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EVALUATION OF EARTHQUAKE PARAMETERS 1IN
KOYNA AND DAKPATHES REGIONS

ABSTRACT

Investigations of earthquake hazards to important
engineering projects in seismically active regions of India
have been gaining increased importance. The Koyna Hydro-
electric Project in the Peninsular Shield, in the Maharash-
tra State and the Yanuna River Valley Project in the Mimala=
yas, in the ‘festern Uttar Pradesh are two such projects and
therefore investigatlons were planned in these two regions

with a view to studying the following: -

(1) The response of existing enjineering structures during
various earthquakes and the average response spectra for

the Koyna regiop on the basis of three ivailable sccelerograms.

(11) Possible source mechanism ,nd the cause of the recent

seismic activity in the Koyna region.

(iii) Order of the tectonic stress field, if any, operative

in the Dakpather region.

(iv) The rate and nature of creep displacements along the

known planes of recent mov ements in the Dakpather region.

As, geophysical instruments needed for such studies
were not readily availakle, 1t was first necessary to design
and develop some of tnése, which coﬁstitute the major part
of the work. The instruments designed and developed for the

purpose were as follows: -
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(1) Multiple Structural Response Recorder and Roorkee
Seismoscope: These devices produce records to give the
maximum relative disolacement resoonse of idealised engin-
eering structures wnich are dynanically equivalent to thelir

pendulums.

(ii) Portable Water Tube Ti1tmeter: This system is capable
of measuring small scale secular ground tilt associated with
elastic strain eneryy sccumulation and release as well as with

rock ereep or movements across known faults or thrusts.

For the studies in the Koyna region, all thesé instru-
ment were used whereas in the Dakpather region only the Por-
table Water Tube Tiltmeter and Multiple Structural desponse
Recorders were employed for measurements. The data thus
obtained though vseful for the evaluaticn of earthquake hazards,
was not in itself sufficient to permit a complete analysis and
therefore, all other relevent data available for the two
regions were also studied. Duriny the period of janvestigation,
the Koyna region has exhibited greater seismic sctivity .88
compared with the Dakpather reglon. It was, therefore, possible
to make a more complete study for the former. However, for the
Dakpather region a yualitative analysis was possible leading
to some broad conclusicns.

In the Koyna region, one event was simultaneously

_ Structural
recorded by the Multinle/Besponse Recorder, the Roorkee Seismo-
scope and a United Zlectrodynamics AR-240 Accelerogranh. The

two dimensional plots of the computed relative displacement
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response in the horizontal plane were prepared and compared
to the records of the seismoscopes. The comparison brings out
the potential of these simplified devices for collection of

Structural response data.

Strong motion records were available for three of the
Koyna earthquakes, on the basis of which average velocity
response spectra for the Koyna region have been computed.
Further more, analyses of these racords have been carried
out to pemmit comparison of important characteristics. A
model has been proposed for the source region which is in
¢onformity with the avove common features as well as with
other observations nade during the earthquakes. The seismic
activity hss been exolained as arising from the tectonic re-

orientation ef dykes due to shear.

In the Dakpather region, the Portable Wyter Tube Tilt-
Meter was employed for the Measurement of small displacements
due to tectonic stress field, if any, across a plane of sub-
recent movement and the Nahan thrust. Other indirect evidence
of recent movements 3nd these observations have been discussed.
The temporary seismological observatory in the area recorded
some events with epicentres in the region. But the tilt measure~
ments do not give any conclusive evidence of tectonic movements.
Some estimates of creep and seismic disolacement were made on
the basis of recordad data. It is felt that continued measure-
ments over a number of vears may provide a better understand-

ing of the tectonic activity,
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CHAPTER 1

INTRODUCTION

1.0. GENERAL

On an average, the earth is rocked by some
thousands of earthquakes everyday of which 3 may be dis~
astrous and about 250 large enough to be felt by human
beings, whilst the majority of them go unnoticed as they
occur in remote areas and are only registered by the most
- sensitive seismographs, However, all parts of the globe
do not share their effects equally as earthquakes are mainly
confined to two narrow elongated belts each covering about
two third of 3 great circle and intereescting the other
almost orthogonally. Besides these, ofcourse there are
other regions also of minor seisﬁicvactivity particularly
the mid-oceanic ridges and the continental margins, With
the growth in population and progrese in industry, earth-
quakes have increasingly attracted the attention of man as

potential sources of havoc and misery.

India ié bordered by three broad, zlmost circular
convex mountain arcs of the Alpine Himalayan System. These
are respectively the Burmese arc on the east, the Himalayan
arc on the north and the Baluchistan arc on the north east.
Together they account for almost all the intermediate and
most of the shallow focus earthquakes of India. Southwards
the subcontinent forms a triangular peninsula, whose western
side is a deep fault gcarp which, like continental margins

elsewhere on the globe, is still live,
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Adjoining these active boundaries lie regions some
of which have great power and industrial potential. In the
northeast, Assam which witnessed one of the greatest earthe
qdakes in recorded history is also one of the major oil
producing areas with a growing industrial complex whilst
along the Himalayan arc where nearly 40 major earthquakes
have occurred during the past 100 years and where most of
the rivers of North India rise, a number of irrigation and

power projécts have been established,

In the south only about 25 earthquakes of moderate
intensity are recorded to have occurred during the past
370 years, mostly on the western coast, but this long held
invincibility of the peninsula was rudely shaken by the
Koyna earthquake of 1967 which aroused so much public in-
terest that jeologists have dubbed the original supposed
stability of the peninsuliy as a myth and it is now felt
that perhaps there is hardly any region in the country

where earthquake hazards could be entirely discounted,

In these seismic areas, a number of engineering
projects are existing and many more are being planned in
the proximity of major active thrusts or faults. The occu~
rrence of earthquakes and also the creep movements along
some of the known faults thus present a potential hazard
to these projects and necessitate * investigations of
the earthquake parameters so that adequate safety provi-
sions in the design of structures could be adopted in the

respective regions. The Koyna and Dakpather regions are
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two sueh sites where important engineering structures are
located and it is in this context that the evaluation of
the earthquake parameters in these two regions was under=

taken.

1.1, NATURE OF »2R0OBLEMS INVOLVED

 some of ta2 more important questions whose answers
form a prepequisite to the design of earthquake resistant

structures may b2 enumerated as follows:-

(i) Evaluation of general seismicity parameters.

(ii) Earthquake source parameters particularly in

relation to the ground motion characteristics.

(iii) Prensaration of the average response spectra
for a region on the basis of ground motion characteristics
of past earthgiakes as well as recording of the response of

idealised enginrering structures during various earthquakes.

(iv) Estimates of the tectonic stress field and the

associated aseismic creep across known faults or thrusts.

(v) Estimates of maximum likely selsmic displacements

in a region,

The above list is by no means exhaustive and is
only intended to indicate the general nature of these pro-
blems.. The solutions of most of these problems are generally
obtained throujh a statistical approach and it is therefore
necessary that sufficient data covering a number of years

be available for making these studies.



=l

1,2. PREVIOUS INVESTIGATIONS

The problems mentioned above have already been
investigated for some or the other regions of the country,
One of the earliest parameters used for the evalustion of
seismicity was the maximum earthquake intensity experienced
during past earthquakes. Recent investigations, however,
have utilized the frequency-magnitude relationships and the
strain release or tectonic flux density characteristics.
The wtility of such approach is already well appreciated
and, depending upon the dats * available, a number of such

reports .
investigation/for various regions are now available, For
the Koyna region, in particular, a number of such studies
have already been cvarried out by various investigators
(Tandon and Choudhmry,Guha et. al.,Chouhan, Gupta et al )
but for the Dakpather region no specific study has been
possible due to paucity of data although a general seismi-

city evaluation has earlier been done (Chouhan 1966).

One of the next imbortant aspects which has been
investigated in detail earlier is the behaviour of man made
structures to random and complex ground vibrations produced
by earthquskese. Since such computation would in general be
very tedious, the Response Spectrum Techrique (Hudson 1956)
has been introduced to simplify this problem, This techni=-
que makes use of a single degree of freedom viscous damped

linear mechanical oscillator whose equation is 3s follows:



where X . is tne relative displacement between the rigid
suppert and th= mass m, ¢ a constant proportisnal to the
damping force and k the snring constant. This can be
considered to rapresent a dynamically equivalent man made
structure. The relative displacement response snectra (Sd)
is defined as the maximum value of the relative displace-
ment Xr when tne oscillator support is subjected to an

earthquake motion, and is given by:

S, =

(5 £
Y(e)e ' Sanz—_—?—fn’——h"(t-z)atz:)
W Ax

where T 1is th2 undamped pesriod, n the fraction of

critical damping and t  the duration of the earthauake.

For, small damping, say less than 20% of critical,
as is generally involved in man made structures, this equa-
tion can be sim>lified as:
0 ~2A M
o e 58 ANn-z) o
Sd = [—T*("((T)Q L Sin —:';‘Ct"'Z)d."C
] W ax

The expression for relative velocity (S,) and

]

acceleration (Sa) response spectra can also be obtained by
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suitably differentiating the expression for Sj. We can
thus prepare a s family of curves for each Sd, Sy Sa_
against the naturalperiod for varying values of damping.
These curves sérve a useful purpose in revealing the be-
haviour of an equivalent man made structure for design

PUTPOSES,

Such techniques have been widely in use particu=-
larly on the basis of the ground motion data collected in
the california region, Housner (1959) has prepared aVerage
velocity resnonse spectra for.the California region, and,
in the absence of an alternative, these have been used in
other seismic regions also. Since the ground motion at
any location associated with the passage of elastic waves
¢onstituting an earthquake would be related to the local
geological conditions, the depth of focus, the epicentral
distance, the energy release or source mechanism, etc.,
such application of the results from another region may not
at all be representative of the actual conditions. Thus
for the evaluation of resnonse of an idealised structure in
a region, records of the local ground acceleration versus
time should form the basic data needed, However, the requi-
site instruments, namely the strong motion accelerographs,
being rather expensive, can normally be installed at a few
locations only, low cost simplified pendulum devices, namely
seismoscopes, have been therefore finding increased appli~-
cations in obtaining greater instrumental comerage. These

directly yield a point on the relative displacement response



. .

spectrum curve corresponding to the period and damping of
the device. This background was utilised in planning the

investigation in the regions under study.

In order to evaluate the parameters of the energy
release mechanism which in turn influence the ground motion
and the structural response, a theoretical source field is
often postulated and results predicted by it checked with
actual observations., Fault plane solutions are one of the
more commonly utilised outcome of such investigations and
are avallable for a number of earthquaskes in different reg-
ions. Also laboratory experiments designed to shed light
on the inter-relationship of various source parameters
namely, total energy release, magnitude, stress level,
stress drop, confining pressures, rate of loading, velocity
of fracture propegation, etc. have been conducted by a num=-
ber of investigators (Scholz, Byerlee and Brace, GChi=-Yu
King and Leon Knopoff, etc.) some of these results have
been used to work out a model for the source mechanism of

seismic activity in the Koyna region.

The observations of deformations and rupture in
major fault zones are often important in the evaluation
of seismic risk. For example, data from the Imperial
Valley, California during 1941-1954 show that the two
sides of the Imperia] f3ult have moved relative to one
another at a rate of 8.5 cm/year and that the fault was
25 to 40 kms deep there. Strain is concentrated in a band

of 150 kms width centred on the fault and the highest rate
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of strain accumulation near the fault was l.OxlO'é/year.
Aseismic strain release termed creep was first reported at
Hollister on the San-Andreas fault about ten years ago and
hag been producing displacements on the fault by about 1 em/
year, These examples would demonstrate the utility of the
measurements of ground deformation or related displacements
in the proximity of major faults. Towards this goal, tilt
messurements were planned in the two regions under investi~-

gation.

1,3. REGIONS AND THEIR PROBLEMS UNDER INVESTIGATION
1.3.1, The Koyna Region

In the Koyna region on the west coast of south
India is located the Koyna Hydroelectric Project, an im-
portant power project for the Maharashtra State., The pre-
construction investigations of the Koyna Dam and 1ts res=~
ervoir region could have hardly taken c¢sgnisance of the
seismic activity of the area since no important earthquake
reports pertaining to the area were available except for
some <rare minor events in the neighbourhoqd. Further, as
the area under reference was located in a shield region,
seismic considerations could not find their way in the
investigations., However, during the late fifties, a number
of project officials located in the area reported earth
tremors. Thereafter the seismic activity increased sub-
stantially so much so that a network of four seismological
observatories was commissioned in the region. Until Sept-

ember 1967 ths maximum magnitude of any event did not
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exceed 3.8. Subsequently, several larger events occurred

in the region some of the more important ones during Septe-
ember and December 1967 and October 1968, The largest of
these was the December event which caused considerable
structural damage. The increased seismic activity natura-
1ly triggered considerable interest amongst project offici-.
als in particular and the seismologists in general, The

following studies have been made in this ragard.

o
-~

(a) The response of existing engineering structures
during various earthquakes and the average response spestra

for the region on the basis of recorded accelerograms.

(b) Possible source mechanism and the cause of the

recent seismic activity,

1,3;2:; The Dakpather Region

The Yamuna River Valley Scheme is a major irrigation-
cumepower proiect undertaken by the Irrijation Department,
Government of Uttar Pradesh. The Stage II, Part II of this
scheme envisiges construction (now under way) of a 5,6 km
long and 7.5 meter finished diameter water pressure tunnel
traversing two major thrusts namely the Krol and Nahan
thrusts. Apart from these,}gggea number of other important
man made structures being located in the region. The Dak=-
pather region 1s in the vicinity of Kalsi in the Lower
Himalayas. 1The preconstruction stage investigations point
out to the possibility of the existence of a tectonic stress

field in the region which has to be estimated to provide
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necessary design factors for the engineering structures
being constructed there. Therefore,investigationc were

conducted in order to evaluate the following aspects:

(a) The response of existing engineering structures
during earthquakes., However, no data could be obtained for
the purpose since no earthquake large enough to cause appTe-
ciable structural response occurred in the region during

the investigations.

(b) Order of the tectonic stress field, if any,

operative in the region.

(¢) The rate and nature of creep displscements

along the known planes of movements.

1.4, METHODOLOG' ADOPTED

Various alternative methods were explored which
could yield 3 reasonably short term evaluation of the
seismic parameters under investigation. In the Koyna
region, already a suitable net of seismological observa-
tories was in operation and sufficient data was avail gble
for a planned investigation. In sddition to this, tilt
measurements were conducted in order to ascertain whether

any permanent tilting accompanied the earth tremors occur=

ing there or not,Since shocks large enough to cause low
structural response were occurring, the instruments to
record the maximum relative displacement response were

also installed.
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In the Dakpather region considerable data was
available on the rock properties both on the basis of the
laboratory and field tests. There was no seismological
observatory in the area and hence one temporary observae
tory was operated through the assistance of India Meteo-

rological Depsrtment in the region,

Tilt measurements were conducted across a sub~-
recent plane of movement and the Nahan thrust. However,
the installation of instruments for recording structural
response did not yield any data since no event large enough

to cause appraciesble response occurred during the period.

1.4, PLAN OF THIS THESIS

The investigations planned in the Koyna and Dak=
pather regions .i1th a view to evaluating some of the earth-
quake parameters and analysing the data thus collected,
alongwith other available relevent data for this purpose

are reported in the following chapters.

The geophysical instruments employed for the inves=-
tigations were not readily availsble and therefore their
design and development had to preceda the sctual investi-
gations., This part of the work which claimed the maximum
effort is given in the next Chapter and naturally forms a

major aspect of the total contribution.



=1

The data for the Koyna region apart from that
‘actually recorded during the investigations was mainly
obtained from the Central Water and Power Statioen, Poona
(Guha, 1968) and from the records of the India Meteorolo-
gical Department (Tandon and Choudhury, 1968), These are
given in Chapter 3, The data for the Dakpather region was
mainly taken from the various available reports of the
Yamuna River Valley Project of the Irrigation Department
Government of Uttar Pradesh, and those of the Geological
survey of India (Krishnaswamy and Jalote) and is given
alongwith the tilt and seismic data recorded during the

investigation in the Chapter 4.

The anazlyses and the discussions of the results,

vinich also forms an important part of this study, are given

under two senerate sections for the two regions in
Chapter B, This Chapter also includes conclusions that

could be drawn from the studies made for thoee two regions.
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DESIGN, DEVELOPMENT AND DESCRIPTION OF INSTRUMENTS USED

2.0, GENERAL

As mentioned earlier the instruments needed for
the proposed studies were not readily available and it
was therefores considered desirable to develop some of
them, which in particular, could yield the following in-

fomation:

(i) Records of maximum relative displacement res-
ponse spactral values for dynamically idealised structures
and

(ii) Records of small scale ground tilt asscciated
with @lastic strain energy aceumulation and release or

with rock creep or movements aeross known faults and thrusts.

The instruments designed and developed for the above
purpose were the Multiple Structural Response Recorder, the
Roorkee Seismoscope and a Portable Water Tube Tiltmeter,
These alongwith their full details have bazn described in
this Chapter,

2.1, MULTIPL: STRUCTURAL RESPONSE RESCORDER AND ROORKEE
SEISMOSCOPE

2.1.0. Background for the Development
Perhaps the earliasst effort to record the effect
~of earthquake ground motions was made in 1911 (3alitzin,

1713), Galitzin thought of employing a sat of roriangular

blocks of different sizes fresely resting on the ground for
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estimating the violence of the ground motion by observing
which one of these blocks would be overturned during a
particular earthaquake. Following these lines Suyehiro
(1926) developed a vibration analyser which consists of a
series of cantilevers with different natural periods but
equal damping, This device directly gav: the response val-
ues of typical dynamically equivalent structures, The
Medvedev's (1962) "CBM Seismometer" consisting of a conical
pendulum of 0.25 second and 0.8 percent of critical damping
was also basad on the same principle and the level of its

records waz related to the various grades of intensity.
&

Subsequent to the development of response sp ectrum
technique (Hudson,. 1956), the utility of such simplified
devices was batter understood as their results represented
some particular points on the response spectrum Curves,
After examining a number of computed Tresponse spectrum
curves for earthquakes in the Pacific coast, Hudson con-
cluded that tne particular point on the curves correspond=
ing to 0.75 saecond period and 10% of critical damping was
the best representative of the curve and gave maximum in-
formation about it. Following this the United States Coast
and Geodetic Survey and the California Institute of Techno-
logy (Cloud and Hudson, 1961) jointly produced a device
with these specifications, called a seismoscope. Selsmo=
scopes have since been widely in use. Another such device
used in Japan has been described by Takahasi and Hatori

(1963) as th: 'ERI-IT type Seismoscope'. The recording
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element of this instrument had a 0.75 second period and
an adjustable damping within the range of 10 to 47% of

critical,

The next step in this development naturally led to
the use of a suitable combination of recorders with a view
to provide greater number of points on the response spectrum
curves, For example, Nazarov's (1959) instrument consisted
of 12 recording elements, nine measuring the horizontal
motions and taree the vertical. The periods of these elements
covered a range of 0,08 to 1.2 seconds but were about equally
damped. Krishna and Chandrasekyra. (1965} used a combination
of six seismoscopes of periods 0.40, 0,75 and 1.25 seconds
and 5% and 10% of critical damping which were so chosen as
to cover the range of dynamic properties of more common
structures likely to be constructed in the seismic regions
of India, This combination of six Structural Response re-
corders has been in use and was found to be satisfactory
for the earthquake engineering requirements of strong
motion recording. These Structural Response Recorders were
further modified into a compact instrument (Agrawal and
Chandra, 1969) and named 3is Multiple Structural Response

Recorder,

However, the Multiple Structural Response Recorders
which, with pendulums of 1.25 seconds j3nd 0;4 seconds period,
can record uoto lg and 2g responses respectively, the truly
strong motion recording devices. In general, events of moderate

sizes are likaly to result in lower zesponse ealues, parti-
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Gularly at distances from the epicentre and may not be ade=~
quately recorded on the Multiple Structural Reeprder. Ano-
ther device was therefore designed and developed (Agrawal,
1969a) which was capable of recording response in the range
of 10% to 30%3. These were made to possess four different
combinations of dynamic specifications namely 0.40 and 0.75

second periods and 5% and 10% of critical damping.

2.1.1. Description of Multiple Structural Response Recorder

The instrument weighs 25 kg and its dimension, with
the cover on, is 50x45x30 cm (vide Figure 2-1). It consists
of six pendulums in two parallel rows of three each. Each
pendulum consists of three circular weights joined together
with three symmetrically fixed narrow strips. The lowest
weight in the form of a curved disc is capable of moving in
the magnetic field of a pair of permanent magnets fixed for
each pendulum to provide damping. The middle pendulum weight
has a built-in lower suspension vice., The uoper suspension
¥ice is held by the pendulum support whizh is attached to
the main recorder support. In order to obtain the desired
period of th2 pendulum a suitable spring steel wire is
chosen and its length adjusted whilst the desired damping
15 obtained by adjusting the gap between the magnets. How-
ever, the dam>ing varied with amplitgde of recording. A
typical graph showing variation of damping with the, ampli=-
tude g dwer in Riqure2-4. The specifisations ehosen
are given in Table 2-1, The upper pendulum weight, which

1s variable for the three different periods, carried a
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" FIG. 2-1. PHOTOGRAPH OF\

THE MULTIPLE STRUCTURAL RESPONSE RECORDER (WITHOUT COVER)

FIG. 2-2. PHOTOGRAPH OF THE
ROORKEE SEISMOSCOPE (WITHOUT COVER)
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TABLE 2-1

Specification of the Pendulums in the Multiple
Structural Response Recorder

Pendulum

il Period Tilt Sensitivity Damping
1 1.25 gaz 6.00 cm/radian
—————————————— bR (e 5% of
- LN e g T R Y Critical
3 Q.40 gac 1.25 cm/radian
4 0.40 sec 1.25 cm/radian
""""""""""""""""""" SRS o sl
5 075 phn 4,00 cm/radian Critical
6 1.25 seg 6.00 cm/radian

smoked watch glass whereon rests a stylus. The pivet mounted
stylus is fixed to the pendulum support and is free to move
around a horizontal axis only in a fixed position, When the
pendulum vibrates, the stylus marks a trace on the smoked
glass. A hesvy rectangular base is used to provide ade-
quate fixity with the ground, and a sturcdy cover to protect
the instrument from damage, A pair of opoosite faces of
the cover have louvers for permitting ventilation of the
instrument to avoid condensation of moisture during large
diurnal temperature changes. Other mino: modifications

and improvements in the design of esch pendulum are as

follows:
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(i) Tne stylus is supported on pivots instead of
knife edges to eliminate the possibility of shifting of

the initial position of the stylus during recording,

(ii) The design of.pendulum suspension was changed
in order to achieve proper fixity of suspension at its des-
ired length. Earlier the effective lenogth of the suspen-
sion varied at different amplitudes of recording due to its

inadequate fixity.

(1ii) The stylus pressure is provided by the weight
of the stylus arm and not by the spring steel wires. 1In
earlier instruments the stylus pressure was liable to change

from the initially adjustad value.

(iv) New clamps ware provided to hold the watch

glass in position and prevent it from jumping,

(v) \ stylus clamp was provided to avoid scratching

of the recori while removing the smoked plate.

Additionally, the design was also improved with a
view to simplifying the calibration procedures, Detailed
design drawinjys for each component were prepared, Thus the
instrument has a standardised form permitting more effici-
ent field installation, calibration and maintenancs. The
calibration procedure snd the design details for various

components arz given in Appendix=I.
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2.1.2. Description of Roorkee Seismoscope

The 'Roorkee Seismoscope' is a new instrument
(Agrawal, 1989a), It has 1 éircular base of 26.5 cm dia-
meter, weighs about 3,5 kg and is 27 cm high (vide Figure
2-2). A section side view of the recorder and a plan of
the gimbal suspension are given in Figure 2-3. The pendu-
lum consists of a rod having a heavy mass capable of slid-
ing along it and usually fixed near its upper hinged end
and a stylus of self adjusting length at its lower free
end, The pendulum is suspended on a gimbal which is held
by a two legged support fixed to the recorder base. Its
movement can be made to be identical in all azimuths by
equally tightaning the four allen-key screws in the gimbal.
This can easily be achieved by using a torque spanner. Check
nuts for the msllen-key screws were also provided to retain
the adjustment, If jewel points are used in the gimbal sus-
pension and the pendulum is given a circular oscillation,
the successive circles of the spiral scratched by the sty~
lus on the smoked recording plate are so close that the
smoke is fully removed in that portion of the plate, show-
ing that the stylus friction is very small. The stylus
pressure required for suitable recording is only 0.25 gm
and has a negligible variation in the recording range.

Even such a small stylus pressure retains the stylus in
contact with the recording plate during the range of re-
cording since it can attain only a small momentum due to
acceleration. The use of ;uitable size of electroplated
steel balls between cups on the ends of the allen-key

screws in th2 gimbal, as shown in Figure 2-3 introduces
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FIG.2-3.SECTION SIDE VIEW OF ROORKEE SEISMOSCOPE

a_BASE, b_.COVER, ¢c_PENDULUM SUPPORT, d - PENDULUM COVER , e _PENDULUM
RAISING NOB , f _PENDULUM MASS, g_ GIMBAL SUSPENSION, h - PENDULUM ROD

I_STYLUS NOZZLE , j,.STVLUS, k_ RECORDING PLATE, L _ RECORDING PLATE

CLAMP, m_DISPLACEED POSITION OF THE STYLUS END OF THE PENDULUM DURING
STRONG BASE MOTION, n_ SECTION AT AA SHOWING PLAN OF THE GIMBAL SUSPENSION,
94 _ELECTROPLATED STEEL BALL, QE_ALLEN-KEY SCREW WITH CUPPED ENDS,

g3 - ALLEN-KEY SCREW CHECK NUT, g4 _PENDULUM GIMBAL LINK WITH CUPPED ENDS

&
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friction and damps the pendulum movement., The larger the
ball or the cup size the greater is the damping due to
increased friction., Since the amount of the desired damp~-
ing is low, the equivalent damping can be determined at
approximately the same amolitude as that in field record-
ing. The varistion of damping versus amplitude is shown in
Figure 2-4, \t an amplitude of 10 mm which roughly corres-
ponds to an acceleration response of 10% g, the damping

can be determined with r2asonable accuracy., The ordinarily
available elactroplated steel balls showed 3 remarkable
damping stability in field use during a pilot trial of over
eight months before the design was finalised. This was fur-
ther confirmmad during subsequent longer use. A protective
cover is provided for the gimbal suspension to ensure its
better maintenance. The position of the pendulum mass can
be raised or 'owered for period adjustment from 0,40 second
to 0.75 second while the pendulum length under equilibrium
position remains unaltered. The entire pendulum assembly
can be raised by about 2 cm, bringing the stylus away from
the recording plate of 11 cm diameter clamped to the base.
This is to avoid scratching of the recording plate while
placing it for recording as well as at the time of removing

the record.

The 3oorkee Seismoscope and the Structural Response
Recorders with identical period »nd damping specifications
were fixed on a shake table and 3 random motion of suitable
intensity was given by a hammer impact. The maximum trace
amplitudes obtained simultaneously for both were interpreted

in arms of acceleration rasponse values. It was observed
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that the results from these devices as given in Table 2-2

agreed well,

TABLZ 2-2

Comparison of Seismoscepe Results from Shake Table Test

]

ROORKEE SEISMOSCOPE SAR (SINZLE UNIT).

Period 0.40 sec Damping 5%

| Period 0.40 sec Damping 5% of
Aeof critical

critical, Tilt sensitivity

Lt = 15 cm 1,733 cm/radian
T =¥ 1 1

gLDouble | @ ticcelera-: Double i 0] i Accelera-

Ampli - ldegreesition % of} Ampli- 1 degrees; tion # of
No.tude(max) ! iy tude(max) | ; g

mm : : mm H {
1 93.5 £7.28 30,15 10.8 47,88 e 2
2 330 6,23 1,95 4,0 6.61 Al B

- L e e e me KT O e e we P mm e O WD e e e e T S e e

g Period 0,75 sec Damping 5%
*of critical L = 15 cm

Period 0.75 sec Damping 5% of
critical, Tilt sensitivity
3,623 cm/radian

1

e e o o 0 i e . i e o b 4 o = i el L

sl.Double

5 @ EAccelera—| Double ' | Accelera-
Ampli= 'degreas jtion % of | Ampli- | degrees; tion % of
No.tude(max} g i tude(max) i : g
mm i i ' mm | ;
1. B87.5 10.85 18.9 14,2 11,22 19.5
= 88 PTG 285 21.8 1734 20.0

+ The length of the pendulum under equilibrium condition.

The maximum deflection (@ ) of the recorder pendulum

maX
during an earthquike can easily be determined from the record
and the pendulum dimensions, provided a suitable solution is

available for its equation of motion.

The equation of motion for a single degree freedom linear

viscous damped pandulum (Krishna and Chandrasekaran, 1962) is:
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0 0 0
where

® is the angle of deflection,
m mass of the pendulum,

I the momant of inertia about any axis through
the centre of rotation,

¢ viscous damping coefficient,

a distance from centre of rotation to the centre
of mass,

b distance from centre of rotation to the llne of
action of damping force,

g acceleration due to gravity and

&(?:) horizoatal ground acceleration due to earthquake.

The solution to this equation is:

$ - Yk)e T m—mt “2)d=
%T!]—nb
/‘" 0 cb?
wh FEs 2 d = = ——————e
e T_/ rnoa = i EC 2 \rrﬁaﬁo

On the otner hand the equation of motion for a single

degree of freedom coulomb damped pendulum can ke written as:



o + 29204+ 2 530 (0) = -2y (7)
m
o 0
where all the notations have above meaning and F i@ the
constant friction term. The term % is equivalent to 4n2a/T3,
where A is 1/4th of the reduction in the displacement
per cycle during free vibration of the pendulum. The above
equation with constant friction can be solved for & by

numerical tecnniques.

In the Multiple Structural Response Recorder provi-
sion for viscous damping by a permanent magnetic field was
made, whilst in the Roork=e Seismoscope no auxiliary arran=
gement for viscous damping was provided with a view to fur-
ther simplifying its design. However, the absence of an
auxiliary damoing did not appreciably change the behaviour

of the system would be clear from the fellowing discussion,

In any real system, viscous and non-viscous friction
would in general occur ani only their relative magnitudes
may be made to vary by tha choice of proper design. Usually
there will be 2 lower limit beyond which it may not be fea-
sible in sucn simple devices to reduce the inherent damping
of the system. This lower limiting value of inherent damp-
ing of the system would be of greater significance particu-
larly in situations where the total damping requirement is
low. In the Multiple Structural Response Recorder the in-
herent dampinjy of the syétem constitute upto about 50¥% and
90% of the total damping requirement for 0.40 and 1.25 sec-

ond pendulums respectively. For the 0.75 second period
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pendulum this was about 60%. The relative magnitude of

the inherent damping and the specially provided viscous
damping would also depend on the amplitude of recording
apart from tnz design features of the system and this
variation 3g93in would hav2 greater importance for systems
with low damping, With tinis background it was felt that
perhaps for damping upto 10% of critical the introduction
of small external viscous damping may rot sppreciably cha-
nge the behaviour even if the system's inherent damping it~
self was suitably increased to the desired level. In order
to examine tals view point and to permit aopropriate choice
of the solutions to represent the behaviour of the two
devices, tha deviations of their amplitude decrement curves
from the ideal amplitude decrement curves :zumin; Dboth
constant snd viscous friction were studied (vide Figures
2=5 and 6). In both these cases the actual behaviour was

more or less identical but closer to the viscous damping

curve,

(1960
Hudson/using the solution for the viscous friction

obtained resilts for tha type of pendulum used in the
Multiple Structural Resnonse Recorder, This compared very
well with th2 computed values within the workable accura-
Cy as would be expected on the basis of the comparison
given in Figures 2-5 and 6., As the actual damping beha~-

viour of the doorkee Seismoscope was barely distinguish-
able from that of the Multiple Structur: -l Response Recor=

der, it was considered justifiable for all practical purs

poses tc use Audscon's sclution for this instrument. Another
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important reason for adopting this solution lies in the
fact that the techniques developed and generally made use
of for structural analysis are based on viscous damped
oscillators and the results from these devices would be

directly utilised in such analysis,

The equation of the recorder pendulum motion thus
selected can be compared with the equation of motion of
a single degrse freedom viscous damped linear oscillastor
and the following relation (Hudson and Cloud, 1967) obta-
ined between Qnax and maximum relative displacement res=-

ponse value (Sd).

The usual aposroximate relation between Sq and the relative

velocity ressonse (SV) value is given below:

wn
[}
4
Ia

83

[S]

> i
e Sy = %_E maX

Similarly, the acceleration response, which is the absolute

acceleration of the system mass (not the ground acceleration)

iss
= 2.7 o 4 g8

Thus from the records obtained during an earthquake Sq» Sy

or S, for the dynamicalLy equivalent idealised structure

can easily be obtained,
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2.1,3, Limitations of these Devices

Devices similar to the Multiple Structural Response
Recorders and Roorkee Seismoscopeshave been in use else-
where, Damping in these devices which varies with the am~
plitude of recording, is an important parameter influenc-
ing the structural response. In genecal, different pendu =
lums will give records of different amplitudes and at
those amplitudes the damoing in the devices would generally be
' different. Thus the objective of plotting response cur-
ves could never be achieved by employing a combination of
these devices, although a number of points on different
response curves would be obtained, But whareas damping can
be estimated with reasonable accuracy at larger amplitudes,
its determination involves large uncertain ties at lower
amplitudes of recording. Hudson and Cloud (1967) have dis=
cussed in detail the uncertainties of damping at the low
levels of recording for their seismoscope with 0.75 second
period, The limitations discussed by them are all valid for
the 0.40 and 0.75 seconds pendulums of the Multiple Stru-
ctural Response Recorder.‘ﬂowever, for the 1.25 second pen=
dulum the stylus friction alone results in 5% of critical

damping at 5 mm double amplitudes producing additional in-

accuracy in damping estimates. In any mechanical device
using stylus for recording, the above mentioned uneertain-
ity shall always exist at low amplitudes. As a solution to
this it was considered desirable that these devices could be

made to write large records even for small response yalues



so0 that uncertainties in the determination of damping could
be reduced. This idea was incotporated in the 'Roorkee
Seismoscope! which employs no auxiliary damoing arrangement
and is mainly damped by non-viscous friction. The influence
of friction increased very sharply at amplitudes lower than
5 mm, The increased nonlinearity of variation of damping
with amplituie at this low level of recording in the Roorkee

Seismoscope still retained the same limitations.,

2.2. DEVELOPMANT OF PORTABLE WATER TUBE TILTMETER
2,2.,2. Bsckground of the Development

The earliest refarence known to the author regarding
the use of water surface as a reference in the observations
of the tilting of the earth's crust was resorted by Takah=
asi (1930) emoloying a pair of water pipes, Subsequently,
during the 1940's a number of reports of observations em-
ploying water tube tiltmeter, were published. Description
of one such system employa2d for the observaticns of deter-
mination of the earth's crust at Aburasubo Miura Peninsula
was given by Haigiwara et 3l (1949). Perhaps the earliest
reference of a Portable Water Tube Tiltmeter giving detalls
of the design of the instrument used was miade by Eaton (1959)
who employed it for measurement of ground deformation asso=
ciated with volcanic activity in Hawaii. Another detailed
report on tha design of a liecording Water Tube Tiltmeter
was published by Eto (1966). Such systems have high inherent
accuracy on account of the time indepencent common reference
surface. Therafore, it was consicdered desirable to develop |

a portable system for measuringg small scale movements asso=
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2.2.1. Description of Portable Water Tube Tiltmeter

The system developed (Agrawal and Gaur, 1968) is
somewhat similar to the one described by Eston (19%59),
Figures 2-7 and 8 show this instrument in the initial and
final stages of development, The system consists of two
cylindrical vessels (inner diameter 105 mm, outer dia=-
meter 120 mm and height 215 mm) each provided with a
microscope and s dry battery, contained in separate boxes,
and an alkathine tubing of 55 meter length., The vessels
have a built-in partition at their mid-heights 3nd the two
ralves are screwed together just below the partition. On
the lower side at the centre of the partition, 3 0.5 mm
plitch micrometer spindle is provided whose free pointed
end intrudes in the upper half of the vessel through a leak
proof cell. \ micrometer disc with 100 divisions alongwith
a micrometer spindle guide at its centre is capable of ro-
tation at a fixed position and the rotation of the disc
moves the spindle up and down. A pointer fixed at right
angles to th= micrometer spindle at its lower end slides
against the main scale. A suitable gear arrargement is pro=-
vided to permit the slow movements of the micrometer spindle,
A vernler attached to the micrometer disc provides a least
count of 0005 mm (0.5 micron). The upper pointed end can
be illuminatad by abulb whose positibn is adjustable and
i1s attached to the top lid of the vessel. The base plate
of the vessel formsa seat which enables it to be replaced
on the base-hub in exactly the same position during succesgs-

ive measuremants. The vessels are made hoavy, their weight

distributed unifecmmly throughout, so as -.0 zvoid overturning



34

FIG. 2.7 PHOTOGRAPH OF THE PORTABLE WATER TUBE TILTMETER
SYSTEM INITS INITIAL STAGE OF DEVELOPMENT

FIG.2-8. PHOTOGRAPH OF THE PORTABLE WATER TUBE TILTMETER
SYSTEM INITS FINAL STAGE OF DEVELOPMENT



and to ensure identical fixity to the base-hub during succ~-
essive measurements without the need of an auxiliary sCrew=
ing arrangement, A viewiny window is provided just above the
main scale. The water tube is connected opposite to the view-
ing window at the lowest level in the upper half of the vessel,
The microscose on a separate stand is used for viewing the
pointar of the micrometer spoindle while making a setting.

The line of sight can be made inclined to the water surface

aiding more accurate setting of the pointer,

2.2.2. Equation of Motion of the Water Level in the System
For ths purpose of the above analysis, water can be
considered to be an ideal homégeneous, frictiznless, con-
tinuous and incompressible fluid, Let us consider . the
equation of the water surface in the tiltmeter system for

which a schematic diagram is given in Figure 2-9 where:

TR are the cross=sectional areas of Pot 1 and 2,

a the cross-sectional areas of the water tube, the

length of water tube,

L the height of water surfaces-in the *wo pots dhove
the centre of the water tube, after equilibrium
has been established,

Zl’ZZ the neights above datum of the water surfaces in
Pot land 2 and

hl,h2 the heights of water surfaces in Pot 1 and 2 above
its equilirbium position,

From thz Euler's equation we can write the equation of

motion of th2 water surface in the system as follows:
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FIG.2-9. SCHEMATIC DIAGRAM SHOWING MOVEMENT OF WATER
IN THE PORTABLE WATER TUBE TILTMETER
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COMPUTED FOR CRITICALLY DAMPED MOVEMENT OF WATER
SURFACE WITH DIFFERENT TUBE LENGTHS
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where the body force is conservative and other symbols have

the followiny meaning.

v is the velocity of the water,
ds element of the stream line,

P external pressure,

z height above an arbitrary

fg density of the water.

The line integral of Euler's equation along a stream
line from Pot 1 and 2 through the water tube can be expre-
ssed as:

2
i Ay

dv
& X o
'Q(VB = V]z_)'!' ﬁ(pz £ pl)+ 9(22‘4.1)'*‘ a’_—t—j -—(-—A S)ds = 0
vl
where subscripts 1 and 2 indicate the values of variables
in Pot 1 and 2 andAs) is the cross-sectional area of the

water tube.

This equation can be rewritten in the following form:

A A y A2 4 A
Al 2D+ 2 0 R+ 0 - +pg(l+ g2)h =0
a o AS 2
A d2h . & Ly
or (2L it 2 ) JI% + 2 pgh = (O, A Al = 4’\2

The first term represents the inertia pressure which
tends to resist any change in the motion of water whilst
the second tarm is the pressure tending to bring the system

to equilibriumn, Another temm need be included in the equation
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to account for the pressure required to overcome the inter-
nal friction in the water flowing through the tube which
is long and narrow. By Hagen Poiseuille's law this term

can be calculated and included in the equation as follows:

d2h . 8nmla  dnh . 2 gh
PR il +
at® pa2(2L+A) at (2L+-‘§‘ L)

a

=0

where v! is thevigcoalty of water. For the system under

discussion 2L€XA { /2 which simplifies the equation to:

IQ_

8h , 17
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+
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This‘equation can be solved for o and the values
of A and a, Compufed for critically damping the movement
of the water surface when connected by a tube of suitable
length, Critical damping is necessary in order that the
water surface coumes to rest in the shortest time after water
has been fillzd in the system. Tho varicus possible tube and
pot diameters for the critically damped condition were com~-
puted for different tube lengths and are plotted in Figure
2-10. The system described here was designed for use with

a 55 meter long tube,

2.2.3, Performance of the System

An unsided human eye can normally resolve a separation
of upto 0,10 mm. A microscope of 30 times magnification im-
proved the rasolution to 0,1/30 x 2 mm i.e, 2 microns., The
factor of 2 in the demominator is introduced on account of

the gap betws22n water surface and pointer being effectively
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doubled as thes setting is made by viewing the gap between
the pointer and its image. The least count of the instru-
ment micrometar being O.%0 micron, it can conveniently per=
mit measurements of this magnitude, In order to test the
acchQCy of setting and also to study the influence of per-

sonal error, the followinjy tests were carried out.

(a) Reproducibility Test: The system was placed on
two fixed basas and observations taken both with and with-
out changing the common water level during a test. Each
reading was found to deviste by not more than + J-Dicrons
giving a standard deviation of within about 4 microns.
However, this error could bz further reduced by suitably
training the 2ye, since the contribution of the personal
error was found to be substantial. Typical graphs for these

results are jiven in Figure 2-11,

(b) Laboratory Test: A 15 x 20 cm,U-shaped section
steel channel was supportzd on two knife edges 5 meters
apart. The chinnel was losded at its centra by weights in
steps of 1 kj. Cne tilt biase-hub was fixed a little dis-
tance away from the beam and the other was built-in the
steel channel itself at the point where provision for load=-
ing was made, Thus the flexure of the beam for different
loads could be measured by the system, The results thus

obtained show 3 close agreement with those obtained theo=~

ratically.

(c) Field Test: Three series of measurement were

made at Dakpather over a period of several hours. The
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representativa set of observations have been plotted in
Figure 2-12, Which gives 3 standard deviation within 8
microns, In the beginning a lowering of the reading at
both the tiltmeters was observed which was found to be due
to the entry of water in the minute voids along the micro-
meter ‘$pindle by capillary action.But this did not influence
the relative slevation figures perhaps becjuse it happened

identically to both the micrometers.

From these tests an sccuracy of + 10 microns of the

performance of the system could be established,

2.2.4. Factors Influenciny Field Measurements

The ground deformations in any region may be consi-
dered to consist of two components (i) local znd (ii) re-
gional deformations. Local deformations may vary widely
both in space and time and may arise from various causes
notably, differential heating, differential loading, under-
ground mininjg, action of ocean tides on the coast, earth
tides, and variation in the underground water table, All
these local defommations are caused by non-tectonic proce-
sses and are usually larger compared with regional deforma-
tions, The latter, on the other hand, could arise both from
tectonic as well as non-tectonic processes. For exauple, con-
tinuous pumping of ground water could result in ground defor~
mations of a regional character, Influence of such factors

had tharefor:z to be eliminated from the figures. This c ould be



achieved by a suitable planning of the measurements and

by accountiny for any possible source: of deformations.,
Detailed field procedurssussd to achieve this are given

in Appendix - II, The working conditions in the field also
influence the measuremenf accuracy which in general increase

the personal error,



CHAPTEA .3

DATA FOR THE KOYNA REGION

3.0. GENERAL

Koyna is located at 17° 23' N 73° 45' E on the West
coast of India. It lies to the SSE of Bombay at a distance
of 190 km and to the east of the contin:ntal divide about
80 kms inside the coast line. The Koyna river, a tributory
of the river Krishna, flows roughly parzllel to the coast
line right from its source near Mahabaleshwar for a dis-
tance of 60 kns upto Koyna. At Koyna the river takes an
abrupt eastarly turn and mzets the river Krishna near Karad
which flows scross the Peninsula into the Bay of Bengal.
The Koyna dam, 103 meter high rubble concrete gravity dam,
lies at an altitude of 580 meters above sea level, The under-
ground power house is located at Pophali about 1 km away to
the NNW of Koyna. The raslevent data utilised for the sva=-
luation of earthouake parameters in this region have been

discussed in tne following pages.

3y, GROLOGY

The Koyna region is located in the western Ghats of
the triangular peninsular Shield of the Tndian subconti-
nent generally considered a stable block consisting of
older metamorphosed basement rocks which have been sub-
jected to tectonic activity during the various geological
times, resulting in the formation of rifts and down faulted

depressions in its interior and on the coastal margins., In
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these troughs were deposited the Cuddapahs, Vindhyans,
Gondwanas and other younger formations. The Gondwana rocks
were laid down as a thick series of fluviatile or lacustrine
deposits in shallow and slowly sinking basins following the
Hercynian orogeny., The shield was also affected by the great
diastrophic movements in the western parts which resulted

in the outpouring of Deccan traps (the basaltic flows) over
the existingitrecambrian and younger formations, at a time
which marked the beginniny of the Himalayan orcgeny (Cre-
taceous to Eocene-Oligocene times)., The Gondwana rift system
exhibits a radial pattern converging towards the northern
shield and their trend graduadly changes from E-W in Bihar-
Bengal and N#W-SE along the Mahanadi to NWN-SES along the
Godawari sujgesting a N-S rift filled with Gondwana sedi-
ments lying balow the Traps. The thickness of the Traps

vary greatly from place to place, average estimates being

2 to 3 kms. Detailed structural mapping has not been done
for the entir2 region but investigations have revealed the
existence of several faults ,nd shear zones. The Western
ghats escarpmant extehding N-S for 450 km appears to be
associated with a major fault. Another major “ault is the
E-W rift, 70 km in width, extending along the Namada Tapti
river system, A NW-SE fault system close to the shelf to-
wards the sea and parallel to the present cosst line with
downthrow towards SW has been traced recently, Fractures
having N=S 3nd WNW-ESE trends are met within the Traps at

several locations,.
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The western slopeé of the scarp of the Jestern Ghats
in Koyna region usually referred to as the Sahyadri ranges
are sudden, aorupt and rugged whereas the eastern slopes are
gradual and comparatively less rugged. The eastern slopes
are marked with large flat hill=-tops and ridges forming the
water=shed batween its lon3j V-shaped valleys, though the
main water-shad in the arsa is due to tha continental divide
itself. The hill=tops have laterite cappings of variable
thicknesses and slopes arz also covered with lateritic
soil. Hot springs with temperatuxaranging from 49% to
69% also occur from Cambay in the north to Ratnagiri in

the south a few kilometers inside the western coast.

In the Koyna region itself the basaltic lava flows
show more or less uniform lithological character .They
however, do not stow any surface evidence of intrusions
nor of disloc,ticns im the Koyna valley. Only a set of
predomingntly vertical joints roughly inMN-§ directions .
i present. However, the lava flows show some zones of

shearing and shattering.

3.2, GRAVITY ANOMALIES

The Koyns region of low Bouguer Anomaly (=-100 milli-
gals) flanked by high positive anomaly zones represents an
area of high gravity gradients which in turn reflect un-
even distribution of subsurface matter producing conditions
of instability. Glennie (1932) has worked out a3 gravity gra-

¢.ont of -bout 2.5 milligals-per km between Colaba (+ 63
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milligals) and Panvel (-18 milligal). However, no such

variations have been reported in the Deccan traps perhaps

because their sources probaply lie in the basement, Gleénnie
therefore, attributed the large gravity gradients to the
presence of a large dyke parallel to the coast which might

have acted as a feeder to the lava flows.

3.3, SEISMIC HISTCRY

Peninsular India has been lafgely regarded as one of
the aseismic Precambrian blocks, Such a belief was probably
founded on the basis of minor earthquake activity in living
memory and absence of the historical data regarding past

The earthquakes
earthquskes, feported for the Peninsula have been listed by
Guha et al (1968) and broadly show that the shield suffered
only minor activity along the coastal margins. The Koyna
region itself was not visited by any important earthquake
since the shock of 1764. The seismological observatory at
poona which was first equipned with a sensitive Benioff
seismograph in the 19%0's recorded only minor activity in
this area. But at the beginning of the last decade the
officers of the Koyna Hydroelectric Project, who were posted
in the Tegion reported a number of earth tremors. Soon a
network of four Seismological Observatories was commiss-
ioned for th3 region. The number of earthquakes felt bet-
ween January 1963 and September 13,1967 showed a gradual
increase. An carthquake of magnitude 5.7 (estimates rang-
ing upto 6) with its epicentre at 17° 24.0' N, 73° 44,8' E

occurred on 3eptember 13,1967 and caused some minor structural



damage. Subsesquently on December 11,1967, occurred the
largest event of magnitude 6.5 (estimates ranging upto

7.5) wrackiny havoc in the Koyna area and even affecting
¥he ‘dam,” Evemsince then, a large number of siiocks have con-

tinued £0 occur in this region.

3.4, SEPTEMBE]R 13,1967 KOYNA EARTHQUAKE

_ The Seotember 13,1947 earthquake had 2 magnitude of
5.7 (Guha et al, 1968) Epicentre: 17° 24,0'N 73° 44,8' E;
Origin time 06 48 24 hours GMT and Focal depth. 4 kms (as
determined by the India Meteorological Department from

data obtainel by the Indian Stations (Tandon and Choudhury,
1968), It was felt throughout an area of 120 lkms radius and
caused great canic amongst the people at Koyna. Minor cracks
in the plastar appeared in a number of buildings at Koyna
and a few poorly constructed houses in rubble mpsonry were
damaged by thz partial failure of their walls. The estimated
maximum intensity was VII. The frequency distribution of
foreshocks anl after-shocks is given in Figure 3-1 and would
show that the activity attained its nommal trend within about
two to three weeks, The record obtained from a strong motion
acceleragraph (United electrodynamics AR-240) located in the
dam at foundation level was reproduced in a report by Guha
et al (1963), An enlarged version of this record was pre=-
pared for ths purpose of l1igitization and is shown in Figure

3-2, The digitized data is given in Table 3-1.
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TABLE 3-2

Magnituie of December 11,1967 Koyna Earthquake

» 1n USSR

Name of Station fNagnitude Tgource of nype of {'Type of
or number of J(MS OT Mp) ithe deter-linstru- ' the founda-
Stationsg f fmination iment v tion
. 1 !
Delhi 7.5 (DS) = 5L Standard Rock
Uvo .’-A\.
Delhi Ba 3 (M) L. M. D, Benioff
B Verticai Rock
Vizagapatanum 7,4 (MS) I.M.D. Standard Rock
W, A,
Pong T8 (MS) I.M,D, Standard  Rodk
Bokaro [ (MS) I.M.D, Standard Rock
fA o-'\-
Port Bliir 6.5 (MS) Mo Standard Rock
Vv. ,\.
Dehradun Ba 2 (MS) I.M,D, ﬁtgndard Alluviam
iy
Athens 5,9 - - -
Pasadena G 8 - - =
Uppsala g, 28 Uppsala - -
Observatory
Sweden
Four very near 7,0 CWPRS Standard Rock
Stations W. A,
Eighteen 6.0 (MS) USCGS - -
Stations
Few European 6,3 (MB) BCIS - -
Stations
Nine Stations 6.5-6.75 USSR - -
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3.5, DECEMBER 11,1967,KOYN4 EARTHQUAKE

Almost three months later on December 11, 1967,

Koyna was again rocked by a shock of magnitude 6.5 (Mg,
Delhl) which was the largest event in the recorded seismic
history of Janinsular India, It Caused some minor damage

to the dam and extensive damage to other structures in the
Koyna area. Typical damage phbtographs are given in Figure
3=3+ It resulted in 180 deaths, injuries to 3,000 persons,
damage to 10,000 houses, dislod%ing of 0.2 million persons,
power shut down amounting to a loss of rupees twenty million
intems of industrial production, etc, The isoseismal map
prepared by the School of Research and Training in Earthquake

Engineering( Ary2 et al, 1968 )is given in Figure 3-4.

3.5+1s Magnitude Discrepancies

Table 3-2 gives the different reported msgnitudes
for this event and show 3 large variation in the values.
Tandon and Choudhizy (1968) have attempted to exolain this
by consideringy the existence of channel waves propagated
in a low velocity (granitic) layer, sandwitched between

Basaltic layars of higher velocities

3.5.2., Source Parameters

Determinations of @picentre, origin time and depth
of focus by lifferent orjanisations also varied consider-

ably and are jiven in Table 3-3,



IN RCC

DAMAGED CONTROL ROOM CONSTRUCTED
AT THE TOP OF THE KOYNA DAM

DAMAGED BUILDING OF A PUBLIC SCHOOL AT KOYNA

DAMAGED PARAPET WALL AND THE TILES OF THE

GIDE WALL AT THE TOP OF THE KOYNA DAM

DAMAGED TO ONE OF THE PORTALS OF THE SPILWAY
BRIDGE HAVING ROCKER BEARING

FIG. 3-3.PHOTOGRAPHS SHOWING TYPICAL DAMAGE AT KOYNA DECEMBER 11,1967
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TABLE 3-3

—————

Epicentre, Origin Time and Depth of Focus of
December 11,1967 Koyna Earthquake

Epicentre 0rigin Time,Depth;iNo,otf}] H
- s 1 GMT P e ESourcei Remarks
N® !"E ! iFocus ition | ;
1 1 ' m ! ! I
1 ! t 1 1 1

—

17,45 175.76 22 51 24,3 35 94 USCGS P data for A
»20¢

AT Ti.TB BE B 20,7 29 12T USCGS F and PKP data
for 4 3200

17,86 73,92 22 51 23.8 233 109 USCGS P data for all
distancess

17.28 7T93 22 % 24,0 %3 139 USCGS P and PKP data
_ for all distances.

0¥ T3.78 22 4l 18,0 8 169 IMD P and PKP data for
all & ALIBY

travel time
t =64/8.24)4%6 .3, For
rest as in J.B,Tables.

IV T3 92 M Y.E hikr 20k o 4 CWPRS Pg travel time at
4 near stations

3,.5%.3, Fault Plan Solution

Fault plane solution for December 11,1967 event
utilising the Airections of initial motions has been obtained
by Tandon ani Choudhury(1968) by plotting the data on Byerly's
extended distance projection., The data of initial movement
from 89 observatories have been plotted and two  orthogonal
circles have been drawn separating the compressions and
dilatations., Of the total data used, 11 sets of observa-
tions were not ccnsistent with this fit as shown in Figure

3-5, Theoretically, either of these circle could represent
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a fault. According to Tandon andChaudhury the solution gives
a sinlstral strike slip fault striking N 26° E and dipping
at an angle of 66° in a N 296 E direction. Gupta et al (1969)

in their fault plane solution find a N 33° W striking fault,

3.5.4, Foreshocks and Aftershocks Sequence

The distribution of foreshocks and aftershocks of
the December 11,1967 earthquake was similar to those of
the September 13,1967 earthquake and is given in Figure 3-6
(Guha et al,1968), Within twenty four hours of the main
event; instruments at Poona recorded about 200 aftershocks,
Parameters for some important aftershocks are given in Table
3-4, The plot of weekly energy release in shocks in the

Koyna region during 1968 is jiven in Figure 3-7.

TABLE 3-4

Important Aftershocks of December 11,1967 Earthquake

Date g;}cengge Origé? fime Magni tude
11.12,67 17°16,4' 73°%0.6' 20 49 47.5 548
3067 1771750 73%8.9' 06 18 B35 a2
V2, 02587 171708 73%37.9¢ 1% a8 =17 5.9
R N2, 87 173 5%, 19 19 4mn 5.6
Sallg.e7  17%19, 50 73%0,97 23 49 Bl.D 5.8
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3.5.5, Acceleronram of December 11,1967 Earthquake

This earthquake was recorded by a United Electro~
dynamics AR-240 Accelerojraph and a traced copy of the
record has bz2en given in Figure 3-8, The analysis of this
accelerojram has been carried out by Jai Krishna et al

(1969) and was readily available for this study.

3.5,6. Frequency - Magnitude Relationship

Guha obtained the following relationship between the
logarithm of the frequency N of earthquakes of magnitude
equal to or larger than M ;nd the Magnitude (M) (vide

Figure 3-9).

Log N = 4,257 - 0.8 M

Gupta et al (1969) also prepared a similar plot with
somewhat lessz2r cdata available torthem and they also found

the value of the constant equal to 0.8

3,5,7, Wave Valocities and Crustal Structure

Tandon and Chaudhuryutiliged the data of the Decem-
ber 11,1967 =arthquake recorded at Indian Observatories
within 1800 kms, for determination of wave velocities and

crustal structure. The number of observations for the Pn

phase was 8 31d smaller for others. P and Sn were feeble

while p Yani S™ were comparatively stronjer. The travel

-

time curves for F, P, P_ and S, are given in Figure 3-10,

n
Due to lack of data, analysis of s* and Sg was not possible.

However, the strongest phase in the S group corresponded
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Log N =4.257-0.8 M
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FIG.3-S. GRAPH SHOWING FREOUENCY—MAGNIT“UDE RELATIONSHIP
FOR EARTHQUAKES IN THE KOYNA REGION cuHa ET AL
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to a velocity of about 3.5 km/sec. The average erustal
structure for the Deccan shield derived on the basis of

P- data . by Tandon and Choudhry is as follows:

Thickness of the jyranitic layer 22,5 kms
Thickness of the Basaltic layer 18.5 kms
Depth of Mohorovicic Discontinuity 41,0 mms

3, 6. EARTHQU \K£ FREQUENCY AND THE WATER LOADS IN THE
RESERVOIR

In tha ecarthquake frequency plots no definite and
systematic tr:nd of variations of frequency could be iden-
tified, However, correlation between the inflow hydrograph
or reservoir water levels and distribution of earthquake
frequency or the elastic energy released in the area have
been claimed to exist by Guha et al and Gupta et al.

Figure 3«11 jives all these parameters and the weekly energy
release side by side. 4 number of opinions have been expre-
ssed to relatz the Koyna earthquake with the possible effects
of the Koyna reservoir e.3., (a) The Koyna earthquake was
caused by th: water loads or water in the reservoir (h)

the earthquake was only trigjgered by the water loads and

(c) the observed correlation may be a mere coincidence,
Gupta et al conclude that whenever water level has crossed
the 642 meter mark and has been retained for a long time

the seismic 3activity has increased considerably with a
certain time lag. During the 1969 monson, Koyns received

a heavy rainfall and the water level ren  :ed above the

642 meter mark for about two weeks - the loncest duration
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in the history of the dam, although fearing increase of
seismic activity, an abcztive attempt was made to lower

the level by opening the flood gates, the latter resisting
efforts to opcrate them on account of the increased friction
caused by lateral water loads. However, there was no in-

crease of earthouake activity during this period.

3.7. TILT MEASUREMENTS IN THE REGION

The Portable Water Tube Tiltmeten: was employed for
the measuremant of earthquake surface tilting in the region

subsequent to December 11,1967 event.

3,7.1, Tilt B3ase=hub Installations

In ordar to avoid uncertainties In the tilt measure-
ment due to Jifferential surface heating it was considered
necessary to make the messurements at an underground loca=
tion. Since it was not possible to construct suitable tunn-
é1§ excludivaly for this purnose for want of time and res-
ources, the 2xisting underground Pophali Power House cavity
and its adjoining structures were selected for the purpose.
The tilt base-hubs were fixed in suitable cavities drilled
in the rock wall behind the lining of the tunnel 3s shown
in Figure 3-12. It was considered desirable to fiX bases at
larger distances but the base spaGings in each pair was
limited to about 30 or 40 mcs.In order tc provide even this
spacing at some of the locations where the tunnel was slop-
ing, one of the bases had to be installed at the floor level

of the tunnel ancd the other near its rocf. 1f the usual kind
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of pillars were constructed for jnstallation of the base-
hubs at the locations where the tunnel was slooing, these
would have had to be of different hei hits and might have
tresulted in some errors due to differential expansion and
settlement, which was avoided by adopting the above pro-
cedure, The locations of these bases have been marked on
the layout plan of the underground structures in the Pophali
area given in Figure 3-13. These installations permitted

measurements of tilt alonjy two perpendicular lines,

2752 Tilt Data
The maasurements ware commenced in September 1968
and have sinca been repeated three times. The observations

did not reveal any permanent tilt in the area ssociated with

the shocks occurring there.

3,8, MULTIPLZ SRR AND ROORKEE SEISMOSCOP E INSTALLATIONS
AND THZIR RECORDS

During the December 11,1967 earthquake, the Monolith
17 (M17) of tne Koyna Dam, the highest monolith of the non-
over-flow saction located adjacent to the over-flow section
was strongly shaken. The period of t-is monolith has been

et al (1968)

computed by Chandrasekaran/and the damping was estimated.
Guided by thase computations and estimates as well as con-
venience of instrument design, the 0.40 sec and 5 percent
of critical damping instrument was selected to simulate
the Mrnolith 17 for obtaining its response durinj future
shocks, Roork:e Seismoscopes were installed in pairs with

0.40 and 0.75 second periods, the latter one to provide

an intermediite point on the response spe-irum. Also, the
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Multiple Structural Response Recorders selected for ins~
tallation in conformity with the general strong motion
dbservation programme contained pendulums with these spe-
cifications, T[he locations of these instruments are marked

on the map in Figure 3-14.

On October 29,1968 an earthquake of magnitude 5.2
occurred in tne region and was recorded by the Roorkee
Seismoscope the Multiple Structural Response Recorder and
also the Unitad Electrodynamic AR-240 accelerograph, Records
from these three instruments are reproduced in Figure 3-15,
16 and 17. The digitized data for this esfthcuake is .given
in the Table 3-5. The Roorkee Seismoscope installations
also recorded another event on June 27,1969 and the records

are given in Figure 3-18.

3,9, CAUSE OF "KOYNA EARTHIUAKES

The ericentre of foreshocks and aftershocks of Koyna
earthquake when plotted on the map (Gubin,1969) fomm astrip
25 km long and about 10 kms wide striking apnroximately N-S,
The depth of the focus of these shocks varied from 3 to 8
kms with the 2xception of one shock at 27 km. The area of
maximum intensity of Koyna earthquakes was also elongated
spproximately M-S, the source had a  vertical extension of
the order of 25-30 kms in the crust, It follows from this s
that below the Trap lies a zone of near vertical active
faults of NeS strike as represented in Figure 3-16., Earth-
quakes in Koyna region according to Gubir (1969) are due
to unequal unlift of the western margins of the basement rocks

of the Deccan Traps alonjy the fault zones described earlier.
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TABLE 3-5

Digitized Data for October 29,1968 Earthquake at Koyna

TIME
C 0000
« 1787
e 3424
4656
.5833
7666
« 060
2924
I+1560
1.,2954
1a4272
l1:5636
loa74569
1.9030
20343

2.8060
249515
303954
S 2575
303787
TeB6°21
3
39500

TIME
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«4318
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s 6787
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i
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FIG. 3-18- PHOTOGRAPHICALLY ENLARGED RECORDS F TriE
ROORKEE SESMOSCOPES OBTAINE U DJUKING JUNE 27
1969 EARTHQUAKE AT KOYNA
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CHAPTER 4

DATA FOR THE DAKPATHER REGION

4,0, GENERAL

Dakoather is located at 30° 30' N and 77° 50! E,
and lies at a distance of 48 kms by road from Dehradun,
slightly to the west of the line joininy Dehradun and
Chakrata (see map in Figure 4-1), The river Tons flowing
roughly Wast to East 3werves down South at Chibbro and
meets the river Yamuna flowing roughly East to West at
Dakpather., A ‘ater pressure tunnel, 5.6 kms long and 7.5%
meters finished diameter.from Chibbro to Khodri (the river
bank opposite Dakpather) is being constructed which would
be traversing a highly crushed intra-thrust zone between
the Krol and the Nahan thrust planes. The relevent data
utilised for the evaluation of earthquake parameters in

th- region traversed by the tunnel have been given here,

4,1, GEOLO3Y

The region under reference falls under the Kumaon
Lower Himalayass, adjacent to the main boundary fault. The
Lower Himilayas are thrusted over the foot hill belt con-
sisting to a narrow spread of Siwalik sediments, The Kumaon
Lower Himslayas are marked by a strong tectonic activity
and are traversed by a number of secondary faults and thru~ e
ete. The secondary fault zones diverge in 2 westward dire-
ction and a3t places roughly merge with the main boundary
fault towards the east. For over 400 kms, towards the east

to Krol thrust runs parallel and almost ~oincides with the
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main boundary fault. The area under investigation lies in

this mane;

The regional geology of the area has been mapped by
Auden (1942) and more recently by others (Krishnaswamy and
Jalote, 1968; lehta, 1962 etc,) The tectonic sequence thus

worked out for this region is given in Table 4-1,

TABLE 4-1

Tectonic Sequence for Yamuna Va’ley Scheme Region

Nagthat Mainly Exposed in the
series Quartzites Tons loop tunnel
with slares area and at the
Ichari diversion

site
Jevonian ---ee----- Thruste-ce-eoaooo
Chandpur Mainly sla-
Palocozoic series tes with
minor quart-
zZies
---------- Thrust--eca-oo-oo
Silurian Mandhali Boulder beds Exposed at the
series states quar- underground

tzites cnd power house
limestones site near Chi-

bbro.
-------------------------- KEGL EREREES mern o e miie i i s e bel
Eocene Subathu  Crumpled red Exposed in re-
and Dagshai shales and gion traversed
Lower series siltstones; by tunnel joi-
Miocene black plastic ning Chibbrg
clays with and Khodri,
gypsum; e .
sheared lime-
stone,
Tertiary
—————————————————————————————— TR e mms e Sk mma i o e e e
Middle Nahan Sandstones, Exposed at Kho-
Miocene series claystones dri, at outlet
and silt- portal of the

stones. tunnel.




- 84 o

The most important structural features of the area
are the Krol and Nahan thrusts although 3 number of other
planes of movements also exist. A map of the area showing
“the location of Krol 3nd Nahan thrusts is given in Figure
4-2. The Krol thrust has brought the Mandhalis over the
younger Subathu-Dagshii shales. The thrist plane shows heavy
crushing iand copious water seepage. The Nahan thrust has brou-
ght the Subathu-Dagshais in juxtapositicn with the Nahan
Sandstones. The thrust plane does not shcw any marked crush-
in the sandstcnes, possibly due to the weak character of
Subathus whic: have borne the brunt of crushing,nor any
Water seeosge. Thus the characteristics feature of the
Nahan thrust is only the stratigrap-ic position of the
formations involved,and the drainage of the area appears
to be controlled by structural features. Several streams
flow alonj these thrust planes. In some places in this area,
V" i1 narrow outcrops of the intra thrust zone material,
these streams have removed the Subathus, bringing the Man-
dhalis diractly over the Nahans, producing an impression of
the two thrust planes having merged, Thus misleading out-
crops hav2 been producad by the differential 2rosion in the
region., Other planes of movements are in the form of tear
faults or of the recent scree material being over ridden

by the Subathus,
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442, GRAVITY ANOMALIES

All along the main boundary fault the Bouguergravity
anomalies are negative with sharp gradients on either side
of the fault, attaining high positive vzluesg below the mor-
thern peaks and low negative values in the Indo-gangetic
planes. The Bouguer anomaly at Dakpathecr is of the order

of =130 milligals (Gulatee, 19%6).

4,3, SEISMIC HISTORY

From the existence of major thrusts and 3 great number
of secondary p.anes of movements it is evident that the re-
gion has been subjectzd to seismic aCtivity in geologically
rTecent times, The age of these movements is not known with
any ‘certainty but Auden (1933) considers that the Krol th-
rust might have resulted from the seismic activity spread
over a lonj period., The available estimates range fromP re-
P..ucene toP ost-Pliocene, In histori¢ times the dnly major
earthquaks reported anywhere near the area was the 1905
Kangra earthquake, a secondary epicentre k-ing near the
region under reference, There has been a controversy about
the associaticn of the secondary focal plane with the Krol
or the Nahan thrusts but even recent investigations have
been unablz to establish either of th-se possibilities with
any certainity., The nearest T eismological “bDservatory at
Dehradun did not record any significant activity either,
During 1959, through the assistance of the India Meteoro-
logical Department and the Yamuna Valley Scheme a temporary

observatory was operatad at Kalaw-~and the near garthquake



data obtained is given in Table 4-2. The earthquake activity

TABLE 4-2

Near Earthquakes Recorded at Temcorary Seismological
Obz.rvatory at tlalawar

Daté? Téﬂe in gsg Pg%EplC. Datei Time in gsg-pg g Epic,
' 4 | sec 3Di§t( 8) f i i sec | Dlst(A)
Y ) ! S 1 ! 1
May 1969 August 1969
T 0580 1o 0nT 6 24 17 30* Ly 10
20 20 % 0.9 1.5 13 25 20 28* 0.5 4
21 07 50 04.6 0.8 7 o I S 2.9 25
28 1706 13.0 1.4 19 30 10 18 03.2 3,4 29
29 20 01 14,2 12 45 September 1969
8 IZls.s Li 10 3 0738 86,6 0.7 6
June 1969 ¥ IV 34 0 T 6
£ 68 1% 98,85 1.4 10 13 09 %0 58.0 0.6 5
8 074 .2 1.1 10 16 20 33 22,4 5,5 48
Y7 D302 06.° 22 19 17 20 32 08.9 1.5 13
la OV 45 53,4 0.9 8 L7 22 32 06.7 3.8 36
25 07 49 %8.0 1,2 11 I8 0 15106 BT 24
& | OF 4l Dl.S 1.8 9 20 15 43 16.9 1.0 9
July 1969 22 08 28 43,5 2.6 23
5 0418 43,9 1,8 13 October 1969
£ gl al sae 5K 48 1a 1361 179" "W 14
4 DT 3411 0.8 8 15 12 36 55,5 1.1 10
6 0203 45,5 1.0 9 17 13 03 18.3 0,9 8
00 3Rty - 1.3 11 B ig el Lo 9
B, 13 %7 .0 0.8 5 19 09 05 20.0 0.8 i
i e R MR 6 o8 12 52 2.0 0.8 8

. Approximate time due to the absence of time marks on the record,

Tecorded here between May to October 1969 was rather

low but the sources being indicative of weak zones. The
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Multiple Structural Response Recorder installations in
the region at Dehradun, Narendra Nagar and Tehri did not
vield any data since no earthquake big enough to cause
appreciable structural response occurred during the period

of investigations,

4,4, LEVELLING DATA FROM SURVEY OF INDIA

Repeat observations of levelling b:tween Dehradun
and Mussoorie before and after the 1905 Kanjra earthquake
showed 1 level change of the order of 10 tc 12.5 cms whereas
it remained unchanged over the Mussoorie-Saharanpur line,
This would suggest that Dehradun moved up, with respect

to Mussoorie by the observed order of level change.

During 1908, levelling was carried out along the
Dehradun Kalsi route and repeated during 1927-28, The
three bench marks at river Tons (near Dehradun), Saharan-
pur and Amnbari (near Yamuna Bridge) all three to the south
of the Nahan thrust showed a rise of 0:.13, 1.38 and 2.5%

cms respactively,

4,5, OBSZ3VATIONS IN THE KALA AMB DRIFT

An exploratrry drift of 2.5 x 2 mts section and
190 mts langth has baazn excavated at Kala Amb, The section
along thz drift is given in Figure 4-3., A sub-recent thru- ° °
st plahe dipping at 30° in a northerly direction is pre-
sent at 102 meters along which the scree has been over

ridden by the Subathu clays. Highly crushed quartzites,
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grey sandstone and siltstone, saturated with water, are

met at 139- 149 meters 3nd are almost in flowing conditions,
Probably it is in this zone that the tear fault, as revea-~
led by surface observations has been encountered, The Krol
contact has been met at 190 meters., An attempt to take 3
drill hole at 140 meters resulted in jumping of the entire

drilling rig due to Upthrust,

4.6, FLAT JACK TEST DATA

Flat jack test consists of cutting a slot in the
rock face, which results in the expansion of the roeck in-
to the slote A flat jack is grouted intc the slot and
pressure applied by means of a hydraulic-jack until the
rock is restored to its original position. The pressure
required to restore the strains is called the cancellation
pressure and is a measure of the stress in the rogke A
number of flat jack tasts have been conductad in different
rock formations of the area and al each location tests
were carried cut by orienting the flat jack in three ortho-
gonal directicns to give the stresses in two horizontal
(N=S and i-W) and a vertical direction, Th2 results bring
out the existence of 3 large stress field in the N-§ dire-
ction at each of these locations compared to the other two

components,

4.7. TIWAS'S RADIAL PRESS TEST DATA

Tiwag's Radial Press test has been conducted in the
red shales in the head race tunnel at 2 short distance from
the Khodri end, The test was carried out i, three stages to

obtain preossures of 3,5 and 7 kg/cm?® in the increasing
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order,ths pressure of 5 kg/cm? corresponding to the in-
ternal pressures in the tunnel., The deformation showed
an '6érratic trend. The value of modulus of defommation
thus obtained was of the order of h36 kg/cm®, After the
test for determination of modulus of deformation, the
radial press equipment was left in its position with no
pressure applied,But the out flow of th: liquid from the
flat jack was stopped. A presaure of 1 kg/cm? developed
due to rock deformations in the first 30 hours and re-
mained constant, thereafter. However, the associated

rock deformations continued for a longer time.

4,8, TILT MEASUREMENTS
4,8,1., Tilt Base~«hub Installations in K=z=1la Amb

Since indirect evidences of recent movements were
availablz in the region, it was considered desirable to
make diract measurements of tilt e. loying a Portable
Water Tube Tiltmeter. To avoid the influence of local
fastors, it was necessary to plan these measurements in
an underjround tunnel., An exploratory drift at Kala Amb
was under excavation during 1968 and, to start with, this
drift was used for this purpose particularly with a view
to extending the measurements across the Krol thrust which
the tunnel was planned to reach. Three tilt bases were
installed, one on the subrecent deposits and two on the
Subathu shales at distances of 15-20 meters. As the floor
of the drift was sloping, a limit was imposed on the max-
imum possivle spaciny between the bases. The first two

bases wer2 intended to give the order of displacement
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across tnhe plane of subrecent movement. It was intended
to tie these bases to that across the rol thrust and
therefore a third base was installed in the already ex-
cavated oorticn of tha drift towards the Xrol thrust,
Due”to bad seepage condition, additional bases could not
be installed in the drift and the movement scross the

Krol thrust could not be monitorsd,

4.8,2, Tilt Base-hub Ingtallations at Kalawar

An inspection gallery starting at Kalawar and reach-
ing the head race tunnel alignment was under construction
during 1969, The section along the gallery is given in
Figure 4-4, The Nahan thrust has been traversed by the
gallery, between 164 meters (at the over break portion
of the crown) to 240 meters (on the floor)., But the mea-
surements of movement along the thrust cmploying the Portable
Water Tube Tiltmeter could not be conducted since the ga=
llery had a large slo»2 and was in continuous use for
construction purposes. Therefore,a horizontal cross-cut
on the l2ft wall of thas gallery at 282 mts which also
traversed the Nahan thrust was selected for the purpose of
tilt measurements, The plan of the cross-cut and the posi~
tions of all the tilt bases in this cross-cut are indi-
cated in Figure 4-5, The distance of the excavated face
from tilt bases 1 and 2 was kept equal so that the
influence on them of the sequeezing of the tunnel cavity

. to pemit
be indentical as far as possible. However,/a study of the

influence of squeezing of the cavity on the observations,
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if any, a third base close to the unexcavated face was
installed and measurements were commenced in September
1969, During early 1970, a secondary c¢ross-cut, as shown
in the “ilgure 4~5, was excavated and a fourth base fixed,
The"lines joining bases 1,2 and 2,4 are about equally
oblique to the strike of the Nahan thru-t, Thus the mea-
surements between the bases 2 and 4 offered 5 check on

those between the bases 1 and 2.

4,8,3, Tilt data

Tilt measurements across the plane of subrecent
movements were commenced from June 1968 -nd recorded a
large floor swelling in the Subathu clavs. The data have
been given in Table 4-3(a). Unfortunately however, measure-

ments had to be discontinued as poor rock conditions,

TABLE 4-3(a)

Tilt Observations in Dakpatiuer Region
LOCATION: Kala Amb Drift

—

Eé‘: Date [AeaRing Lo MM iRelative!Height |Days !Movement
b - 1Base | Base ;Height |shangelsince!Rate mm/
i iNo, 1 No, 2 mm mm  jlast |month
|
1

- e -

1

1
! : :Obso :
1 1 1 1 ¢ L

le 13,6468 '11,400 7.249 4,151

3. 30.3.691 34.0 9,544 24,466

4 9.965 95 3.15

3, 3.7.69 32,332 13,091 34,43)
+(3+2)

Base 3ase
No.1l No, 2

1. 13,6.68% 9,692 16,892 7.00

20.315 290 2.10

1 Approx. reading since the different was beyond the range
of instrument.

2 Packiny plates (3+2) = 18.199 mm

3 Reading could not be continued afterwards due to poor rock
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resulted into the breaking of timber supports rendering
the gallary unsafe. Tilt measurements across the Nahan
thrust plane in the cross-cut were commonced in September
1969 and repeased every 4 to 6 weeks. The data have been
given in Table 4-3(b) alongwith the calculated rate of
Créep movements. The neasurements in tho secondary cross-
cut wers commenced in April 1970 and repeated only once

in August 1970, This data is alsc included in Table 4-3(b).

TABLE 4-7(b)
Tilt Observation: in Dakpather Regiong
LOCATION: Kalwar Inspection Gallery Crozs=-cut at 282 Meters

Sl.':Date 1xeéading In mm|Relative|Helgnt [Days Movement Rafe
t

Ng. 1base ; BasejHeight I{chanje/since! mm/month
! iNo.1 | No,2; mm ;1 mm ciadt 4
1 1 1 J 'Obs. ita) 7 (b)
[ 1 ! ! ? ! t 1

1, 17.9.69 20,746 26.135 5,389
2, 5:.11,69 12,474 19,623 7T.149

1.760 49 1.09
2.812 87 - Qa7

3 3L TO. XA, TEBE 24,744 9, 49E5) 100
% 1.263 83 O 48
4, 24,4,70 14,331 25,555 11.224 0,80
i S R iy E 0. 44
S¢ 21,8.70 10.127 23,098 12.971 0,67
Base Base

No, 1 No, 2
. 17.9,69 24,821 20,798 2,798

e 341 49  0.21

LiRZE D Oy 21

. 24,4,70 20,509 19,280 1,229

2.696 119 0.68

. 21,8.70 15,238 17,705 -1.467 .
Base Base
No, 2 No,. 4

1, 24,4.70 24,314 17.612 7.702

1
2. B,11.69 23,234 20,777 2.457
3
4

2,878 119 72
2. 21.8.70 18.070 13,246 4,824

3. Since the last reading.
b, Since the beginning of the measurement.
* Tunnel was lined after third reading,




CHAPTER 5

ANALYSIS AND INTER2RETATION OF DATA AND
CONCLUSIONS

3.,0. GENZRAL

The data for the two regions h-.ve been Separately
analysed to answer some of the problems of these regions,
The availability of greater quantitative dats for the
Koyna rejion enabled a more systematic analysis for this
region as compared with that for the Dakpather region,
PFossible interpretations of the results obtained have been

discussed separately in the following sections: #

5¢.le THE KOYNA RESION

5.1.1, \NALYSIS OF S:PTEMBER 13,1967 KOYNA ACCELEROGRAM

I'he tracing prepared from the enlargement of a
printed copy of September 13,1967 Koyna accelerogram given
in Figure 2-2 was used for digitization at each peak and
trough of the three traces, i.e., at unequal intervals of
time, unto about 2,5 seconds., The digitized data is given
in Table 3-1. The number of points digitized varied between
42-30 per cecond for the three traces with the vertical
component having the least number. These details of digi-ﬂ
tization have been included here to indicate the possible
sources of additional inaccuracies comparad to a normal
case where the original accelerogram is available for use,
The basz line has b2en located to give a minimum mean squ-

are comnuted ground velocity at the end of esach trace, The



integratad ground displacements and velocities for the
three orthogonal com>onents, namely two horizontal and

one vertical component, have been obtainad, Integration
has been carried out using Simpson's rule (Brady, 1966).
The plots of the ground displacements and velocities for
the respactive components are given in Figures 5-1,2 and 3,
The rel;tive displacement, velocity and acceleration res-
ponse of viscous damped oscillators with 5% of critical
damping and 0,40 second period for the three components
were conputed., This was done to permit comparison of nor-

malised response for the three Koyna earthquakes.

5,1.2, ANALYSIS OF OCTOBER 29,1968 KOYN.\ ACCELEROGRAM

The tracing prepared from the 2enlargement of a
photo cony of the October 29,1968 Koyn~» . <:lerogram
(Figure 3-17) was used for digitization at each peak and
trough of all the three traces, upto 3bout 4 seconds.The
number of points digitized varied between 24-32 per sec-
ond for the three traces, with vertical component having
the highest number( s2e digitized data in Table 3-5). The
integratad ground disolacements and velocities for the
three comoonents are given in Figure 5-4,5 and 6. The
relative displacement velocity and acceleration response
of viscous damped oscillators with 0.40 second period for
the thrze components were computed. This was done to per=-
mit comparison of normalised response fur the three Koyna
earthguakes for which data was available. The relative
displacanent response for oscillators hiyving 0.40 and 0.75

second p2ricds and with 10%, 20% and 40% of critical damping
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were computed only for the horizontal components and two
dimensional plots of response in a horizontal plane were
prepared, This was'done with a view to evaluating the po-

tential of the seismoscopes.

5¢1,3. ANALYSIS OF SEISMOSCOPE DATA

The Multiple Structural Resporse Recorder insta-
‘lled in the seismological observatory located on the
down str2am side of the Koyna dam had recorded the October
29,1968 carthquake (vide Figure 3-16), These were analysed
and the relative maximum displacement, velocity and accele-
ration rESponse-values were calculated (Agrawal, 1970,a).
The results are given in Table 5-1. During this event the
Roorkee Seismoscope ingtalled in pairs at all the three
locations yielded records (vide Figure 3-1S). The maximum
relative displacement, velocity and acceleration response
values were calculated and the results sre given in Table
5.2; The records from the Roorkee Seism-scones during the
June 27,1969 earthquake (Agrawal, 1969,c) were zlso ana-

lysed and the results are given in Table 5-3,

The damping estimates were obtained by extrapo-
lation. The level of recording was so small that two
successive amplitudes could not be measured at that level.
Therefore, from the plots of damping versus amplitude, pre-
pared for each instrument, extrapolation of damping at the
level of recording was done, At such low amplitudes, the

variation in damping is not identical in all cases and the



TELE 5-1

Multiple Structural Respon-e Recorder Results

- iDamping {Fecorded !Tilt Sen-!® 185 18 2
Becord No.iLocatiun and its iPeriod % og 2 EA;p. Esitivity i max s d E ¥ i
in figure {Ns, in figure At ey reriticall{ 12 times)! : ! mm:mm/se ré& 0%
3-16 y 3-14 e (nominal) { mm } mm/xad [ B i {
S 1 1 - 1 1 ] 1 ] ¥ 1
1 T
 IF o E 1.25 20 B2 eEZ- O 2% 13.% 0.9
- il e
e R 0.75 15 - AV 0LERG F) B9 A7
LTI
B T’g :u:i 5 0. 40 5 2.0 17,18 Dl 46 T3 1.8
o~ 3
4, oo 0. 40 1o 7.8 1287 Q0% 2.0 3l.4 ‘5O
—f QO
s AR 0.75 8 10.9 469 0,026 3.7 3O 2.5
(1p} C G -
6 i SO0 1.25 6 18.5 87.20 0027 0.5 ‘52.5 2.7
w > 5 e

The direction of maximum ressonse was approximately N 30° E for all the records.

- S0 -



TABLE 5-2

Roorkee Seismoscope Results

T i t T T T 1
Record N04 Location and its | Period fDamping . Recorded E ¢haxi S E 5 E g
in figure: No. as marked in | s2c % of - Amp, : £t B SRR
.15 ¢ i wn Baoa ! riticer : (12 timc ); rad | mm | mm,su;; » Of gy
; ’ mominal mm : 1 \ ;

j = Instrument zro0m
Koyna Dam: ¥.) B: G5 5 24 0,013 1.8 15,1 L3
No, 2

- Instrument room
Koyna Dam: M,1 B; 0. 40 20 24 0.013 8.5l 8.0 153
No. 2

< Fouadation Gellery
Koyna Dam: M,17; Q.15 20 26 0.014 2.00 16.7 1.4
No. 3

4. Foundat.on Gallery
Koyna Dam: M,17; 0. 40 20 36 0.020 0L 1A 2.0
Noe 3

Se Control rcom,switch
yard, .
Porhali Power 0.75 20 54 0.030 4.20 35,2 3.0
House; No, 4

6. Contruvl room,switch
yard, 0. 40 20 64 D.835 l.@ 22,0 35

Pophali Fower
Nouse; N .4

The direction of maximum res-onse was approximately N 30° E for all +he recorders.

LOY =



EIABLE 5=3

Structural 3desponse Results Obtained from Roorkee Seismoscope
During June 27,1969 Earthquake in Koyna Fophali Region

Record No,

Pariod :Dampina

-t

T I
1 .ecorded !Dir. of

Pophali Power
House; No.4

h

)

34
R

1 1 Y 4 ;
F 1Locatlon and its | ; o s g
in figure 1No, as rarked in ; __ 1% of LAMp . } JEL L SRR -
3-18 ifigure 3-14 p S2€ leriticall(6 times) MAX.Amps.! rad | ™M imm/sec; % of g
! i rnominal | mm ! ; ' i !
g ! 1 e . ’ 1 i Sl e 1 v ! '
L Instruinant xroom o
No. 2
<A Instrun.2nt room ;
Koyra wam: M,1 B; 0. 40 20 | 21w, N 012 0.46 6.98 4 2 5
NO.2. W
3 Foundation Gyllery '
Koyna Dam: M,17; 0 16 20 3.0 N L03. G422 3,51 O, 3
4, Founustion Gallery
Koyna Dam: M,17; 0. 40 20 ®.0 N A0 O3B B.T? 1.0
No,. 3.
S Contrul room, switch a
yard, - . U 5 20 28 N O™ E L2t 0,28 2,34 0.2
Popltali Fower
House; No. 4
Be Contrel rcom, switch B
yeard, e 7 Y o 20 Tl N 30" E .008 0.30 4.56 0.8
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extent of influence of friction is uncertain, Thus the
estimates of damping are only nominal 32d can not be used

with reliability,

5.1.4. ZLASTIC STRAIN REBOUND INCREMENTS

Elastic strain rebound increments for the two
periods, one starting from the very beginning of the avail-
able data in January 1967 and the other after the December
11,1967 event were plotted on the basis of weekly strain
energy release values given by Guha. The two plots thus
prepared are given in Figure 5-7 and 8 and were utilised
for examining whether there was 3 change in the phase of

the fault movement,

5.1.5. COMPARISON OF THE DECEMBER 11,1967; SEPTEMBER 13,
1967 AND OCTOBER 29,1968 STRONG MOTION DATA

To permit compjsrison of the strong motion data
obtained during December 11,1967, September 13,1967 and
October 29,1968 Koyna earthquakes, some of the charact-
eristic features of the data for these three events have
been given in Table 5-4, It may be worthwhile mentioning
here that original accelerograms were not available for
this analysis, Additional inacecuracies might have crept
in the results on account of this. Perhaps the comparison
would bz still valid since the additional inaccuracies are
éommon to all the three earthquakes compared. The locations
of epicentre in relation to the location of the instruments

were gJiven in Figure 3-14 and the latitude and longitud=
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TABLE 5-4

Characteristic Features of the Three Koyna Earthquakes

el Maxinun Ground Time |Zero-Axis :chles Zero Crossings |Maxima
i Sl oo ! == to MyxdWidt )er sec er sec er seg| ..
Event |ohent Disp. {Yelnc 9Cg%nc ﬁ*,;ifjﬂécis,ﬁgx. ; g E‘Q“E""A'““'"'; ivgr;ggt No
: > , o 1alll e o < e
. B 90 sec | sec i e £ 2 N
Sept T 0.119 {0.888 {0.096 {0.648| 0.040 21-23 | 30-36 31 19 .81
1967 V. ]0.238 [1.030 |0.080 |0.515| 0.070 20-22 31-40 31 19 .81
L [0.340 [3.296 |0.234 |0.623| 0.060 25-29 32-33 27 19 s F1
]
Dec. T |21.440|80.080 | 0.490 [3.131| 0.0%0 12-15 18-26 21 ¥ .82 4
1967 | Vv 128.840/25.580|0.340 [3.797| 0.0%0 13-15 | 24-26 | 24 14 | .86 W
! ¥
L 13 30 124.190/0.630 |3.852| 0.0%0 15-20 20-22 21 16 .65
Oct, T |[1.020 |2.614 [0.068 |0.121 | 0.0%0 12-14 24-31 24 13 .92
1968 V. 0.734 [1.897 {0.084 [0.059 | 0.0%0 14-16 30-31 25 14 .90
L P.79 [2.85%9 |0.096 |1.136] 0.0%0 14-15 25-28 26 14 .93
| :
T componeat in tte direction N 35° E, i.e. transverse to the axis of the dam.
V  component 11 tle vertical direction.
L component in the direction N 55° W, i.e. along the axis of the dam.

*

Average hcs

been

taken for 2 seccnds trace containing maximum acceleration.



TABLE 5=5

Location of Epicentres of the Three Earthquakes Under Study
in Relation to the Location of the Instruments

E T Y
2vant t Laritude ; Longitude | Estimated
i ! : Epicentral
: ' et !  Distance
Epicentre of the
September 13,1967 Earthquake 17° 24.0' N 73° 44,8' E 1 km
Epicentre of tha
: ]
December 11,1947 Earthquake 17" Boga B 73° 44.8' E 4 kms s
o
Epicentre of the p
October 29,1967 Zarthquake 1l W LR 73° 46,0' E 3.5 kms
Location of t*e Koyna Dam: 17° 23.95' N 73% 45.0' E
Distance between M18 - M 13 About 200 Meter-
Distance betwe=:n M 13 - M 17 About 50 Meters
Elevation Differente
between M 17 and M 1B About 50 Meters

Distance of Seismological Ckbservatory on the downstream side of
the Koyna Dam from M1B about 300 Meters.
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and estimated epicentral distances are civen in Table 5,5,
The results of Table 5-4 bring out the following features

of these three events,

(i) The zero axis widths, for the acceleration peaks
of the three components for the December 11,1967 and October
29,1968 events are found to be identical inspite of the dif-
ference in their magnitude., In fact even for the September

13,1967 event the zaro axi® width is comparable,

(1i) The peak ground acceleration recorded were asso~-
ciated with the component in the N 55°W in all the three

events,

(1ii) During both the December and October events
the large horizontal ground displacement w.s in the compo-
nent perpendicular to the one containing the acceleration,
peak. However, during the September event the same compo~-
nent contained both the peaks of acceleration as well as of

displacement,

(iv) The frequencies associated with the December
1967 and October 1968 accelerograms are of comparable order.
The September 1967 accelerogram had higher frequencies asso-

éiated with ity

(v) In general, the time of occurrence cf a peak 3¢
measured frem the starting point of the record increased
with increasing peak acceleration value for the three events.
However, amongst the three components of the events themselves

such 3 systematic variation did not exist,
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The epicentre of the September shock was closest to
the accelerograph as compared to that for the other two
events. Thus the higher frequency content ¥ of the Septem-

ber accelerogram was as expected,

5¢1,6. COMPARISON OF RESULTS FROM SEISMOSCOPE AND ACCELE=
L ZROGRAM DATA ANALYSIS

The Multiple Structural Response Recorder was ins-
talled in the seismological observatory cn the down stream
side of the Koyna dam on the same rock on which the dam
foundation rests and about 300 meters away from the loca-
tion where accelerograph was installed in the dam. The
Roorkee Seismoscopes were installed in pairs about 200
meters apart at two positions in the body of the dam and
at foundaticn levels. The accelerograph was also installed
in the body of the dam at foundation le’~l at an interme-
diate locaticn 50 meters from the Roorkee Seismoscope in
M 17. However, all these locations are closely spaced on
the same rock fommation i.e. the same Basaltic lava flow,

except that the level was different by about 50 meters.

The difection of the maximum relstive displacement
response (Sd) on Multiple Structural Response Recorder and
Roorkee SeismOSCOpes was almost transverse to the dam axis
and therefore only the analysis of one of the two horizon-
tal comoonents ( N 35° E) recorded by the accelerograph was , ,
used for comparison of results, The plot of S4 versus per-

iod obtained through the relevent accelzrograph trace is

given in Figure 5-9, The results from Multisle Structural
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Responsa Recorder and Roorkee Seismosccpes are also plotted.
The spactrum values as interpreted from the records are in
general agreement with those computed from the accelerogram
if it is kept in mind that the damping in the seismoscopes
is nonlinear with amolitudes and has large uncertainties

at the lower level of recording due to friction. The results
from 0.75 second period pendulum of the‘multiple Structural
Respons2 Recorder compares very favourably with the compu~-
ted results. The results from 0,40 second pendulum indicate
higher . response. The results from 1,25 second pendulum do
not ofcourse show any comparison, The doorkee Seismoscope
apparently had much higher damping at tne level of recording

and did not pemmit relative evaluation >f results.

5,1.7. COMPAKISON OF PLOTS OF COMPUTED AESPONSE IN HORIZONT AL
PLANE AND SEI3MOSCOPE RECORDS

From the two nhorizontal components of the October
accelerojram, tﬁe raelative displacement response of a sin-
gle degree of freedom oscillators having 0,40 and 9, TS
second périods and each with 10, 20 and 40 percent of cri-
tical damping have been cbmputed. Their two dimensional
plots raduced to a size comparable to the selsmoscope re=-
cords are given in Figure 5-10., Reduction of all these plots
to the same scale and equal to that of the seismoscope re-
cords was not felt necesSary since the intention was only

to compare the broad features snd shape of the two,

The theoretical results corres>ond to linearly damped

oscillators whereas the seismoscope records correspond to
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Nonlinearly damped oscillators. Even then, the direction
of maximum computed response was found to be the same as
recorded by the Multiple Structural desponse Recorder and
the Roorkee Seismoscope, However, only three records from
Multiole Structural Response Recorder showed broad simi-
larlity of shape to the computed plots and these are given
side by side in Figure 5-11. Here 3lso the performmance of
0.75 szcond pendulum is in greater conf o>rmity with the
theorstical results.
5.1.8. COMFARISON OF NORMALISED COMPUTED RESPONSE DURI NG

THREE KOYNA EARTHQUAKES

In order to compare the characteristic features
of the acceleration response spectra for the September
13,1957, December 11,1967 and October 29,1968 Koyna earth-
gquakes in relation to their different magnitudes, the plots
for computed acceleration response spectra for each compo-
nent of the three events have been prepared and are given
in Figure 5-12, To obtain a clearer picture the nire com=-
ponents of acceleration spectra were normalised at their
maXimum response acceleration values. These are plotted
and shown in Figure 5-13, The two figures do not reveal
any spaeclal points except that for December event,the
higher values of response were spread over a range of
periods frem 0,10 to 0.60 second whereas in other cases
there was more or less regular decrease in the response
from 1 peak value at 0.10 second. The decrease in response

Was mor: rapid in the case of September shock,
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5.1.9. \VERAGE VELOCITY SPECTRA FOR KOYNA EARTHQUAKES

[he maximum relative displacemert response (Sd) for
20 different oscillators with periods in the range of 0,10
to 2,50 second and eich with 5% of critical damping were
computed for all the three components of the recorded grournd
motions during each >f the three koyna zarthquakes, namely
the Septenber 13,1967, December 11,1967 and October 29,1968
earthquakes, The pseudo velocity response spectra value
were comouted on the basis of these Sq values. The nine
curves taus obtained were normalised such that the area
below each of them became equal to the area below the Hou-
ner's standard curve for 5% of critical damping within the
same period range. The normalising factoers thus computed
are given in Table 5«6, It may be worthwhile mentioning
here that the computed Tesponse curves for the September
13,1967 2arthquake exhibited an abrupt decrease of res-
ponse to a low level, lower than even for the relatively
smaller nagnitude carthquake of October 29,1968. This point
is clearly seen in the Table 5-6, the normalising factors

being considerably higher for September shock,

TABLE 5-6

Normalising Fsctors for Various Components of
decorded Ground Motion

Component fSeptember 13,1967 | December 11,1967 !0ctober 29, -
; Earthquake ! Earthquake 1 Earthquake
1 1
Longitudinal
N 559 w) 7.060 0. 409 5,967
Traverse
(N 350 E) 12,398 0. 660 S G667

Vertical LB, 127 e 5: 836
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The normalised data thus obtalned was used to compute
average values of maximum relative displacement (S4), pseudo

maximum relative velocity response (S and the maximum re-

»
lative acceleration response (Sa). The averaging of these
paramaters was done for the three longitudinal (N 55° W),
the three transverse (N 35° E), the three vertical and all
the nine components and the results are given in Figures
5-1&, 15 and 1l6. The results show some deviations from
those which where obtained by Housner (1959). The concens=
tration of higher velocity and acceleration response values
towards the shortest period range was the main feature, The
respoisz peaks occurred arround O.15 second period. As al-
readv nointed out by Housner (1959) this feature would be

as expacted in view of the average epicentral distances
corressyonding to the jround motion data in Koyna being with-
in about 5 kms. However, apart from the effect of epicen-
tral distances, possibility of a small part of these differ-
ences in response characteristics being on account of the
differences in the source parameters can not be ruled out.
The anialysis clearly brings out the need for collection of
more ground motion data and separate computations of the
average response spectra for different seismic regions.The
highest value of acceleration response out of the nine com-
ponents of the recorded ground motion corresponds to the
vertical component of the December 11,1967 earthquake. In
the case of September 13,1967 shock the rapid decrease in
Tesponsa to a very low level with increasing period led to

3 high normazlised response. Thus the normalised average res-

ponse values became much higher compared to even those due
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to December shock. The estimated epicentral distance corres-
pondiny to the September data is approximately within 1 km,
whereas for the other twoevents it was estimated to be
roughly equal andabout 4 km. The analysis therefore shows
that the averaging of response at greater distances was
not as much susceptible to the variation in the epicentral
distances for various events used as for the near distance
cases. Possibly the rate of shift of the response with
changing distance from higher to lower neriod range is
slower at distances more than 15 kms (corresponding to

the shortest distance for which data was analysed by Hous-
ner, 1959) and much higher for shorter distances. Thus
ave~aging for only six components of normglised S, corres-
pondiny to December snd Oatober shock (see Figure 5-15)
gave a picture more comparable to that drawn by Housner
for 16 kms distance from small shock. Another point worth
mentioning here is that the variation in the magnitude

seems to have a reduced influence at shorter distance.

5.1,10 SIGNIFICANCE OF TILTMETER OBSERVATIONS

Observations of tilt of the earths surface on specially
installed tilt bases employing Portable Water Tube Tilt~-
meters (Agrawal, 1970,b) were commenced in 'September 1968.
Measuremnents were rapeated after the October 29,1968 earth-
quake of 5.2 magnitude, one of the largest event after the j

December 11,1967 earthquake, these measurements do not

reveal permanent tilt at any of these locations., Even the
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repetition of observations in July 1969, i.,e. after the
occurrence of a number of significant events, did not
reveal any tilt., The system employéd for the measurements
on the base hubs at a distance of 30 meters or more was in

a position to resolve tilts in excess of 0.04 arc seconds.

A resort on tilt measurements (Marsiall and Stephens
1968) in respect of Denver earthquakes, at Waterton, Colo-
rado shows that permanent resultant tilting as high as 1.15
arc seconds occurred following a single earthquake of magni -
tude 5.0 o Even the =zvents in the ranje of magnitudes 1 and
2 were found to be accompanied with til:s of the order of
.15 arc seconds. Thase measurements werc made at 5 station

50 kms away from the enicentre.

Tha site of observations in Pophisli was within 10 kms
from th: epicentre and did not show any permanent tilting.
Since, in general, several events followed the repeat tilt

messuranents, it mijht be argued that the cumulative tilt

during the successive events was reduceu to less_than 0.04
arc seconds owing to some of these having opposite signs.
However, on the basis of the above mentioned reports, tilts
have b22n reported to occurrin the same direction in a majo-
rity of svents. These negative resulis ilerefore lead to

the conclusion that the earth's surface layer was not par- .

ticipating in the enargy release.
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B.1,11, SCURCE RESGION FOR KOYNA EARTHQUAKES

5. l. llo O. General

Aecords of the December 11,1967 Earthquake at Koyna
as well as of other smaller events in the region possess

some very notable features, namely,

le the preponderance of the higher frequencies in the

accelefogram (around 12 - 15 cps.)

2. ground acceleration peak of 0,63 g which is high
even after allowing for the proximity of the epi-

centre to the place of recording,

B discrepancies in the magnitude and depth values

determined from near and distant station data.

e sbove characteristic features of Koyna Earthquakes,
particularly of the one which occurred on December 11,1967
can bz related to its possible source parameters on the basis
of prasent understanding of the nhysical processess responsi-

ble for earthquake phenomena,

5.1,11.,1, Significance of Stress Level in Relation to Parti-
cipating Fault Rock Volume
In an earthquake source region occupied by 5 competent
fault rock material, higher stresses can develop before the
initiation of a slip or fracture, compared to the case where®
the fault rock material is less competent (Benioff, 1951,a).
Thus in the former case larger strain energy can accumulate

befor= a slip or fracture takes place. In other words, a
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smaller volume in competent rocks can store and therefore

rTelease greater strain energy.

Investigations of the stress drop during frictional
slidiny at confining pressures upto 5 kb by Byerlee and
Brace (1968) indicated that the stiffness of loading system
and the rate of loading had no influence on the straess droo
and the cenfining pressures and rock types were the controll-
ing factors. In a source region at a higher stress level,
larger stress drop would be expected after initiation of
slip, Similar conclusions have been arrived at by Scholz
(1968) on the basis of his laboratory experiments on micro-
frécturing in rocks and have been stated in terms of varia-
tion in the constants a and b of the frequency-magnitude
relation. Further, Chi-Yu King and Leon <nopoff (1968,b)
on the basis of their investigations of relationship amongst
earthquake magnitude and fault parameters have concluded that
the s tress drop increases with magnitude. These studies would
suggest that for generation of an earthquake of a3 given mag-
nitude in a competent fault rock under high stress condition,
the dimensions of source regions participating in energy re-
lease could be smaller compared to a case where the stress

level is low.

5.1.11.2, Frequency Character of the Dist:rbrnce at Source
and the Stress Level

Measurements of the velocity of crack propagation in

glass plates conducted by De Noyer and Pollack (1963) gave

higher velocity values for regions under greater strain i.e.,
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implictly under higher stress level. The duration of dis-
location in 3 fault rock should therefore be shorter in a
source region at a higher stress level owing to the higher
velocity of propagation of fracture. This would 3lso imply
that the interval of the stress drop during dislocation at
any point of the fjult is shorter in such a case. The rate
of stress drop or the velocity of dislocation propagation
appear to ke characteristic parameters of the earthquake
mechanism which may determine fhe frequency character of
the elastic disturbance at the source (Aki, 1968)., A higher
rate of stress drop characteristic of = fault rock under
high stress condition and therefore of a higher velocity

of procogation of fracture is likely to impart a high fre-

quency character to the disturbasnce at source.

5.1,11.34 Frequency Character of the Disturbance at a Dis-
tance from the Source

sutenberg (1958) gave the followiny expression relat-
ing the period T, at source and the period T at a distance

D, of an elastic disturbance:

T2 = 72 4+ 220D
°©  y3p

Where m is the coefficient of friction, lad the density and
V the wave velocity in the medium, Thus, if the period of
disturbance at the sourée, is shorter all other factors
remaining the same, the period at a distance will also be
smaller, Let us now consider the second term on the right
hand side in the above equation. Competent material in the

source region would produce a large value of V and small
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values ofw\ . At shorter distances where the quantity

5nD is much smaller than P V3 and the major wave path
would lie in the high velocity medium, the influence of

the gacond term on the wave period would be negligible
permitting the disturbance to retain its original period.

At large distances the disturbance would in general acquire
an avarage Gharacter due to increased influence of the second
term. [herefore, depending upon the sourcé parameters and
the niture of the media, the elastic disturbance, in some
particular cases, may exhibit special frequency character

at short distantes,

5.1.11, 4. Source Parameters for December 11,1967 Koyna
Earthquake

On the basis of the preceeding discussions and the
observed high frequency content of the accelerogram written
at a distance of about 4 km from the epicentre, it is rea-
sonable to visualise a competent source rock under high
stress condition, The average velocity along the wave
paths at a distance of 4 km is therefore likely to be high
compared to that for a source region under a lower stress
level, The wide range of values obtained for the depth of
focus varying from 8 to 35 km would suggest a large verti-
cal axtension of the source, radiating energy predominantly
in tha vertical direction. Such conditions can be expected
to exist if the dislocation took place along vertical fiss-
ures filled with igneous material., Geology of the area sugjgesks
that the dykes which might - have provided passage to the
lava flows during the Deccan Trap activity could be the possible

veénue,
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Perhaps in the case when energy is radiated perfer-
entially in the vertical direction and the short period con-
tent of the disturbance at source in high, the near distance
observatories would receive greater energy and therefore,
write large records. This would result in large ground acce-
leration peaks, smaller depth estimates 3nd higher estimates
of magnitude from near data. On the other hand at large dis-
tances the elastic disturbance would acquire an average cha-
racter due to long wave paths and the magnitude detemminations
are likely to be smaller &nd depth estimates larger compared
to those obtained from near station records. Also the latter

will be more representative of the actual ene rgy release,

®,1.11,5, Proposed Model for the Source Region for Keyna
Earthquakes

The Koyna region which is located on the Deccan Traps
has suffered intense volcanic activity over a long period in
the geological past. An attempt to relate the present seismic
activity of the region to the decay phase of volcanic activity
has apoeared earlier (Dutta, 1968) in which the strain energy
release was considered to be derived from the transfer of ther-
mal enargy. The model for source region proposed here also
envisjges its association with the decay phase of the volcanic
activity though the major fraction of the strain energy might
be dus to tectonic processes operative there. The model is

schematically shown in Figure 5-17.

The successive extrusions of magma from the magmatic
chamber in the fom of dykes would cause a rise of the intruded

formations. After the volcanic activity has subsided, there
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would be a tendency for the region to subside also, thereby
creating a void around the dykes at depth. In a group of
dykes having larger extension in one of the two horizontal
directions parallel to the contact planes, the tensile field
in 3 horizontal plane due to the void will largely be perpen-
dicular to the contact planes and would thus have no influence
on these dykes. But, perhaps this tensile field would tend
to reorientate dykes in transverse fissures as are usually
present in most of the dyke systems. Such a possibility en-
visaging tectonic reorientation of dykes by shear has been
considered by Hopgood (1966) to explain the structure of

the Lewisian Gneiss of the Isle of Barra in the outer Hebri -
des, 3cotland. The dykes are likely to remain stationary at
the top whilst suffering dislocations at depths. Such shear
dislocation may occur simultaneously at one or more faces.,
The intention of showing a number of possible planes of
shear in the proposed model is to cover the spacial dis-
tribution of various epicentres. However, during an indivi-
dual event the movement may only be along single planes The
multiplicity of the December event discussed by Gupta et al
(1969) suggest movements along two planes. The movements
associated with a tectonic feorientation of dykes due to

4 tensile field in the horizontal plane would largely be
strike slip which is borne out by fault plane solutions

of tha koyna earthquake (Tandon and Choudhury, 1968; Gupta *°

et al 1969). The vertical extension of the source region

right from 3 to 38 kms has been assumed to include the
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extreme values of the depth of focus obtained from various
observatories, The lateral dimensions have been arrived at
by considering the approximate order of the rock volume that
could provide energy storage for a 6.5 magnitude earthquake
as well as the scatter of epicentre locations for various

events in the region,

5,1,12, CCNCLUSIONS

The conclusions arrived at on the hasis of the pe-

ceeding analysis are given below:

1a The frequencies appearing in the ancelerogram of the
Septenber 13,1967 Koyna earthquake were found to be higher
comparzd to those in the accelerogram of Decenber 11,1967
and October 29,1968 earthquakes as would be eXpécted because

of the nearness of the epicentre in the former case,

2. The ground scceleration peak consistently occurred in
the N 55° W component, which suggusts thiul the stress condi-
tions in the source region remained unchanged during the
period. Even the graph of the elastic rebound increments
broadly reveal this condition, However, this is understand-
able since the elastic strain build-up must have taken a long
time to initiate the activity and may therefore take propor-
tionately longer time to return to the minimum strain level

of the region. o

. womparison of the computed scceleration response cCurves
nomm-lised at their peak values for the three Koyna earthquakes
studizd, show that for increasing magnituce there higher res-

ponse values oxhibit a gpread over a large period range.
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4, The average velocity response spectrum computed after
normalising the area under each curve fcr the three Koyna
earthquakes have been compared to the average spectra
(Housnar, 1959) worked out for the earthquakes in the Cali-
fornia region. A shift in higher resvonce values towards

the lower period as expected and discussed by Housner, is
the spacial feature of these plots and is due to the high
frequency content of ground motion records, The normalised
averaje response rasults obtained for Koyna and those given
earlier by Housner (1959) tend to suagest that the shift of
high response valuzs to shorter periods due to reduction in
the e>icentral distance may be more rapid near the epicentre.
Thus t32 averaging of response results at shorter distances
need ba based on data correspondiny to comparable epicentral

distances,

Se On the basis of some of the common characteristics of
the Koyna earthquakes it has been possible to suggest that
the fault rock was perhaps under high stress condition and

the enargy release was predominently in the vertical direction.

6. The Koyna earthquakes could perhaps be considered due

to tha tectonic reorientation of dykes by shearing.

14 Negative results of the tilt measurements would tend

to sujgyest that th2 earth's surface layers did not partici-
pate directly in the elastic strain energy release. Had any .
tilt been observed, it would have offered a significant evi-
dence to support the association of seismic activity at Koyna
with the water loads in the reservoir, as has been considered

probable by some investigators.
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8. The potentiality of the Multiple Structural Response
Recordervand Roorkze Seismoscope has been demonstrated by
the ajreement obtained between the seismoscope results and
the computed results even at the low level of recording
when utilization of the records of the Miltiple Structural
Response Recorder 3nd Roorkee Seismoscope for the quanti-

tative snalysis may not normally be considered desirable,

9. \s damping in both the Multiple Structural Response
Recordar and the Roorkee Seismoscope varies with the ampli-
tude of recording, it would not bé,possible to draw response
spectrum curves even by employing a number of such devices

as these would yield only a number of points on different
response curves., In order to obtain data which could be uti-
lised in drawing response curves it would be necessary to em=-

ploy davides which have linear damping chijracteristics.

10, It would be desirable to employ a rair of these sim-
plified devices in their present form for each period and
damping combination, one to cover the entire range of the
likely response values and another complementary device

to cover a small lower range only, The advantage of this
would lie in the fict that the uncertainties involved in
the determination of damping at low amplitudes of recording

would influence very low response values only,
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5,2. [HE DAKPATHER REGION
5,2.1. DISCUSSION ON THE RECORDED SEISMIC ACTIVITY AT KALAWAR

Seismic reocording for purposes of 1 short term evalua-
tion of the seismic status of a region have normally to be
made at magnifications of the order of 2 million but, as
the sacond best arrangement possible, a set of three com-
ponant electromagnetic seismographs with magnifications of
0.1 million was installed at the temporary seismological
observatory at Kalawar in May 1969 by the India Meteorolo-
gical Jepartment., Shortly afterwards it became apparent
that the noise recorded by the two horizontal seismographs
was rather large. Their magnifications were therefore re=~
duced to 25,000 but not until 4 weeks had already lapsed
since their installation., This observatory was operated for
a short period of six months, i.e, until October 1969 where-
after it was unfortunately removed. During this period as
many as about 35 events were recorded 3s originating with-
in a radius of 50 kms most of them lying within a radius
of 6 to 14 kms. However, most of thase events were feeble,
approximately of magnitude 1, and were recorded by the ver-
tical seismograph which had four times the magnification
of tha horizontal components., Thus it was not possible to
determine the direction of these events with reference to

the observatory directly from the records.

\s most of the field test conducted in the area point °*
out to the exi~tance of a N-S compressional field, the seismic

activity may be associated with the two major thrust planes
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in the region which have a number of secondary fault planes
associated with them showing evidence of recent movements,
Further, the observations that the feeble activity was re-
corded by the vertical component seismograph only could,
apart from the higher magnifications of this instrument,

be perhaps due to the fact that these events originated
very close and possibly almost below the recording site
resulting in large vertical movements, A majority of events
at a distance of about 6-14 kms could tr.erefore, be.taken
to reoresent the mean depth at which the higher stresses
are operative, The depth of the level of sctivity wss con-
siderad to be about 6 kms, by taking the mean distance as
10 kms and allowinj for some deviations from the vertical
of tha line joining the focus to the place of recording.
Some part of the variation of the calculated source dis-
tance ives 6-14 kms may be due to the variations in the
depths and the other part due to the fault length, On the
basis of these considerations it has bean assumed that the
length of the fault along which strain is being released 1is
about 4 kms. In view of the frequeni release of strain dur-
ing a number of small events; we can precume that the rock
conditions as exposed on the surface extend atleast to a
depth of about 6 kms preventing larger accumulation of elas-
tic strain. The minor activity at denth is in turn causing

Creep movements of the surface formations,
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5.2.2, DISCUSSION ON THE FIELD TEST RESULTS

\ number of field tests have been conducted in the
area in order to evaluate the strenjth properties of the
various rock types and slso to investicate if there was
any tactonic stress field operative in the area. The
strenyth characteristics of the Nahan sandstones were found
to be relatively better but those of the intra thrust zone
material rather poor. This fact was very clearly borne out
by the observations of the behsviour of steel ribs (tunnel
supports) in the Nahan sandstones s;nd the intra-thrust zone
sections of the Kalawar inspection-3jallery, It is, therefore,
quita logical to expact creep movements along the plane of
contact between materials of such diverse strength character-

istics particularly if a stress field exist in the region.

Several field tests and observations tend to suggest
the presence of 2 N-S stress field in the region. One of
the early observations in this connacticon was the sudden
jumping of the drilling rig in the Kala-'mb when the drill-
ing tool reached thz Krol thrust plane. This was related to
(Krisanaswamy and Jalote, 1968) the development of additional
squeezing pressures at the Krol contact on account of the
stress field. A more quantitative information was derived
from the flat jack tests conducted in three orthogonal dire-
"ctions at a few locations which tend to show the existence
of a N-S stress field. The development of pressure in the
flat jack of the Tiwag's Radial Press, after the total re-

lease of the pressure and stopping of the out flow of the
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fluid, could also be related to the possible existence of a

gtress field,

5.2, 3. DISCUSSION ON TILTMETER DATA

The significance of tilt measurements taken across
the plane of sub-recent movement and the Nahan thrust have

been separately discussed in the following two paragraphs.

5.2.3.1, Significance of Tilt Data from Kala-Amb Drift

[ilt measurements were commenced across the plane of
sub-recent movement in the Kala-Amb Drift in June 1968 and
were twvice repeated subsequently. The second set of obser-
vations was however onlv approximate since the difference of
the elevations between the bases had become larger than the
range of the Tiltmeter system, However, the next set of
reading taken by interposing packing places of standard
thicknesses on the lower base could be relied upon. Over
a period of about 1 year an average rate of 2.4 mm/month
upward movement of the base in the Subathus was recorded.

If the movement which resulted in the recent scree material
beingy overlain by the older Substhu shales are considered to
be still continuing, the direction of these movements will
be the same as those recorded, But it was not possible to
determine what part of the measured moverient was related

to the earlier movemnents. The squeezing of the drift in the
Subathu Shrles saection was quite notable, The side timber
supports had either penetrated into the floor or their lower

parts covered by th2 swollen floor, The measurement of tilt
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had to be discontinued, apart from other reasons, due to t
reducad clearance between the top of the tilt-bsse pillar

and the ceiling of the drift, preVenting replscement of the
Tiltmeter on it. If the entire movement recorded is consi-
dered as srising from the squeezing effect, it is logical to
expect some reduction in the movements even after allowing

for tn§7¥$2k conditions and inadequate lining. On}the contrawy
the iqtermediate‘reading, although only approximate, suggested
an increase in the rate of movements., There maylbe possibility

that some part of the movements recorded may be related to the

existance of a natural N-S stress field.

Dwdeds 2x Significance of Tilt Data from Kalawar Cross-cut

Tilt measurements were repeatad four times inside the
Kalawar cross=eut on two bases ,cross the Nahsn thrust with
the raspective excavated faces equidistant from both., These
revealad an upward movement of Base 1 in the Subathus in
relation to the Base 2 in the Nahan Sandstones., The rate of
movemant showed a large decrease during successive tests
which nay be attributed to a reduction in the initially large
influ2nce of the squeezing of the_caVity on one of these bases
possibly the one located on the §hales. The three repeat.
measurements on Base 1 in relation to Base 3 on the Nahan
sandstones which was very close to the excavated face showed
a more or less steady rate of ¢reg which wag 3150 smaller in
magnitudes. These observations could be explained by assuming :
that 335e 2 was subsiding due to the influence of the ekcﬁva-

tion of the cavity., In view of the relatively poor strength
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Characteristics of shales such a large influence of cavity

on Base 2 is anomalous. Ofcourse, this is too meagre a data

to base any useful conclusions on but the anomalous tilts as
recorded could be explained if we consider that the N-S stress
field was causing a3 downward movement of the Nahan Sandstonesﬂ
The measurements on Base 2 and 4 show agreement with the dire-
ction of movement recorded on Base 1 and 2, The minimum rate

of movament recorded so far was O.44 mm/month,

On the basis of the preceedingy discussions the following

conclusions can be made:

1, Ine over=riding of the scree material by the Subathus
as sean in the Kala-Amb Drift is a direct evidence of recent
Creep movements. Cn the basis of tilt measurements taken
there it can be concluded that the secular creep rate is
smaller than 2 mm/month at this location, The observed craep
rate wiss 2.4 mm/month of which a major portion is likely to

be duz to the influence of the squeezing of the cavity.

* [ilt measurements ascross the Nahan thrust in the Kala-
war Cross-cut from September 1969 to August 1970 gave an
averasj: creep rate of «67 mm/month suggesting that either

the base in the Nahjns was moving down or that in the Subathus
moviny up or both were moving together. The average rate of .
secular creep may not be more than 0.40 mmn/month. since the
minimun creep rat: observed was O. 44 mm/month of which a
Bubstantizl fraction is likely to be due to the influence

of thes sequeezing of the tunnel.
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3. Most of the field observations and tests suggest the

exist2nce of a N-5 compressional stress field.

4 The seismic sctivity recorded at the temporary seis-
mological observatory indicate that the N-S stress field

may bz maximum at 3 depth of about 6 kms,

5. The frequency of strain release in the form of minor
events would be sujgestive of poor average strength character-

istics of the rocks at about 6 kms depth,

8. An important observation was the positive tilt results
in tha Dakpather region and the negative results in the
Koyna region. These results would clearly show the poten=
tiality of the Portable W oter Tube Tiltmeter in measuring

Lifivitesinal tilts,
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APPENDIX « 1

CALIBAATION PROCEDURE AND DESIGN DETAILS OF
MULTIFLE STRUCTURAL RESPONSE RECORDER

DESCRIPTION OF THE CALIBRATION STAND

The calibration stand can hold any of the instru-
ment pendulums, The detachable pendulum support can be
fixed to the calibration stand in the same way as in the
pendulum support in the instrument, The stand has a
heavy rectangular base, and a support which can be rota-
ted'through 360° around a vertical axis. The support
usually vertical can also be made inclined to the verti~
cal by known angles (8°, 10° and 15° and yet rotated
through 360° while holding a pendulum. The upper end
of the support has a platform with a provision for fix-
ing the stylus in the same relative position with respect
to pendulum as in the instrument. For the convenience of
packing, the base of the stand and support are unscrewed

and kept. They can easily be assgmbled for use,

INSTRUMENT CALIBRATION
(a) Period Adjustment

(i) The spring steel wires, of specified diameters,
welded to the centre of the upper vice jaw are used to sus- °
pend the pendulums in such a manner that the lower pendulum

weight has a free nscillation between the magnets.
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(ii) A watch glass is placed in its position on
the upper pendulum weight and the period of the pendulum
determined by counting the time taken for a number of
oscillations, The lower suspension vice permits adjust-

ment of the suspension length %o obtain the desired period.

(1ii) The change in the suspension length for the
period adjustment is made while retaining the lower pen-
dulum weight in an intermediate position between the
magnets, Tnis is possible because the upper suspension
vice jaw is long enough to permit the pendulum to be

fixed in any position in a range of about 2 cm,

(iv) Thus the periods are adjusted in each of the

pendulums to the desired value,

(b) Stylus Pressure Adjustment

(i) The stylus is removed and fixed to the cali-

bration stand.

(ii) The stylus clamp is released apd the stylus
weighing nut screwed on to the rear of the screw carry=~
ing the stylus balancing counter weight and its check-

nut,

(iii) The counter weight is suitably moved so as
to balance the stvlus arm in a horizontal position, As

a check to the adjustment, a jerk is given to the stylus
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arm after which it again comes to rest in a horizontal

position, The check-nut is then tightened.

(iv) The weighing nut is then removed thus leaving

the stylus pressure adjusted,

(v) Two weighing nuts are provided, one light and
another slightly heavier. They are used for the stylus
pressure adjustment of pendulums with 8% and 10% of damp-
ing respectively. The pendulum with 5% of critical damp-

ing is provided with a slightly lower stylus pressure.

(c) Tilt Sensitivity Calibration

(1) The pendulum corresponding to the stylus fixed
on the calibration stand is detached from the instrument

at its detachable pendulum support and fixed to the stand.

(1i) The vertical support of the calibration stand

ig tilted throughan angle of 5° and clamped.

(iii) A smoked glass plate is clamped in position

and stylus lowered to ragt on 1ts

(iv) The pendulum is gently rotated through 360°
by holding it at the stylus clamp. Care js taken not to

permit oscillations of the pendulum,

(v) The stylus is clamped and the tilt record
removed. Th2 instrument cum pendulum number is marked on

1t and thereafter it is lacquered.
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(vi) Similar tilt calibration records are obtained
by giving inclinations of 10° and 15° to the support of

the pendulum.

(d) Damping Adjustment

(i) After the pendulum and the corresponding stylus
have been calibrated for period, stylus pressure and tilt
gengitivity, these are fixed to the instrument in their
normal position without disturbing any of the above adjust-

ments,

(ii) A smoked plate is placed in its position and

the stylus lowered to rest on it.

(1ii) The pendulum is gently pulled by holding it
at the bottom weight to displace from the vertical by about

309 and a circular twist is given,

(iv) 4 nearly circular or elliptical spiral is

scratched on the smoked plate.

(v) The damping is determined by cislculating the
ratio of two successive amplitudes at double amplitude

lavels of about 2 o 2.5 oms

(vi) The gap between magnets is adjusted to
give the ratio of successive amplitudes a value of 1.17
and 1,37 corresponding to 5% and 10% of critical damping

respectively.
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(vii) The final damping records are preserved for

future reference for all the pendulums.

DESIGN DETAILS

The various components of the Multiple Structural
Response Recorder have been alloted reference numbers.
The refefence numbers and the design drawing for all these
components bzaring the reference numbers are given in the
paper entitled " Design Details of Multiple Structural

Response Recorder" whose reprint is attached at the end.
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DETAILZD FIELD PROCEDURE OF TILTMETER OBSERVATIONS

TILT BASE~-HJB INSTALLATIONS

At those leocations whose relative elevations have
t0 be determined using a Portable Water Tube Tiltmeter,
specially made tilt base~hubs are permanently fixed at
approximately the same horizont3sl level. The height of
these installations has to take into account the fact that
viewing for setting the pointer has to be done in a hori-
zontal direction and therefore the instrument should prefer-
ably be placed at eye level., The maximum distance at which
these bases could be constructed for measurement with the
system developed and reported here is only %50 meters..lf

necessary, protective covers are provided to ensure proper

maintenance of these base-hubs over long periods,

STEPWISE FIELDO PROCEDURE

1. The Portable Water Tube Tiltmeter system con-
sisting of two boxes holding the tiltmeters with their
ascessories 3and separately packed alkathine tubing are .
stored with care, However, before proceeding to the field

all the items required as listed below ary¢ checked:

Tiltmeter {two), Microscope with stand (two), Dry
battery 6.0 volts (two), Bulb For attaching to the top lid
of the tiltmeter (two), Alkathine tubing with water (55
nmeters), Tube stoppers (two), Thermometer (one), Bottle
wull of water (3 litre), Methylated spirit (0.5 litre),
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Observation forms, Towel, Pencil,

2., If, at the site of observaticn, filtered water
supply is not available, the tube is earlier filled with
clean water and the stopper fitted to itsends, A bottle

full of water is taken for additional requirements.,

3., The tiltmeters and the base-hubs are rumbered,
During successive measurements, the same tiltmeter has to
be placed on the base on which it was placed in the pre-
vious set of observations. Accordingly the appropriate
boxes are placed near the two permanent base-hubs on which

the measurements are to be made,

4, Tha2 base~hub cover, if any, is removad and the
base-hub is lightly brushed with a soft >rush or cloth and

then cleaned with cotton soaked in methylated spirit,.

5, The tiltmeter is taken out from the box and
placed over tne base carefully, the viewing window being
on the front side, The base plate of the tiltmeter just

fits into th: pemmanent base-hub,

6. The microscope tube and its stand detached in
two parts for convenience of packing are placed separately
in the box, After assembling, it is placed in front of

the tiltmeter.
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7. The bulb attachment for illuminating the micro-
meter spindle's free end, whiech is kept detached for con=~
venience, is sctewed to the top lid of the tiltmeter and

connected to the battery.

8., The alkathine tubing is suitably spread between
the two bases to lie at a level lower than the level of
base-hubs and it 1s ensured fhat no kinks are left, If
the distance between the base~hubs is less than the tube
length, an extra length of tubing is coiled up and kept

at some intermediate point,

9, The two ends of the tube are raised simultane-
ously to the height of tiltmeters placed on the respective

bases and the stoppers are opened.

10, It is ensured that no air bubble is trapped any
where in the tube and then the two ends are fixed to the
respective tiltmeters ensuring that the tube is loose

enough so as not to pull the tiltmeter from its base-hubs.

11. The top lids of both the tiltmeters are un-
sccewed and kept by their sides. The water is then poured
into one of the two tiltmeters from the water bottle, The
top lids are opened to permit wster to flow to the other
tiltmeter,

12, The water is poured till it has approximately
attained the mid=-height of the viewing window in both the

tiltmeters. If there is any air bubble travped near the
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tube connecting nozzle, it is removed by gently tilting

the tiltmeter in the direction of the nozzle.

13, After the water surface has come to rest, the
top lids are fixed to the tiltmeters and the illuminating

bulbs switched on.

14, A check is made that no water leakage is tak-

ing place due to some damage to the system during transit.

15, The micrometer spindle is moved up. and then
downwards to remove air bubbles entrapped in the micro-
meter spindle threads. The free end of the spindlé is

brought tc the water surface.

15, Using the microscope, the nointer is suitably

focusad,

17. The line of sight is made slightly inclined
to th2 horizontal such that it is higher on the side away
from the eye still retaining the pointer in the field of
view, This would permit seeing the image of the pointer in

the water surface.

184 The focusing is further improved by sdjusting
the position of the bulb which can be rotated, raised or

lowered and clamped.

19. Now the system is ready for the measurements.
The pointer and its image are brought together just to

touch each other at both the tiltmeters.
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20. The reading is taken. The main scale is read
to half a millimetre. The reading of the micrometer disc
and the vernier together give twice the value in milli~-

metres of the three digits after decimal.

An example for reading the Tiltmeter: In a sett-
ing (say) when the main scale pointer is between 1lth and
12th division of the scale and is more close to 12th divi-
sion i,e. micrometer disc has taken a complete revolution
and a part of the second reveclution, the main scale read-
ing is 11.5. The value of the micrometer disc marking
increase in clockwise manner. The full,division w%ich has
crossed to the left of the zero on the vernier is read, say
it is 63. The vernier division coinciding with the micro-
meter disc scale division mark is read, say it is 6. The
micrometer and vernler reading together is thus 0.636 divi-~

ded by two. The total reading is obtainad by adding the

o Lie: klaBH# 9-12-9-:-3-é

= 11,818 mn,

Sometimes when the main scale pointer has just
crossed half of the main scale division or is about to
cross, doubt may arise regarding the main scale reading,
This doubt is avoided by making the main scale pointer to
colncidewith the lower nearest main scale division and wat-
¢hing carefully whether more or less than one revolution

of the micrometer disc is required for the setting,

21, The reading as above is taken either when
the pointer is moved upto come in contact (mike) with

its image, or else the pointer and its image ~ra firet
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Joined and soindle moved down till they just get detached

{break) .

22, A record is made whether the reading was taken
at make or break. For one palr of reading the observations

are taken at both the tiltmeters in the same manner.

23, A minimum of three pairs of reading are taken
which do not differ by more than 3-5 microns. A change of
water level would indicate some water leakage. It is en-
sured that there is no water leakage in order to get reli=-

able readings.

24, The observations are repeated after inter-
changing the tiltmeters on the two bases. However, the
first set of observation is always taken by placing the
same tiltmeter on the same base in all successive measure~

mentsa

25, The observations are entered in a suitable

tabular form.

26, The temperature reading is taken near both the
base hubs and is noted down. Suitable hour of the day is
chosen to permit taking obserwvations under similar tem=-

perature conditions as far as possible.

27. All the desired entries in the observation

blank are completed before the system is packed,

28, The relevant steps are traced back in order to

pack the instrument,



- 165 -

29. The tiltmeter is placed in the box up=-side
down so that the small quantity of water which may have
entered in the leak proof cell flows out and does not
enter the micrometer spindle guide, Preferably a hot air

Blower is used for drying the micrometer,

30, Care is taken in coiling the tubing after each
observation so that it does not get any twists or kinks to

render 1t unserviceable for later use.

CLEANING OF MICROMETER SPINDLE

The micrometer spindle is made of hardened steel
and developes a fine iron-oxide film which has to be re-
moved after each field use to ensure smooth working of

the gystem, The procedure for doing this is given below: -

l, The tiltmeter is placed upside down and the

base plate unscrewed,

2, The main scale pointer is attached to the micro-
meter spindle through a L-shsped connector, and is detached

by loosening the round knurled nut and then unscreweing it.

3. The micrometer spindle alongwith the L-shape

gonnector is unscrewed from the micrometer guide,

4, The screw is guitably cleaned and replaced in

its original position,

5. The main scale pointer and the instrument base~-

plate are refixed as before,
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PERIODIC LUBRICATION OF LEAK PROOF CELL WASHER

After a suitable interval of tims the leather
washer in the leak proof cell has to be lubricated., For
doing this first the micrometer spindle is removed as
per previous operation and then the Tiltmeters are uns -
screwed at their middle, To the Iower face of the upper
portion is attached the leak proof cell which is opened
by unscrewing three screws, The leather washer is then
oiled and cell cover fixed back in its position. The pots

can then be 3ssembled,
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Synopsis

A multiple structural response recorder set incorporating
six recorders of period 0.40, 0.75 and 1.25 sec and 5%, and 10%,
of critical damping in each, in a compact from has been designed.
The recorder has been described and design details reported,

Introduction

The behaviour of structure when
subjected to random and complex ground
motions associated with the passage of
earthquake waves is the basic data required
for more effectively designing struc.ures.
This objective is achieved more conveni-
ently by the introduction of response
spectrum technique. Structural Response
Recorder is a simplified instrument which
can be made to possess the dynamic pro-
perties of range of typical structures
enabling direct interpretation of its records
in terms of maximum relative response
spectral values.

Realising the need for obtainirg
quantitative information during actual
earthquakes regard.ng the maximum rela-
tive responses spectral values of structures
likely to be constructed in the seismic

P. N. Agrawal, Scientist School of Research and
Training in Earthqu ke En ineering.

D. Chandra, Technician, University of Roorkee,

regions of the country for enabling their
economical design, Structural response
recorder installation programme was
initiated by School of Earthquake Engineer-
ing, University of Roorkee in 1959. To
start with, the required instruments were
designed, developed and manufactured at
the University. Instruments with period of
0.40, 0.75 and 1.25 sec and with 5% and
10% of critical damping in each i.e. total
siX instruments comprising a standard set
were selected for installation, since these
covered in general the range of structures
likely to be constructed in those areas. [t
was towardsthe end of the year 1962 that
first set of instruments were installed at
Roorkee. There after, these are being instal-
led at number of suitably seleced locations.
Through the experience gained during the
early installations, progressive improve-
ments have been incorporated in the instru-
ment design and efleciency of the programme
increased. A compact disign having six
recorders with the fore said specification on
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Photograph of the multiple structur

Fig. 1

a single base, named as multiple structural
response recorder (SRR Model-2) has been
adopted for installation since 1968. This
instrument has been described and its com-
plete design details as utilised in the
component wise manufacture at the School
workshop are given in this paper.
Description of the Multiple Structural
Response Recorder Set :

The size of recorder with its cover fixed
is 50 x45x 30 cm and weight 25 kg. Figure
1 shows the instrument with cover removed.
It consists of six pendulums fixed in two
parallel rows of three cach. Each pendulum
has three circular weights.  The lowest
weight, in the form ofa curved disc, is
capable of moving in the magnetic field

al response recorder (cover removed).

created by a pair of permanent magnets
provided for each pendulum, thus damping
the pendulum vibration. The pendulums
are serially numbered at the base plate.
Their period and damping are to be adjusted
to valuse given in Table I. However, if so
desired for specific application, the period
and damping may be adjusted to other val-
ues in a limited range. The upper pendulum
weight carries a smoked watch glass on
which is resting a stylus. The stylus is fixed
to pendulum support and has a freedom to
move in a vertical plane only. Thus when
the pendulum vibrates the stylus would
mark a trace on the smoked glass. The
middle pendulum weight has a built-in lower
suspension vice. The suspension vice is
held by the pendulum support which is
attached to the main recorder support. A
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TABLE No. 1
Pendulum Period Tilt Sensitivity* s %
No, Sec cm/radian Damping % of critical
1. 1.25 6.00 3
2. 0.75 400 5
3. 0.40 1.25 5
4. 0.40 1.25 10
i 0.75 4.00 10
6. 1::25 6.00 10

*These are average values and need be determined in each case separately.

heavy rectangular base for rendering adeq-
uate fixity with the ground when installed
and a sturdy rectangular cover to protect
the instrument from damage are provided.
The cover lid can be separated from the
vertical sides of the cover box. Knurled
head screws have been provided for fixing

the cover.
Design Details :

Instead of installing six recorders each
on separate base requiring more space, it
was considered desirable to design a comp-
act instrument having all the six recorders
in one. Also since these recorders are to
be installed at distant places and only insp-
ected at a conside abl gap of time or just
after recording during a strong motion
earthquake, it was necessary that the instru-
ments are of standard quality with uniform
specification. In view of these requirement
detail design was done. The drawing
incorporating all the desigu details were
prepared and are given in Figure 2 to 6.
The drawing for base, cover and main
support are not given here, since their
dimensions do not control the instrument
characteristics. The numbers appearing for

each component in the drawings are descri-
bed in the list of components given. On
the basis of these drawings, component wise
manufacture was planned for the recorder.
After manufacture of all the components for
several sets the assembling of the instrument
was done Towards standardising the
instrumenut quality, tolerances were fixed
fcr meaufacture of each component. This
enabled easy recorder assembly, making
aay component replaceable by another piece
and thus meeting the requirements of the
structural response recorder installation
programme.

Nomenclature for the various components :

Name of the
component

Reference number on
the design drawing

5—1 Stylus

S—-2 Stylus arm

S -4 Stylus stand fixing screw

S—5A  Stylus arm balancing weight
S—5B  gtylus arm balancing weight check

nut.
S—6 Screw carrying stylus arm balancing

weight.
S—7A Stylus clamping lever
S—7B  Stylus clamping lever knob.
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S—8A Stylus arm pivot holding fish-plate.

S—8B Fish-plate fixing pin.

S—9 Stylus arm pivot.

S—10 Screw (1/2” BSW) 10 mm long.

P—1Ul Upper weights for 1.25, 0.75 and
1U2 0.40 sec period pendulums respecti-
1U3 vely.

P—1M Milddle pendulum weight.

P—I1L Lower pendulum weight (also acts

as damping disc).

P—2 Pendulum strip.

P-—3 Watch glass holding hinge.

P-4 Pendulum suspension.

P—5A Upper suspension vice-jaws

P—5Bl Lower suspension vice-jaws

.P—5B2 Lower suspension vice-nut

P—6 Removable pendulum support

P—7A Support for a pair of pendulum and
stylus.

P—7B Pendulum and stylus support fixing
screw.

P—8 Screw (1/8" BSW 7 mm long)

M-1 Magnet

M-2A  Magnet holding socket

M-2B Magnet tightening screw

M-3 Magnet socket locking nut
M-4 Support for a pair of magnet
M-5 Magnet support fixing screw
L@ Base plate

References :

G2 Main support for recorders

C-3Al Instrument cover frame with side
fixed.

C-3A2 Instrument cover lid.

C-3B Instrument cover fixing screw.

Conclusions :

The instrument has now been adopted
for installation at new stations and is expec-
ted to yield spectral response values in a
more effective and standardised manner.
Also the bringing up of the instrument in to
such a standardised form has enabled us to
offer the same for supply to some of the
countries facing earthquake problem and
not yet making such instruments.
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