The
unit weight of the soil mass above the plane of the slip for com-
uting the inertia force is the saturated weight of the soil mass
ying below the pheratic line and the moist or dry weight of the
soil mass lying above that line. For determining the normal and
tangential forces along the plane of the slip, the unit weight of the
soil mass above the plane of the slip as adopted for the non-seismic
analysis are increased or decreased to account for the vertical
earthquake acceleration as in the case of masonry dams.

The values for cohesion and the angle of internal frietion of
the soil for the seismic analysis are considered to be the same ag
in the case of static analysis.

7. Stability of Downstream Slope

The stability of the downstream slope is tested wih reservoir
level at normal operating elevation as in the case of non-seismic
analysis. The soil mass above the assumed plane of slip is sub-
jected to horizontal earthquake acceleration in an upstream direc-
tion and a vertical acceleration which yields most adverse condi-
tions of stability. For determining the horizontal inertia force,
applied in a downstream direction, the saturated unit weight of
tﬁe soil masg lying below the pheratic line and moist or dry unit
weights of the soil above that line are adopted.

A few examples of earth dams designed to resist the earth-
quake forces are given below :

1. Umiam Barapani Hydel Project

The Umiam Barapani Project consists of a concrete dam with
some length of earthen dyke, dyke is about 84 ft. high at the
deepest seéction.” It has an upstream slope varying from 2:1 to 4:1
and d/s slope verying from 2: 1 to 3: 1 with suitable berms. The dam
LSCW&PC/63—15 :
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is situated in seismically active zone and hence it is designed to
withstand earthquake accelerations of 0.225 % horizontal and 0.1
e

vertical. Both horizontal and vertical accelerations are assume
to act simultaneously.

The critical condition for upstream slope is assumed to be
sudden drawdown from maximum W.S. El. 3210 to dead storage
level 3150, combined with earthquake shocks.

While analysing the upstream slope, additional horizontal
earthquake acceleration is applied to the mass of earth above the
plane of slip acting in a direction towards the reservoir. For com-
puting the component of inertia force parallel to tangential force,
the saturatad unit weight for the soil mass below the pheratic
line and moist weight for that lying above the line is taken. For

component parallel to normal force submerged unit weight is
taken.

To account for the vertical earthquake acceleration, the nor-

mal force is decreased or increased depending upon the direction
of earthquake.

The pore pressure is assumed to be unaffected during the
earthquake. Under earthquake condition the value of cohesion is

doubled but the angle of intermal friction is assumed to be un~
altered.

Factor of safety above unity is accepted as being adequate

for ensuring stability of the upstream slope. The actual factor of
safety obtained is 1.15.

Downstream slope

The critical condition for downstream slope is assumed to be
maximum W. S. 3210 on upstream and no tailwater.

The inertia force in this case is applied in a downstream
direction. For determining the component of inertia force paralle}
to tangential force the saturated unit weight for the soil mass below

the pheratic line and moist weight above the line is adopted. For
compzxéent parallel to normal force submerged unit weight is
adopted.

In all the above cases, only dry unit weight is taken for rock-
fill portion of the dam. The normal forces are increased or de-

creased to account for vertical earthquake acceleration. The mini-
mum safety factor obtained is 1.12.

2. Kosi Project

, The dam is situated in an active earthquake zone and therefore
it is designed to withstand the earthquake accelerations of 0.2
horizontal and 0.1 g vertical. The stability of the upstream an§

downstrcam slopes of the dam is analysed by slip circle method
in a manner similar to Umiam Barapani Project,
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3. Obra Project

Gbra Dam consists of earth and rockfill dam with a spillway
-on either flank and a dyke on its left flank. The dam lies in the
seismic zone No. VIII corresponding to an earthquake of G/20
(according to Geological Survey of India map). For the design
of this dam, however, an earthquake of G/10 intensity has been
assumed. Stability effect due to enhanced hydrodynamic pressure
-during earthquake has also been accounted for.

The dam is about 91.5 ft. in height and has a top width ot
30°. The upstream slope is 2:1 with berms 15 wide. On the down-
stream also, the slope is 2:1 with berms of 15. Near the toe of the
downstream side the slope is increased to 2.5:1. Earthquake acce-
leration with sudden drawdown condition has also been analysed.

4, Ramganga Dam

Ramganga Dam across Ramganga river in Uttar Pradesh
will be a 412 ft. high earth dam. The proposed dam will be a
zoned structure with an impervious core and casing of semiper-
vious to pervious materials.; The area in which the dam will be
constructed is highly seismic. It has been estimated that the maxie
mum intensity may be of the order of No. VIII of modified Mercalll
Scale which corresponds to  horizontal accelerations from 50-339
cm/sec? (0.059 to 0.239). Considering the effect due to the nature
of the foundation which consists of river bed material and soft rocks,
coefficients of horizontal and vertical acceleration were taken as
0.2 g and 0.1 g respectively, in the design. The upstream slope was
tested for the condition of sudden drawdown from MWL 1200 to
El. 1063 and the downstream slope for the condition upstream
rTeservoir elevation MWL 1200 and no tail-water.

The minimum factors of safety under various conditions wera
as below :

(i) Without earthquake .. .. 135
(ii) With earthquake and neglecting cohesion
(Reservoir full) . .. o1
(iii) With earthquake neglecting cohesion
{Drawdown) . . . .. 11
{iv) With earthquake with cohesion (Draw-
down) e . . .. .. 11



APPENDIX P

PROCEDURE FOR EARTHQUAKE RESISTANT
DESIGNS OF DAMS—ABROAD

1. Introduction

The shock waves set up in the earth’s outer crust as a result of
sudden adjustment of the internal stresses are known an earthquakes.,
There are three predominant types of earthquake waves recognised
and recorded. They are longitudinal (P) waves, transverse (S) waves
and ground (R & L) waves. Of these ‘P waves, which have the
hl:i'ghest velocity of travel are recorded first, ‘S’ waves are slower than
¢ waves and are recorded next. Ground waves ‘R & L’ are
recorded last. They are slower than ‘S’ waves.

Earthquakes are experienced practically in all parts of the world.
However, there are some regions of the world where the occurrence
of earthquakes is a frequent feature. The principal earthquake belts
considered by Gutenberg and Richter as given by J. M. Rapheal in
his article “Design of Dams for Earthquake Resistance” presented at
‘;‘kg’ggld Conference on Earthquake Engineering held at California in

are:

1. The Circum-Pacific belt : This extends around the entire
rim of the Pacific Ocean.

2. The Alpine belt : This extends from the Azores, across
the Alpine structures of Mediterranean Europe, and across
Asta to Burma, along the front of the Himalayas.

8. Minor active areas, including narrow belts in the Arctic,
Atlantic and Indian Oceans, rift zones internal to the stable
masses and active areas marginal to the continental stable
masses.

4. Stable masses : The continental nuclei of old rocks—small
shocks oceur even here and seem to take place occasionally
almost anywhere.

Earthquake belts in the world are shown in Fig. No. 1.

2. Damage ‘to Dam Structures

It may be stated that, by and large, a number of dams built in
the seismic zones of the various parts of the world have withstood
the earthquake shocks well. But instances are not lacking where the
structures have been damaged to an appreciable extent by earth-
gnakes. For example, San Andreas Dam in California, U.S.A, which
is an earth-fill dam 95’ high, moved bodily by 8 feet in 1906 earth-
quake. Similarly, upper crystal springs dam in California, an earth.
fill dam 85 high, developed several shear cracks along the fault in
1908 earthquake. One part of the dam moved by 8 ft. and further
cracks were developed parallel to its axis. The experience in Ja
indicates that very littla damage was experienced in the case of
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concrete dams, but there were settlements and longitudinal cracks in
earth dams. An analysis of Ministry of Construction, Japan reveals
that there were 43 instances of axi;{ cracks, 17 slidings of upstream
slopes, 6 of downstream slopes and 8 on both sides. ’

Therefore, it is necessary that the dams built in seismie zones
must be designed to withstand forces set up during apprehended
earthquake. General design criteria are described below,

3. General Design Criteria

Many attempts have been made to analyse mathematically and
laboratory tests have been conducted to study the precise nature of
the earthquake forces, but even to this date, these are not fully ex-
plored. Earthquake shocks subject dams to dynamic forces. But in
current practice of the design, the dynamic problem is converted to
one of the statics. Briefly the general practice in the statical analysis
is to make an allowance for the effect of increased water and silt
pressure and an additional seismic allowance for the horizontal and
vertical stresses the earthguake accelerations cause within the dam.
The allowance to be made epends upon the accelerations imparted by
the earthquake to the earth’s crust. The acceleration considered is
expressed as a ratio of the earthquake acceleration to the gravity
acceleration and is known as seismic coefficlent or earthquake factor.
This method is, however, inadequate and fallg short of scientific exact-
ness. Hence, there is a growing practice to conduct model tests for
dynamic analysis simulating the earthquake effects to evaluate the
stresses developed within the structure. In short, the procedure for
a selsmic design of a dam comprises : .

" (i) to fix the seismic coefficient; and then,
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(ii) to check the stability of the structure under the worst com-
bination of normal forces and forces set up by the earth-
quake; and

(iii) also if possible to conduct model studies for important dams
simulating the earthquake effects to evaluate the stresses
and examine the stability of the dam.

The two main components of earthquake acceleration are horizon-
tal and vertical. In the case of a gravity dam the direction of motion
parallel to the axis is generally not considered, as this is not likel
to give rise to most unstable condition of the section. For a dam wi
reservoir full, the most unfavourable direction is upstream normal to
the axis. Under this condition, in addition to the inertia force acting
downstream, there is the hydro-dynamic pressure tending to over-
turn the dam. For reservoir empty, a downstream acceleration, with
corresponding force acting upstream is more unfavourable.

The horizontal acceleration, which is responsible for most damage,
is accounted for in the seismic design of dams in all the countries.
However, as regards the vertical acceleration there is a difference of
agproach. As indicated by J. K. Hunter and H. C. Keefe in the Paper
“Special problems relating to the construction of dams in active
volcanic country”, it is generally considered unnecessary to take
account of a vertical acceleration. According to the same authors,
in the first place the vertical acceleration set up by the average earth-
quake will, unless the dam is close t{o the epicentre, be small compared
with the horizontal component. Moreover in masonry dam the pri-
mary effect of such vertical acceleration is merely to vary the
apparent specific gravities of the dam and the water without alter-
ing their ratio.

In Japan, the prevailing practice as seen from the examples
of the dams built in that country, is to neglect the effects of verti-
cal acceleration. In America, in the design of dams like Friant,
American Falls, East Park etc; the combined effect of horizontal
and vertical earthquake is considered. In these dams, both hori-
zontal and vertical accelerations of same value have been taken into
account. In India too, both vertical and horizontal accelerations are
considered simultaneously. The value of vertical acceleration is,
however, assumed to be generally half that of horizontal acceleration.

It is to be observed that earthquakes are of short duration and
are of infrequent occurrence. Further, it may not normally be pos-
gible to save a structure in the eventuality of an earthquake of such
magnitude as to cause a complete disruption. For these reasons a
seismic design is greatly influenced by economy. In fact, concessions
up to 10 to 20 per cent in the permissible stresses and relaxation in
the factors of safety are allowed where the design is checked for a
condition of maximum earthquake, combined with the most adverse
combination of other conditions. In Japan, a number of arch and
gravity dams have been designed where the allowable stresses have
been increased considerably. Even so, a doubt is expressed in Japan
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about the wisdom of relaxing the safety factors and permissible
stresses when the effect of earthquake forces has not been fully
revealed as yet. Table 1 gives a list of dams in Japan, in which the
allowable stress was increased for earthquake conditions.

TaBLE 1

Dams in Japan in which the Allowable Stress was Increased

Name of dam Height Normal Rate of Type of dam Remarks
in allowable increase
.metres stress
(kg/cm?)
Gozenzawa e 190-00 484 15 Arch Dam
Sasanamigawa = .. 67-40 55 15 Arch Dam
Sakuma .. . 155-50 50 15 Gravity Dam
Nukabira .. . 78-00 50 15 Gravity Dam
Tagokura .. e 145-00 50 15 Gravity Dam
Okutadami .. .. 150-00 45 15 Gravity Dam
Kazaya . .. 100-00 50 15 Gravity Dam

In the seismic design of dams, combination of transient loads
each of which has a remote possibility of simultaneous occurrence is
not taken into account. For example, earthquake is not considered to
ocour simultaneously with the maximum flood condition.

Experiments indicate that resistivity of soils increases during
dynamic loading. Casagrande and Shnannon found that the dynamic
shearing resistance of clays increased 40 to 160%, sands increased
20% and soft rock increased 80% over the static resistance. Hence
in the design of earth dams for earthquake conditions the shearing
resistance is generally increased by adopting as much as twice the
value of cohesion. '

The seismic coefficient method described above makes the
following assumptions :—
(i) a structure is of infinite rigidity and fails to consider the
elastic characteristics of the structure,
(ii) the period of vibration is normally taken as 1 second, and
(iii) the ground motion due to earthquake is simple harmonic
in nature,

. Experience has shown that sinusoidal ground motion does not
occur in the destructive zone of earthquake; nor the steady-state
response assumed in the seismic eoeﬁldant method really exists.
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In the absence of sustained harmonic vibrations, more elaborate
dynamic theories are considered necessary. The earthquake spectrum
is a dynamic approach to the determination of earthquake forces on
structures, and may be defined as a graph exhibiting the effects of an
individual earthquake on structures with different free periods of
vibration. The period of vibration is plotted along the x-axis and the
effect of earthquake expressed in terms of base shear, maximum
acceleration Sa, or maximum velocity Sv along the y-axis (Fig. 2).

The undamped spectra of earthquake is only a qualitative indi-
cation of structural response which is never realised in actual
structure due to effects of damping, tilting etc. which tend to reduce
the acceleration experienced considerably. The effect of various
degrees of damping has been investigated and the results are present-
ed in Fig. 3. Knowing the period of the structure and the damping
expressed as a percentage of the critical, the acceleration Sa, to be
used is found from the spectrum (Fig. 3).

Experiments conducted in Japan have shown that the accelera-
tion in a dam is not uniform and that at the crown it can be as much
as 2 to 3 times that at the base. However, this effect is not yet being
taken into cognizance in the design of dams. -

4. Seismic Coeflicient

The seismic coefficient is governed by the following factors :—
(i) type and life span of the dam;
(ii) nature of foundations;
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(iii) past history of magnitude of earthquakes and frequency of
their occurrences; and .

(iv) location of active faults and their distances from the
structures.

The past history of earthquakes has been extensively studied.
in America and Japan and the seismic probability maps have been
drawn u& and earthquake factors to be adopted for design of strue-
tures in these zones laid down. But these are only guiding values, the
actual value being determined for every important high dam by study
of its features, geology and the seismic data of its location. The seis-
mic probability map of America is shown at Fig. 4. In Japan, the
seismic coeflicient is determined within the range illustrated in Fig. 5
and Table 2, depending on the subsoil conditions and importance of
the structure. Figures 6 & 7 show the dams affected and unaffected
in Nankai and Kanto earthquakes respectively.

TaBLE 2
Design seismic coefficients in Japan

Type of dam District
Tohoku  region  Hokkaido region:
(Fukushima, Akita, Hokurikn  region;
Miyagi Prefactures);  Tohoku region

Kanto region; Chubu
region; Kinki region;

(Iwate, Yamagata,
Amori Prefactures);

Southern Shikoku  Northern Shikoku re-

region gion; Kyushu region
Concrete dams and rockfill dams 0-12—0-20 0:10—0-15
. .. . 0-15—0-25 " 012—0-20

Earth dams

e

T -
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In America and India the practice is to adopt the same value of hori-
zontal acceleration, irrespective of the fact whether the reservoir
Is considered to be empty or full. In Japan, the recognised practice
Is to reduce the acceleration factor by half for the condition of reser-
voir empty, It is reasoned out that when the reservoir is emgty the
likely damage is considerably less than when it is full. Seismic
cct)egicgfnt; used in some of the existing dams of Japan may be seen
at Table 3. _ '

TaBLE 3

Seismic coefficients used in some of the dams in Japan

Name of dam Type of dam Height in  Equivalent horizontal
metres SelsITic N
r~— "
Full reser- Empty
voir

Yakuwa .. .. .. .. Gravity dam 97+00 0-12 0-06
Sudagai .. .. . . 2l 73:00 0-12 0:06
Asahi .. . . o o= 83-00 0-12 0-06
Akigami .. . .. a s 7150 0-12 0-06
Arimine . .. .. s u 140-00 0-12 0-06
Maruyama . .. . .k » 98-20 0-15 0-075
Miura .. .. .. ) o 84-10 0-15 0-075
Komaki .. . . . 4 75:00 0-15 0-075
Odomari . . .. ¥ 74:00 012 -_—
Yuharadaiichi ‘- .. - ¥ 7350 0-12 0-06
Ohashi AN . .. ol Pt 73:50 0-12 0-06
Tsukabaru . .. .. ) ..’ 87:00 0-12 0-06
Sakuma . .. . o h' = 15550 0-12 0-06
Nukabira .. .. . B 5 78-00 0-12 0-06
Kuromatagawa .. . . - X 91:00 0-12 0-06
Akiba s .. .. . . 84-00 0-12 0-06
Tagokura - .. .. - " 145-00 0-12 0-06
Nagayama .. .. .. - 38-00 0-12 0-06
Okugadami .. . . . " 157-00 0-12 0-06
Kazaya .. .. .. . . 10000 0-12 0-12
Tkawa .. . .. .. Hollow gravity 103-60 0-12 0-06
Omorigawa .. .. . . ' 73-50 012 0-06
Morotsuka .. .. . . " 61-00 0-12 0-06
Gozenzawa ., . - .. Arch Dam 190-00 0-12 0-12
Tonoyama . . . . » 64+50 0-12 —
Sasanamigawa .. .. .. " . 67-40 0-12 —
Kamishwiba . - . o » - 110-00 0-12 0-06
Muromaki .. .. .. ., " 82:00 0-12 " 0:06
Ayakita .. .. . .. » 73-30 0-12 0:06

So far in this discussion, no attempt has been made to differen-
tiate between the various types of dams. However, the structural
action varies greatly accordin§ to the type of the dam and the
material it is composed of. In the following paragraphs seismic
designs for different types of dams, are considered separately.
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5. Selsmic Design for Gravity Dams

A ?lravity dam built in seismic zones is likely to be subjected
to the following forces in addition to static forces which are generally
considered for non-earthquake areas:

(a) 1:\i’ibration of dam itself in the horizontal or vertical direc-
on.
(b) Vibrating column of water immediately on the upstream
of the dam and tailwater.

(c) Movement of silt and ice on upstream of the dam.

The horizontal inertia force of the body of the dam due to hori-
zontal earthquake acceleration is a product of the weight of the dam
and the earthquake acceleration factor. This inertia force acts in
a direction opposite to the direction of the earthquake acceleration.

The prim effect of a vertical earthquake acceleration is
merely to vary the apparent specific gravity of the dam and the
water without altering their ratio. However, the stress under no
earthquake condition would get multiplied by (1 + «) depending
upon whether the earthquake vibration is downward or upward.

Due to the horizontal acceleration of the foundation and dam,
there is an instantaneous hydro-dynamic pressure exerted against the
dam. It is apparent that the direction of the hydro-dynamic force
is opposite to the direction of earthquake acceleration. Prof.
Westergaard and Zanger have studied the problem and have given
;easily applicable formulae for determination of the hydro-dynamic
orce. .

It is generally believed that increase in pressure due to ice and
silt during an earthquake is not of material importance on dams.
This assumption is reasonable as the formation of ice is restricted
within a few feet of the water surface and the depth of silt touching
the upstream face of the dam is generally small.

Maximum destruction occurs when the effect of resonance is
produced i.e. when the natural frequency of the siructure equals the
revailing frequency of the earthquake elastic waves. Westergaard
Eas determined the free period of vibration for a concrete gravity
dam of triangular section considering the reservoir empty and expres-

2
sed it as t,= -508—05- where ‘ts’ is the time period in seconds, ‘h’ is

the height of the dam in ft. and ‘a’ the length of the base in feet.
1t is seen from this equation that possibility of resonance in dams
is not of importance for heights less than 1000 ft. Further, the
various forms of damping, some of which are difficult to evaluate,
act to prevent resonance, Hence the resonance effect is not normally
taken into account.

Uplift force on a dam is a function of hydro-static pressure of
reservoir and tailwater. During an earthquake, the water pressure
is not considered effective in producing a corresponding increase or
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reduction in the uplift force. The duration of the earthquake is too
short to permit the building up of pore pressure in the body of the
dam and foundations.

As already mentioned earlier, for reasons of economy and also
because of the rare occurrence of earthquakes, certain concessions
are made in the design criteria. The permissible stresses are increas-
ed by 10 to 20%. It is obvious that the worst condition for the failure
of dam is when the earthquake shocks are felt during maximum
flood condition. Because of the remote possibility of such simulta-
neous occurrence, earthquake is not considered along with maximum
flood condition for the purpose of seismic design.

EARTH DAM ROCKFILL DAM
77} K= 0.16 7 0.25 'K 30.12 ,0.20
(] x=ou2 o020 K+0.10 ~ 0.15

.

- 4

AP OF DESIGN SEISMIC- COEFFICIENT K- { DAMS)

FIG.S (APPENDIX P)
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LOCATION MAP OF DPAMNS IN EXISTENGE AT THE
RANTO EARTHRUAKE AND DRISTRIBUTION OF SEISMIC
INTEM STy
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In Japan and elsewhere @ number of dams have been built in
active seismic zones, the design criteria of which are fundamentally
based on the above principles. In the following paragraphs a few
such examples from Japan and America are quoted, describing briefly
different load combinations, seismic coefficients adopted ete., followed
by a note summarising the general procedure for the seismic design.
(1) Ogochi Dam—Japan

The Ogochi Dam is a mon-overflow concrete straight gravity
structure constructed in the upper reaches of the Tama River in the
Kanto region. The dam is 149 m high, 353 m long at the crest and
the volume of concrete is 1,875,680 m® (Fig. 8). This dam was built
by the block system and keys were provided in both the longitudinal
and transverse joints which were bonded by grouting after cooling
of the mass concrete. Stress calculations made in the design of the
dam were conducted under the following combinations of loads :

(a) Static water pressure at full water level, silt pressure,
- earthquake force in the downstream direction, dynamic
water pressure, dead load and uplift pressure.
1+ - {b) Static water pressure at full water level, silt - pressure,
dead load and uplift pressure.

{(c) Dead load, and earthquake force in the upstream direction.
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In the trial load analysis, variations of stress conditions in un-
grouted and grouted transverse joints and of other conditions were
analysed.

The equivalent horizontal seismic, coefficient taken for full reser-.
voir condition was 0.12 and for empty reservoir 0.06. The allowable
compressive stress of concrete under earthquake condition was taken
as 46 kg/cm? To study the results of the design calqulations, model
tests were made by the photo-elastic method. However, in this analy-
sis, the earthquake force was considered as an external static force.
Studies are being still continued on the behaviour of the dam against
the vibration caused by natural earthquakes.

(2) Ikawa Dam—Japan

The Ikawa Dam is a hollow gravity type concrete dam, 103.6 m
high and 243 m long at the crest, constructed in the upper reaches of
the Oi River in the Chubu region (Fig. 9). The upstream and down-
stream slopes are 1 : 0.55 and the section is I shaped.

Studies on the seismic design of this dam were carﬁed out for
the following load combinations :—

(a) Static water pressure at full water level, silt pressure,
earthquake force in the downstream direction, dynamic
water pressure and the dead load.

(b) Em&thquake force in the upstream direction and the dead
load.

{c¢) Earthquake force in the direction of the dam axis and the
dead load.
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The equivalent horizontal seismic coefficient taken for full
water condition was 0.21 and for the empty reservoir 0.07. For stress
calculations, in the case of (a) and (b) load conditions, the load dis-
tribution was assumed trapezoidal and in the case of (c¢), the but-
tress wall was assumed to be afixed triangular slab. The stress
distribution was studied by three dimensional photo-elastic experi-
ments to check and correct the computed values,

From the standpoint of resistivity to earthquake, ease (¢) was
considered to be the most important one because of the existence of
tensile stress, though very little, and the vibration experiments on
rubber models were supplemented to determine the period and mode
of natural vibration. The results of these experiments generally
agreed with the calculated values and the primary vibration period
of the highest section in the actual dam was estimated to be in the
range of 0.11 to 0.12 second.

After the dam was completed, the vibration test with vibra-
tors was conducted and also the vibrations of the dam and its founda-
tion caused by natural earthquakes have been recorded.

The vibration experiments were primarily conducted to study
the vibration characteristics in the direction of the dam axis. The
vibration period is generally close to the value obtained in the model
experiments and the value of damping constant is extremely small,
being about 2%. In view of the fact that the fundamental vibration
period of the dam is short in comparison with the predominant period

LSCW&PC[63—16 '
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of the earthquake motion and consequently, the degree of resonance
being rather small, it was concluded that the dam is stable against
earthquake. Vibration records of natural earthquakes are generally
in agreement with the estimated values.
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(3) Friant Dam-—U.S.A.

Friant Dam located in the Central Valley of California, was con-
structed during the period 1939 to 1942. The non-overflow section
is 267 feet high at the deepest foundation. The maximum spillway
section may be seen at Fig. 10.

The design of the Friant Dam was influenced by earthquake
considerations which are as follows :

(1) The horizontal component of earthquake acceleration was
assumed as 0.1 g, a period of vibration of 1 sec, and the
direction of acceleration at right angles to axis of dam.

(2) The vertical acceleration assumed as 0.1 g and a period of
vibration 1 see.

(3) For combined effects, the horizontal and vertical accelera-
tions were assumed to occur simultaneously.

Loads for earthquake effects with reservoir empty include iner-
tia forces caused by acceleration of the mass of the dead loads. Loads
for earthquake effects with reservoir full include, in addition to the
above, the inertia force of the mass of water and the hydro-dynamic
force czim_sed by the movement of the dam against the water of the
reservoir.

Uplift forces are assumed to be unaffected by earthquake shocks.
The effects of earthquake were studied for each of the following
directions -~
(i) Horizontal upstream.
. (i) Horizontal downstream.
(iii) Vertical upward.
(iv) Vertical downward.
(v) Horizontal upstream plus vertical upward.
 (vi) Horizontal upstream plus vertical downward.
(vii) Horizontal downstream plus vertical upward.
(viii) Horizontal downstream plus vertical downward.

Analysis under different conditions mentioned above has shown
that the maximum compressive stress, maximum horizontal shear
stress, and minimum shear friction factor all occur for normal full
reservoir operation during earthquake acceleration “horizontal up-
stream” and “vertical upward”.

Earthquake shecks are not combined with maximum flood
«<condition. . '

(4) American Falls Dam—U.S.A.

American Falls Dam is a straight gravity dam constructed in the
year 1927 on the Snake River. It has a maximum height of 77.5 ft. and
a crest length of 5227 ft. (Fig. 11).
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. Earthquake acceserations both horizontal and vertical, in combi-
nation with each other have been congidered.

The load combinations for which the stability of the dam is ana-
lysed taking into account the earthquake accelerations are as
follows :— _

- (i) Concrete weight and earthquake (vertical upward and hori-
zontal downstream).

(ii) Water pressure, weight and earthquake (vertical upward
and horizontal upstream).

(iii) Water pressure, weifht, uplift and earthquake (vertical up-
ward and horizontal upstream).

The maximum stress occurs for the condition (iii), when the
reservoir is at normal full reservoir operation level. Earthquake
effect is not combined with maximum flood condition. ‘

(5) Atlus Dam—U.S.A.

It is a straight gravity dam constructed in the year 1945 on Red
River, Oklahoma. The maximum section is 102 feet high. The length
of the dam at crest is 1,112 ft,

Earthquake acceleration, both horizontal and vertical, suiposed
to act simultaneously are considered while checking the stability of
the dam.

The different load combinations when earthquake shocks are con-
sidered are as follows :— J

(i) Weight and earthquake (vertical upward and horizontal
: downstream).

(ii) Water pressure, weight and earthquake (vertical upward
o and horizontal upstream).

(iii) Water pressure, weight, uplift and earthquake (vertical up-
ward and horizontal upstream).

The maximum stresses occur for the load combination (iii),
when the reservoir is at normal full reservoir operation level, Earth-
quake effects are not combined with maximum flood condition.

(6) East Park Dam—U.S.A.

It is a curved gravity dam of maximum height 130 feet. The dam
is situated in Little Stony Creek, California. The construction of the
dam was completed by 1910, It has a crest length of 250 feet. The
thickness at the top is 10.6’ and the base width is 90.6".

In the stability analysis of the dam both the horizontal and ver-
tical earthquake accelerations were taken into account.

The different load combinations for which the section was tested
is as follows :—

(i) Weight and earthquake (vertical upward and horizontal
downstream). o
L5CW&PC/63—17
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(ii) Weight, water pressure and earthquake (vertical upward
and horizontal upstream).

(iii) Water pressure, weight, uplift and earthquake (vertical
upward and horizontal upstream). :

The worst conditions occur under load combination (iii). The
earthquak: effects are considered only with normal reservoir opera-
tion level and not with maximum flood condition.

6. Summary of Experience in U.S.A. and Japan

From a study of the dams mentioned in the foreﬁoing paragraphs,
it would be seen that on the following points there is identity of
approach in America as well as in Japan:

1. Earthquake and maximum flood condition are not combined.
2. Resonance effect is not considered.
3. Uplift is assumed to be unaffected by earthquake vibration,

4. Reservoir is at F.R.L. when the earthquake force acts in
the downstream direction. The resulting appropriate hydro-
dynamic pressures are considered.

5. The reservoir is assumed to be at low water level or empty
when the direction of earthquake force is upstream.

It is further seen that on the points mentioned below, the
approach is not the same in the two countries:

1. In America, vertical and horizontal earthquake accelera-
tions, both of the same value and supposed to act simulta-
neously, have been considered. However, the vertical

accelerations are not considered at all in the design of dams
in Japan.

2. For the conditions of reservoir, empty and full, in Ameriea,
the same value of horizontal seismic coefficient is used;
whereas in Japan, it appears to be the practice to adopt

; half the value of horizontal acceleration for the condition—

’ reservoir empty.

3. The acceleration parallel to the axis of the dam is not con-
sidered in America. In Japan, in the case of Ikawa Hollow
Gravity Dam, horizontal acceleration in the direction of
dam axis is also considered.

7. Seismic Design of Earth and Roekfill Dams

Due to the elasticity of the materials of which these dams are
built, the effect of earthquake acceleration on earth and rockfill dams
is much less serious than on solid gravity dams. -Experience indicates
that in adequatelﬁs:l designed earthfill dam, the inherent factor of safety
against slips, both upstream and downstream, is ample to provide
against earthquake shocks. Till recently, it was the general practice
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to make liberal provisions in the design of earth dams for earthquake
conditions. Precautions which are usually taken include:
(a) A liberal free board.

(b) A deep trench into the foundation to intercept water flow
through foundation cracks.

(¢) Making impervious section wider.

(d) Weighting down of impervious section with coarse per-
vious material.

(e) Provision of flatter slopes.

(f) Selection of such construction material as will have self-
sealing properties.

However, with the advancement in the knowledge of soil mecha-
nics and also with the development of slip-circle method of stability
analysis for earth dams, a mathematical approach to the seismic
design of earth dams is being attempted in recent times. The addi-
tional forces that are set up in any earth dam due to earthquake
vibrations may be briefly stated as follows:—

(a) Increased pressure due to the reservoir water.
(b) Inertia force of the body of the dam.
(c) Increase in pore water pressure,
(d) Increased stress due to resonance.
The stability of the slopes of the earth dam section is evaluated
by the Swedish Slip Circle method. Here the failure is assumed to
occur along the arc of a circle, and forces that cause a mass of earth

above the failure to move are evaluated against the forces along the
arc that resist the movement. The safety factor is expressed as:

Tang¢ (EN~—-P
8f = C+ ;TS )
where,
Sf—=Safety factor,
C=Cohesion,
Tan ¢=Tangent of the angle of internal friction,

SN=Summation of normal forces,
P=Pore pressure, and
ST=Summation of tangential forces.

An earth dam will vibrate when subjected to ground motion
during an earthquake. It thus requires a dynamic analysis of the
structure. Nevertheless, the current practice is to assume that the
structure is rigid and proceed along the seismic coefficient method
as applied to masonry dams.

LSCW&PC/[63--20
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The forces (a) & (b) mentioned above are calculated in a manner
identical to the masonry dams. The increase in the pore pressure
is estimated by the following equation:

___ Pa(A+dp)
P = T aVw—(a+dA)

where,
—pore pressure,
Pa—atmospheric pressure,
Va=—initial free air content,
A=consolidation due to increased stress,
Vw=specific volume of water, and
h=0.0197.

These forces are readily resolved by the slip-circle method of
stability analysis, However, the problem of resopance by its very
nature cannot be applied to the slip-circle method of analysis.

The critical condition for the upstream slope of the dam occurs
when the earthquake condition is combined with sudden drawdown.
Under such condition of analysis, the dynamic water pressure, which
does not exist is not taken into account. For the downstream slope,
the worst condition occurs when earthquake is combined with reser-
voir at maximum water level, The inertia force of the dam is assumed
to act towards the reservoir in the former case and away from the
reservoir in the latter.

~ Experiments by Casagrande indicate that cohesive material may
be as much as twice as resistant to transient dynamic stresses as to
static stresses. Since the shear angle is nearly constant the cohesion
must increase. Thus for earthquake condition, double the value of
cohesion is applied to the equation for safety factor.

The possibility of resonance is the greatest risk to the stability
of an earth structure. To a limited degree, the probability of struc-
tural resonance with prevalent ground frequencies can be mitigated
by changing the height of the dam, by increasing the relative damping
coeficient ete. The procedure of seismic design of an earth dam,
both the conventional method of stability analysis and the dynamic
method considering the resonance effects, is exhaustively treated in
the technical memorandum No. 641 of U.S.B.R., some extracts of
which are given in Annexure I

In the following faragraphs, examples of a few earth and Irock-
fill dams in Japan and America are described briefly. One example
from Burma is also included.

1. Miboro Dam—Japan

The Miboro Dam which is located in the upper reaches of the
Sho River in the Hokuriku region is of a rockfll] type with an inclined
impervious clay core. The dam is 131 m high, 405 m long at the crest
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and the total earthfill is 7,950,000 m® (Fig. 12). Design calculations
were made for the following load conditions.
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Stability calculations against sliding were made of the dam
body (downstream filter zone and rock zone) under the full reser-
voir condition. Stability against bearing strength under full reser-
voir condition was examined at the base vertically below the down-
stream end of the crest of the standard section of the dam. On the
stability of the upstream slope, calculations were made by the slip-
circle method under the following conditions : at completion of the
dam, full reservoir level and low reservoir level. Stability calcula-
- tions of the downstream slope was also conducted by the slip-circle
method. For the foundation, the stability against horizontal shearing
force was calculated under the empty and full reservoir conditions.
In all the stability studies described above, calculations were made
taking into account the earthquake influence as well as not taking
into account such influence,
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Of the load conditions that were taken into account in the
design calculations, the horizontal seismic coefficient was Kh—=0.12 "
and in case of a temporary condition only one half of this value
was considered.

As a result of these calculations, the minimum safety factor
obtained for sliding was 1.1 and for stability of the slopes was 1.2,

(2) Makio Dam—Japan

The Makio Dam under construction on the tributary of the
Kiso River in Nangano Prefacture will store water for the Aichi
Irrigation System. This dam is a rockfill structure with a central
clay core. The dam is 105 m high from foundation rock, 260 m lon
at the crest and the total earthfill is 2,500,000 m® (Fig. 13).
minimum safety factor of 1.37 was obtained as a result of studies
made by the modified Fellenious’ method for various load condi-
tions. A horizontal seismic coefficient of 0.15 was taken in the
design calculations taking into consideration the earthquake records
taken at the damsite as well as the results of vibration experi-
ments with a model. Acceleration meters and displacement
meters are embedded in the dam and observations of earthquake and
measurements of the movement of the dam are being taken.

MAKIO _DAM
Frs. 13 (wr P)

(3) Ojiya Dam—Japan

Ojiya Dam is a rolled-fill earth structure with » central core
located at the downstream of the Shinano River in the Hokuriku
region. It is 954 m long at the crest, 188 m in maximum height
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above ground level and 29.3 m above Tertiary bed rock (Fig. 14).
Calculations of the stability of the dam were carried out as follows: -

The stability of the dam against shear force was studied at the
base and on the surface of the Tertiary bed of the highest section
under normal and earthquake conditions.. At the same time the
stability of the slopes of the dam under normal condition was exa-
mined by the slip-circle method when rapid drawdown took place
on the upstream side and when there was a snow load of 1.75 t/m?

working on the downstream slope and its seepage pressure was at
full work, . ;
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As a result of the studies, the minimum safety factors of 1.18
at the base of the dam, 1.04 on the surface of the Tertiary bed in
time of earthquake shock and 1.48 on the upstream slope and 1.47 on
the downstream slope under mormal condition were obtained. The
angles of internal friction of the soil used in the calculation were
determined by laboratory shear tests. A seismic coefficient of Ka=
0.1 was used as an earthquake force and the angle of internal friction
was reduced by applying Dr. Sano’s method. As the unit weight
of earth below the seepage line, the saturated unit weight when it
acted as an external force and the bouyed unit weight when it acted
as resistance were adopted. The excessive pore pressure in the clay
. core taken in the calculation of the slope stability was 1.25 times the
vertical height of the core from the point under consideration.

(4) Santa Clara Water Conservation District Dams—U.S.A.

" Five rolled-fill earth dams were built by the Santa Clara Water
Conservation District in Santa Clara Valley, California, with special
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consideration of the seismic risk involved. Four of the dams are
Jocated in the area between the San Andreas and Hayward faults.
These four dams have crest widths of 20 feet and 24 :1 slopes on
each side. The outer slopes were of very pervious dumped materials.
The core was rolled with sheepsfoot rollers at 325 psi. upstream
.slopes were smoothed with a 12-inch layer of clean gravel and were
faced wius 4-inch thick by 16-foot square concrete slabs.

Coyote Dam, the fifth in Santa Clara Valley, is situated on the
Coyote River, 26 miles southeast of San Jose, California. Since the
dam is poised over the city of San Jose, it was designed for maximum
seismic stability. Coyote Dam is 140 feet high at maximum section,
is 900 feet long, and stores 40,000 acre feet of water. The dam is
bigsected by the trace of the Hayward fault. The maximum section
of the dam is shown in Fig. 15.

Since minor movement is recorded each year, and major move-
ment is recorded every 30 to 40 years along the Hayward fault, design
features for Coyote Dam include :

1. Spillway location was selected to provide a straight line
path for flood waters in order to achieve the greatest sup-
port for the concrete lining and to provide the best rock
material for the flil.

2 The outlet works are steel pipes placed in concrete filled
trenches in the foundation. Valves are used on both ends.

3. The impervious core is designed to resist rupture by elimi-
nating the concrete core wall and concrete facing on the
upstream slope.

4. The cut-off trench is carried deep into the foundation so
that cracks in ths foundation will not allow water to pass
under the dam.

5. The dimensions of the impervious section are such that the
section will not be offset enough to let water through.

6. To prevent slumping, the impervious section is weighted
down by coarse pervious material.

7. Extra heavy outer slopes were provided to close any ten-
sion fissures developed by stretching the dam.

8. Freeboard of 2] feet or three times the maximum vertical
displacement of the fault. was provided to prevent over-
topping if a major earthquake, maximum flood, and maxi-
mum wind occurred simultaneously.

(5) Gyobyu Dam—Burma

Gyobyu Dam on the Gyobyu Chaung, 55 miles north of Rangoon,
Burma, is designed to resist seismic shock. Maximum height above
streambed is 134 feet, length is 700 feet, and volume of fill is 370,000
cubic yards. This structure was completed in 1948. The interesting
features of the design are:

1. A concrete core wall separated into panels by bituminous
sheeting. The panels are 25 feet by 20 feet in area, and
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7 feet 6 inches thick at the base to 4 feet thick at the top
of the panel.

2. A 4-6” wave-wall on the crest of the dam.
3. A downstream retaining wall backed by laterite fill.

(6) San Andreas Dam—U.S.A.

Two earth dams along the San Andreas fault withstood the 1906
earthquake with little damage to the structures. These, Crystal
Springs Upper Dam and San Andreas Dam, are rolled earth dams
with puddle clay core. Both were completed prior to 1900, and it is
not known whether special consideration was given to the seismic
stability of the structures. However, both dams have relatively flat
slopes at 2:1, 3:1, 3}:1, and 34:1 ratios. The Crystal Springs Upper
Dam was not being used to form a reservoir and had water acting
on both faces. San Andreas Dam is 95 feet above streambed, and 130
feet above the cut-off trench. It is 970 feet long (Fig. 16). The
crest was raised 4 feet in 1928. The upstream slope is 33 :1 and the
downstream 3 : 1. The cut-off trench 20 feet wide, exiends to a mini-
mum depth of 45 feet into the rock foundation:

After the 1906 earthquake, San Andreas Dam and appurtenant
structures were thoroughly inspected. The outlet tunnel around the
east abutment was ruptured in the plane of the fault and the west
section of the tunnel moved 8 feet north. The intake structure and
associated pipes were demolished.” Considerable settlement was
noted. The dam proper had longitudinal cracks on the slopes and
larger cracks normal to the axis. No observations were made regard-
ing the effect of reservoir thrust. No leaks occurred and the struc-~
ture is still used. It is to be noted that the design of San Andreas Dam,
is very similar to Coyote Dam.

The San Andreas fault passes through the east abutment of the
dam normal to the axis, but does not intersect the body of the dam.

8. Summary of Experience in U.S.A. and Japan

From a study of the examples of earth and rockfill dams of Japan
and U.S.A. quoted above, the following points are brought out which
are noteworthy :—

1. In all the cases only horizontal earthquake acceleration is
taken into account.

2. Sudden drawdown does not appear to have been combined
with earthquake condition.

3. Increase in pore pressure does not appear to have been
considered.

4. The value of cohesion is not altered under earthquake con-
dition.

5. In the case of Qjiya Dam, the angle of internal friction is
reduced under earthquake loading.

6. Under earthquake conditions, the factor of safety is just
over unity.
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9. Procedure for Earthquake Resistant Design of Dams in Turkey
The stability analysis of dams is made in the fellowing cases :—

1. Earthquake during construction.
2. Earthquake at full reservoir.
3. Earthquake at instantaneous drawdown of reservoir,

In the first degree earthquake regions, horizontal earthquake
acceleration of 0.20 g and vertical acceleration of 1/30.2 g are taken
into account and safety factors corresponding to these two cases are
_computed.

In the second degree earthquake regions, horizontal earthquake
load at the value of 9.1 g and vertical earthquake load at the value
of 1/3X0.1 g are taken into account and safety factor corresponding
to those two cases are computed.

In the case of earthquake, the safety factor is not less than unity.
The hydro-dynamic effects created by reservoir water during the
earthquake are not taken. into consideration for earth dams. The
stability analysis is made with the modified Swedish slip-circle
method. In that analysis the effects of the above mentjoned earth-
quake loads are considered.

Because of lack of seismographic survey, the features of the
earthquake waves and the characteristics of the materials are not
known and as such, the resonance analysis of the embankments is
not made.

In the earth dam located in earthquake regions, the following
conditions are taken into account :—

1. As during an earthquake, cohesionless material is likely to
become unstable, the volume of such material is kept at the

2. The volume of impervious core is increased to prevent the
leakage of water through the fissures which might be
created by the earthquake.

3. The camber at the crest of the dam is increased in the
earthquake regions against the overtopping of water which
might result by settlements due to earthquakes.

4. The rocks on the surface of ground are cracked or will be
cracked due to earthquakes in the earthquake regions.
Therefore the cut-off trench which is going to be excavated
in the rock is taken even deeper to prevent the seepage
of water (to 15 m. depth at places close to the faults).



ANNEXURE ] TO ArPENDIX P

FORMULAE FOR DETERMINING HYDRO-DYNAMIC
-PRESSURE

Formulae used for determining the hydro-dynamic pressure
exerted on vertical and sloping faces of the d‘;.m by horizontal earth-
quake are as follow :—

A. Horizontal Earthquake

1. For dam with vertical or slo;;‘ing upstream faces, the varia-
tion of hydro-dynamic earthquake pressure with depth is
given by the equation :—

Pe=c « wh
and C = P [yh 2 ym)+v5TR G=y/D)]

where,
Pe—pressure normal to the face,
—earthquake intensity,
__earthquake acceleration
" acceleration due to gravity
w=unit weight of water,
h=maximum depth of reservoir,
y = vertical distance from the reservoir surface to the
elevation in question, and
Cm=a dimension less pressure coefficient.
2. For dams with combination of vertical and sloping face:

(a) If the height of. the vertical portion of the upstream
face of the dam is equal to or greater than one half
the total height of dam, analysis as if vertical through-
out.

(b) If the height of the vertical portion of the upstream
face of the dam is less than one half the total height
of the dam, use the pressures on the sloping line con-
necting the point of intersection of the upstream face
of the dam and the reservoir surface with the point of
intersection of the upstream face of the dam with the
foundation.

B. Vertical Earthquake

1. The component of water pressure normal to the face of the
dam should be modified by an appropriate acceleration factor.

2. The unit weight of the concrete should be modified by the
same acceleration factor.

An eai‘thquake acceleration up to approximately 0.3 g is only
about one half as effective in silt or soil masses as it is in water. Since
the unit weight of water is also approximately on half that of silt,
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it is sufficient to determine the increase in silt pressure due to earth-
-quake as if the water is extended to the base of the dam. This increase
is then added to the static silt pressure.

«. Load Combinations
Standard load combinations :

(i) Normal water-surface elevation, ice and silt (if applicable),
and normal uplift,

(i) Normal water-surface elevation, earthquake, silt (if appli-
" cable), and normal uplift.

(iii) Maximum flood-water surface elevation, silt (if applicable),
and normal uplift.

(iv) Extreme load combination (gravity dams only) : Maxi-
mum flood water elevation, silt (if applicable), and extreme
uplift (drains inoperative),

(v) Reservoir empty :

The condition of empty reservoir (without earthquake)
should be computed for reinforcement design, grouting
studies, or other purposes.

Combinations of transient loads, each of which has only remote
‘probability of occurrence at any time, cannot be considered as reason-
able basis for design. For example, maximum earthquake should not
be combined with maxmum design flood.

D. Shear Factor of Safety

The expression used is :

‘where

C:=cohesion,

A—area of the base considered,

H=Summation of shear forces,

N=Summation of normal forces, and

Tan ¢=coefficient of internal friction.
For gravity dams, the shear friction factor of safety should not

‘be less than four for standard loading A, B or C and should be suffi-

clent to ensure stability when tested for extreme loading condition,
D

(E) Quality and Strength of Concrete—Allowable Stresses

Although concrete is known to possess some tensile strength,
.quantitative evaluations are uncertain and speculative. Tensile
gailures in the form of cracking may in some cases have a very im-
portant effect on the structural behaviour of a dam; in other cases
they may be unimportant. Tensile stresses due to twist action and
temperature changes probably exist in all concrete gravity and arch
dam. How important tensile stresses are in individual cases must
be settled by considering the location, magnitude and direction of
the stresses, and the effects of cracking on the behaviour of the
structure.



187

Concrete strength should be determined by compressing to-
failure 1836 inch cylinders of the full mass mix which have been
cured in sealed containers at temperatures approximating those ex-
pected in the structure. These strengths should be such that 80%
of all combined list values exceed the strength required.

The compressive strength of concrete determined as here-to-fore
specified should satisfy early load and construction requirements and
at 365 days’ are should have a ratio to the allowable working stress
as detesthined by the designer. However, in no case should the ratio
be lagS than four, nor the allowable working stress exceed 1000 psi.
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APPENDIX—Q

ESTIMATE FOR EXPLOSION EXPERIMENTS PROPOSED TO
BE CONDUCTED AT DAMSITES

Ttem Sub-heads and items of Quantity Rate Per Amount Total
No. work or No. in. Rs
Rs. nP.
1. Drilling 10 Nos. of holes 2§* 1000 rft 30-00 ft 30,000-00
dia. and average depth 100 ft.
(the depth will vary from 50" to
250).
2. Gelatine 1500 1bs 3:00 b 4,500-00
3. Electronic equipment for testing Lump sum  3,000:00
purposes
4. Miscellaneous expenditure Lump sum 3,000:00
including staff and equipment to
be arranged from CWPRS for
conducting the experiments,
TotAL 40,500+00
Add 3% contingencies .. 1,215-00
ToTAL 41,715-00
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APPENDIX—R
VALUES OF SEISMIC COEFFICIENTS USED IN THE DESIGNS
OF DAMS
"SI, Name of Dam Zone  Type of Dam Height Horizon- Vertical
No. according tal Accelera-
to ISI accelera- tion
Classifi- tion
cation
1. Bhakra .. . .. Iv Gravity 740 0-15 0-075
2. Barapani .. .. .. V1 " 236 0-25 0-10
3. Pong (Beas) .. oIy » 210  Res. empty
0-10 010
Res. full
0-20 0:10
4. Kosi - . v Earth 37 0-20 0-10
§. Nalkari (Bihar) v » 122 0-10 0-05
6. Kopii .. .. .. VI b, 106 0-22 0-11
7. Ramganga v Rockfill 412 0-20 0-10
Note:
In Indian Standard Recommendations for Earthquake Resistant Design of
Structures—IS: 1893-1962 issued by the 1.S.1. in November 1962, the followin,
values of horizontal accoleration have been given zone-wise (paras 3.4.1 & 7.l§
Zone No. Horizontal Seismic Coefficient
" Hard Soil Average Soil Soft Soil |
VI 0-16 0-20 0-24
A\ 0-12 0-16 0
v 0-10 0-12 0-16
nm 0-08 0-10 0-12
i 0-04 0-06 0:08
1 0 0:02 0-04
0 0 0 0

(The vertical seismic coefficient to be assumed as half the horizontal coefficient,)

L/MSCW&PC/54- -500- -10-7-67---GIPF.
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