A VELOCITY TYPE STRONG MOTIGN SEISMOGRAPH WITH
WIDE FREQUENCY AND DYNAMIC RANGE

Ikuel MURAMATU L

SUMMARY

Ag the upper boundaries of particle velocities of several strong earth-
quakemotions are almost constant over & wide frequency range, the author de-
veloped & velocity type strong .motion seismograph with the dynamic range
from 100 to 0.01 kines over the period range from 0.05 to 50 seconds. The
main part of this geismometer is composed of two fap shaped penduluma coupled
by thin pianc wires, so that the forcea of non-oscillating directions are
eliminated. As the whole system of the coupled pendulums is immersed in high
viscous silicon oil, it has enough stremgth to resist agsinst destructive
earthquakes.

INTRCDUCTION

Long period compeonents in strong earthquake motions have heen a topic
of keen attentions becavse the natural periods of the modern large buildings
and clvil engineering structures have become gradually lenger, and because
the tecent studies on the earthquake source mechanism have showm that long
period selsmie waves are generated in the case of large earthquakes. Accord-
ingly, & number of investigations have been carried out for finding ount long
period components of waves in the time history of ground displacements,
which might be obtained by integrating the acceleration seismegrams, but the
results of integration are not always reliable, particularly for the earth-
quake motions with long duration time. On the other hand, so-called dis-
placement seismographs have often been off-scale for large earthquakes. It
may therefore be said that we do not yet know a.curately what is the destruc
tive earthquake motion,

ON THE MAXIMUM VALUES OF THE STRONG tARTHQUAKE MOTIONS

Many reccrds of the strong earthguake moti ns obtained by various seis-
magraphs are collected and the amplitudes and the corresponding periods of
remarkahle waves In these seismograms are plocted in Fig.l (Muramatu{1976}).
Aceordingly, the ground motions plotted in Fig.l indicate the upper bound-
aries of the strong earthquake motions in time domain. Since the almwost
ground motions plotted here are obtained from accelerograms and their intep
rations, it is difficult to recognize long perlod components longer than
about 5 seconds even If they were contained. The long period ground motions
at Tekye in Fig.l are estimated from the Ewing’s seiswogram shown in Fig.?2
considering the vharacteristics of the instrument after Nasu(1971). We can
see in Fig.l that the maximum particle velocities are almost eonstant for
wide 'range of periods from 0.1 to 20 seconds and the values are about 20-30
kines, exepting the strong motions at Paceima dam and at Parkfield.

On the other hand, it is showm theorerically that the large earthquake
fault gencratcs the longer pericd body wave: corresponding to the rise time
of the fault dislocation which becumes several ten seconds for seme Jarge
earthquakes. Brune(l1970) indicates further that there is a limited value of
the partirle velocity on a fawlt surface and the maximum value is about 100
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kines and the correspending acceleration 1s 2g for 0.1 seconds.
DESIGN OF A VELOCITY TYPE STRONG MOTION SEISMOMETER

Fig.l suggests us that a velocity type seismometer 1s suitable to oh-
serve the strong motions of large earthquakes. The period range is desiable
to cover from 0.1 seconds or sherter to 20 seconds or longer. Basic requir-
ment for the design of the velocity seismomerer is té have a large dynamic
range with high fidelity because the records of weak motions which occut
frequencly are also significamt in the research of strong earthquake motions.

The author has therefore designed a veloclty type sirong motion seis-
mometer to fulfill the requirment in the following items:

1) The sensitivity is flat over the period range from 0.05 to 50 seconds
and the dynamic range covers from 100 to .01 kines.

2} The dynamic characteristics of the pendulum are not affected by the
forces of non-oscillating directions.

3) It has enough strength to resist sgeinst the ground motion of lg.

43 The size is to be small.

Improved Matuzawa's coupled pendulum system. Matuzswa(l938) had devised a
coupled pendulum system as shown in Fig.3 which was composed of two fan-shap-
ed pendulums combined by thin belts., Ome 1a suspending,ancther iz inverted.
Some authors had been already proposed various coupled pendulum systems in
order to elimirate the forces of non-oscillating directions in the case of
large ground motions, but Matuzawa's system has the following merits for our
purposes; 1) it can evoid solid friction because the pendulums are beared by
springs only and 2) in principle, there is no expansion and shrinking of the
belts by the deflection of the pendulums when the belts are tangential te
the fan-shaped surfsces of the pendulums. In spite of large advantage in the
Matuzawa's pendulum system, the fatal defect was seen in the unstableness of
the system. As it seemed that the instablliry is caused by the self-weight
of the inverted pendulum, the author improved the status in placing the coun-
pled two pendulums in a same horizontal level as shown in Fig.4.

The equation of motion of the pendulum system in Fig.4 are as follows:

For the Ieft penduium

1= Ko~ Rt mZbcost + mybsing-Aa, - - ———---- '}
where A is the tenslon In the belts. It fs noticed that when ¥ is zero, A is
zero. For the wight pendulum

16 = -k8 - RE tanibeoss -~ 3bsind + A, -~ —~ = = -~ ()
Eliminating A from Eqs.(1) and (2), y-component forces vanish aimultapeously
and we have

I6=-KO~RE + mXbees®  -— — -~ — - —- - 3)
In the cape when there is an inciinatifon § to the direction x, the equation
of motion is

16 =.~KB-RO+ m(L+9simPlbeosd = v oomooons gy
In static state, that s é=-§:. =0 in Eq.{4), and when 61«1, we have the
following equilibrium equation

Ko = mbgsinp R I 7!

The design of the horizontal component seismometer of the coupled pen-
dulum system Is shown in Flg.5. In this design piano wire are used as the
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coupling belts and cross springs are used for the falcrums. The improved
coupled pendulum system 1a better than the Matuzawa's in the dynamical sta-
bility. The vertical componept seismometer of the coupled pendulum system
1s shown in Fig.6. Ad the equdtions of motlon are similar to thoge for the
horizontal seismometer, we omit them.

Meagurement of the relative displecement. The relative displdcement of the
pendulus is transformed into electric voltage by using a magnesensor or a
differential transformer. The latter {s better than the former because the
latter 1is not sffected by the external magnetic field,

TEST

Free oscillation test. An example of the free cscillation record is ghown
in Fig.7 and from it the value of solid friction or its equvalent force is
determined smsller than 0.0001 gala. Therefore, our velocity selsmometer can
detect a weak motion of 0,001 kines for the period of 50 seconds.

Dam oil. When silicon oill with viscosity of 30,0 c stokes (or 10,000
¢ stokes) ia uvsed for damping, the daaping constant,h, becomes about 120 (or
40} times of the critical. Then the deflection of the pendulum is about 1 mm

" {or 3 ma)} for 100 kines of ground motion and eddy does not occur and the
force proportional .to second power of the relative velocity of pendulum can
be neglected.

Test by of a large shaking table. The set of three components of the
velocity seismomerer is fixed on a large shaking table and the sensitivicy
and the effects of the foree of non-—oacililating directions are examined.
Out-put voltages from three components by a large vibration test on one dir-
ection are shown in Fig.8 and in Table 1. As the shaking table, particular-
1y the vertical shaking table may generate the vibration of other components,
it may be thought that the effects of the force of non-oscillating direction
are smaller than several percents even for the {n-put over lg.

The sensitivity curves are shown Iin Fig. 9.

Table 1. The largest effects of the forces of non-osciliating directices ob-
tained from Fig.8. 1 8t is the output voltage of each component.

V-direction shaking ; eHlf =0.08, eH /ev =0.08
Hl-direction shaking; eHzlenlko.OOS. ev}eul 20.02
H2-direction shaking; eHlIeHZ*O.DIS. evf'eHz =0.006

TEMPERATURE COMPENSATING CIRCUIT

Sensitivity of velocity selsmometer depends on the viacosity of damping
oil which changes with room temparature. Therefore, we connect a tenperature
compensating circuit with a thermister to the ourput of the seismcmeter.
Fig.10 shows the temperature dependences of the viscosity of the silicon oil,
the resistance of a thermister and the resistance of a compound thermister,
regspectively. When the compound thermister shown in Fig.10 is used in the
feed-back circuit of an cperational amplifier which 1s connected to the ocut-
put of the tranaformer, the output voitsge of the amplifier becomes independ-
ent on temperature, The external appearance of a set of three component seis-
mometers with the témperature compensating circult is shown in Fig.li.
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RECORDING SYSTEM

The velocity selsmometer developed here is a kind of tranceducer. We
have further developed a recording system which is called SAMTAC-14V where
the three component particle velocitles of ground motion and the time cord
of crystal clock are recorded by digiralized signal In a cassette tape with
a delay time of 10 seconds. The crystal clock is automatically corrected by
the time signal from NHK(Nippon Hose Kyokai). AGC(automatic Galn Contrel)
changes 1 kine range to 100 kines range. Start level Is variable. Strength
of the apparatus of SAMTAC-14V 1s tested by a large shaking table. The ex-
ternal appearance is shown in Fig.12.

SOME SETSMOGRAMS OBTAINED BY THE VELOCITY SEISMOGRAPH

Fig.13 shows the seismograms of the Near Izu-Oshima earthquake, Jan.
14, 1978, obgerved by the velocity type strong motion selsmograph at Shiba-
ura in Tokyo and that by a strain meter at Haneda irn Tokyo obtaired by J.
Tamura(1978). We can see that the veloclty selsmogram bears resambrance to
the strain selsmogram in long perilod waves. Fig.l4 shows the selsmograms ob-
tained at two observation points in Shizuokas Prefecture simultanecusly. Com-
paring these seismograms, we can gee that the inirial motions of P-waves and
S-waves are correspending well and that che later waves expregs the vibra-
tional characteristics at each site,

COMPARISON ON THE RECORDING RANGES WITH OTHER SEISMOGRAPHS

The recording ranges of some seismographs which are used widely nowa-
days are shown in Fig.l5. The thick lines indicate the ground motions corre-~
sponding to the full scale of these seismographs are all 30 mm. The range of
thin closed line deaoted by & indicates the earthquake motions shown in
Fix.1., We can understand that the earthquake motions of which the periods
are longer thgn several seconds are all acaled out in the re¢ord of so-call-
ed digplacement seismographs and they are buried in the shorter motions In
the record of go-~called acceleration seismographs. Oblique lines indicate
the ground motions corresponding to the Japanese seismic intenmsity scale.
Broken line indicates the lower limit to be recorded by ¥5-100 which iz the
high sensitive range of the veloclity type strong metion seismograph. By the
way, the recording ranges of scme highest aenszitive seismographs are showh.

CONCLYSION

Many records of the strong earthquake motlons indicate that the upper
boundaries of particle wvelocities are almost ceonstant for wide period range
from 0.1 to 20 seconds and the values are almoat 20-30 kines. Accordingly,
it may be thought that a velocity type seismometer is sultable to observe
the strong earthquake motion. By the way, weak motions which occur frequent-
ly are also valuable to study the properties of earthquake motions. There~
fore, the author developed a velocity type strong motion seismograph which
can record the earthquake motions from 100 to 0.0l kines with high fidelicy
over the periods from §.05 to 50 seconds.

The main part of this seismograph is a coupled pendulum system which
had been designed by Matuzawa (1938} and improved by the zuthor here. The
whole system of the coupled pendulums is lmmersed in high viscous silicen
0il and the r¥lative displacement of the pendulum is transformed into volt-
age. The dependence of sensitivity on temperature is compensated by an
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U.8. STRONG MOTION FROORAMS

K. D. Borcherdt and B, B. Matthieszen
U.B. Geological Survey, Menlo Park, Californis. Usa olozs

SUMMARY

Safeguarding ilife end property from the destructive elffects of
earthquakes is & major neticnal as well as world-wide probvlem. Sinee
the most widespreed destructive effects of earthquakes are due to stronp
shaking, elther directly through shaking-induced structural damage, or
indirectly through shaking-induced ground feilures, effective programs
to measure strong ground motions generated by earthquakes are vital to
national ms well as international efforts to reduce earthquske hazards.
Strong-motion programs in the United States are supported by & number
of federal and state agencies with coordination provided by a national
Program operated by the United Statea Geoleogical Survey and supperted
by the Nationel Science Foundation. The cooperative national rrogram
iz designed to collect, analyze, and disseminate structural response and
ground motion data. Agencies developing centers to process strong-motion
data include U.8, Geological Burvey, the Californis Division of Mines and
Geology, the Univeraity of Southern Califorpia, and Stenford University.
Automatic digitization procedures and interactive software being devel~
oped at the centera permit rapld processing and disseminstion of the dste
to interested researchers. The extreme Importance of obtaining strong-
motion date at distances less than U0 kilometers from lerge (MW7) earth-
quakes provides an urgent need for international cooperative efforts to
acguire apd dieseminate near-field strong-moticn data,

INTROMICTION

Earthquake strong motion date provide the basiz for design of
critical structures as well ag the basis for resesrch on fundamentel
problems related to engineering deaign, earthquake processes, aend
internal structure of the earth. Consequentiy, effective programs to
record strong motions generated by large earthquakes are vital to
national as well as international efforts designed to reduce earthquake
hasards. .

Presently, few atrong-motlon data exist for large (M>T) earthquakes
at distances less tharn forty kilometers even though several such damaging
sarthquakes occwr sach year in differept parts of the world. This lack
of erucisl date i due to inedequate instrumentation and defines an
urgent need for expanding both national end international programs to
collect and Alsseminate near-fmult strong-motion datm. Detalled recom-
mendwtions for program expansion in the United States have been developed
by Matthiessn (19T8). Reccmmendations for incressed international
efforts have been developed by the Interpational Workshop on Strong-Motion
Earthgquake Instrument Arraye (Iwan, 197B). Acquisition and dissemination
of the necossary dats will depend in part upon successful implementation
of recommendations similar te those suggested in these reports. ‘This
paper hriefly summarizes exiating strang-motion programs in the United
States and data centers involved with the processing and dissemination
of atrong-motion Aata.
) STRONG-MOTIOR PROGRAMS

Btrong-motlion Iinstrumentation progrems in the United States nre
supported by s number of federal, ptate, and local agencies with varying
degroes of coerdination provided by a naticnal program operated by Lhe
United Btates Geological Burvey with funding provided under the Farth-
quake Hageard Reduction Act of 15677. The natlonal program bepan with ti.
installation of 51 standard sccelerogrephs following the disastrour 2 .7:
Long Baach sarthquake in southern Califgrmia. Since that time thw w1
of etrong-motion inetrument locaticns in the Upited States {17y, 1
increased substantially with a number of federal and state apenei
initimting programs ms a result of the 196L Alsska and 1971 Uwr. '™ ::
California earthquakes, 9



Instrumentation programs currently being coﬂducted at the federal
level on a relmbursable basis by the U.5. Gecloglenl Survey include:
Corps of Engineers {250 instruments installed on T0O dems, 55 of which are
maintalned by USGS and 15 vy COE, with plane for 150 edditional instru-
ments to be inatalled), Bureau of Heclamation {3l instruments installed
on 16 dems maintained by USGS with plans for 4 dams with downhole aystems
to be installed}, Federal Highway Administration {four multi-channel
gyetems installed bridges), Yeterans Administration (66 instruments
installed at Lospital sitea and five multi-channel systems instelled in
buildingse}, and smalk programs for the General Services Administration
and the Department c%Energy.

Instivmentation owned and operated by the U.S, Geological Survey
with support from the Xatlonal Sclence Foundatior include 273 instru-
ments, 255 of which are ipstalled to measure strohg ground motion snd
17 inztelled to measure building responase, , These instruments mre located
in southern Californis (90 instruments}, northern Californis (52 instru-
ments), the Pacific Forthwest {16 instruments}, the Misasiasippi Yalley
(17 instruments), Alaska {33 instruments}, Hawsii {15 instruments}, and
Puerto Rico (6 instyumenta}. An edditional 250 seismoscopes are alao
maintained {17 in Californie and 80 in Alaska}. A network of 80 strong-
motion accelerographs are being instelled with NSF support in the Los
Angelee, California ares by the University of Southern California and a
network of 20 aceelerographs is cperated by California Institute of -
Technology in the area of Pasedena, Cal}fornia.

The principel igstrumentetion program being conducted at the state
level with state funding is the California Strong Motion Instrumentation
Program, This program is one of the largest in the U,8, with over 400
instruments (43 structures) currently installed mnd plans to instell over
1000 instruments. This program is independent of other U.S. strong-motion
programs but network planning and data processing are clogely coordinated
with the national program.

Other state and local instrumentmtion programs opersted on a
reimburaable basis by the U.5. Geological Survey include: Metropolitan
Water District of Southern Californim (25 instruments), California
Department of Water Resmources {60 instruments maintained cooperatively),
California Department of Transportation (I multi-channel analog systems
installed on bridges), and the Washington Department of Highways [3
multi-channel digital systems instelled on bridges).

Local instrumentation progrems cperated and funded by the host
agency ineclude: Los Angeles Department of Water and Power, United Water
Conservation District, Los Angeles County Flaod Control District, and a
number of other smell progrems initisted primari}y by public utility com-
missions and local building regulations. (More than 225 buildings of six
stories or more are lnstrumented in the U.S. with most of these being a
result of the Los Angeles Bullding Code passed in 1965, Rojshn and
Matthiesen, 1977.)

Instrumentation objectives of the various programs vary from reguls-
tory monitoring to besic resemrch, with instrumentation guidelines
prepared for buildings {RoJahn and Matthiesen, 17T}, bridges (Raggett
and Rojahn, 1978} and dems (Bolt and Hudson, 1975). More extensive guide-
lines for dams are presently being cumpiled {Rojahn, pers. comm., 1980).
Details on established networks are available in published reports for
central and eastern United States (Porcells, 1978), Imperial Valley,
California {Porcellz, 1978}, central Califorcia (Forcells, 1979), Alaska
{Porcella, 1979}, and Hawaiil (Porcella, 1977).
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The most common type of strong-motion instrument utilized by the
programs for measurement of ground motion and in some cases building
response is a self-triggering tri—axlal mnalog accelerograph designed to
record signals up to 1 g on 70 me photographie film. The system has =
dynamic range of about 55 db at a sensitivity of 1.8 em/g, a useable
frequency bandwidth of sbout 0.06-35 Hz, and & natural freguency of
20-2% Hz with criticel demping 60-70 percent. Many of the recently
installed systems are alsc eguipped toc record an external time standard.

Cther Instruments utilized ineclude both analog and digital multi-
channel systems for measurement of ground motion in drill holes, and
measurement of the respeonses of bulldings, dams, and bridges. A summary
of specifications for typical systems is provided by Twan {1978) and
Hudson {1979}. With the improvements in field reliability, digital cvent
recorders are becoming more ubeful.

Centers in the U.5. established to process sirong-motion data are
located at the U.S. Geoleogical Survey in Menlo Pazk, Californ’a, the
Califorpis Ddvision of Mines and Geology in Sacramento, Califurnia, the
University of Southern California, Ias Angeles, Californis and Stanford
University, Stanford, California. These centers utilize laser-scan auto-
matic digitization procedures to process the analog film records. These
procedures together with interactive computer software permit rapid
procvessing snd dissemination of the data to interested researchers.

Current information about etrong-motion data availadle in the
western hemisphere c¢mn be easily accessed vis the Strong Motion
Information Retrievel Systems developed at the National Strong Motion
Data Center in Menlo Park, California (Converse, 1978). The system
provides users with information on date characteristics, recording
enpvironment, end archive location via computer terminal and telephone
1415-329-8600). Digital and analog copies of the more significant
strong-motion records collected in the United States are mvailable
from the Wetional Geophysical and Solar Terrestrial Data Center [D62)
in Boulder, Colorado, BO302 and the National Information Service for
Earthquake Engineering, Californin Institute of Technology, Pasadena,
California, {Analog copies are evailable on 35 or TO mn film chips,
and on puper; digital coples are aveilsble on punched cards and meg-
netic tape.) Two recent data sets of considersble slgnificance to
earthquake engineering are those collected from the Coyote Lake,
California earthquake of August 6, 1979 (Porcella et al., 1979} and i
the Tmperisl Valley, Celifornia earthguake of October 15, 1979 {Forcellis
and Matthiesen, 1579}, Each of the earthquakes yielded significant
sets of near-field strong ground motion dats from linear accelerograph
arrays (Figs. 2 and 3} as well as dats on the responze and failure
process of modern enginesred structures {Figs. 2 and 3).

The Coyote Lake earthquake {M5.7) initiated at a depth of 9 km on
the Cemlaveras fault, showed very small strike-slip displacements {less
then § sm) mlong the ground surface for a distance of about 5.6 I,
vielded more than 5h free-rield acéelercgraph records at distances from
0.1 jm to 114 km, and produced more thad' 22 recordings of building
response mostly at distances preater than 40 km. The damage from thia
event in pearby communities was relatively minor, but the surong-motion
data should prove especially useful for inferring the characteristics
of the earthquake rupture process, the neture of near-fieid earthquake
notions, asnd the influence of geology on strong ground motion,
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The Imperial Pmlley earthquake (M6.4} occurred on & portion of the
Imperial snd Brawley Pgulta that ruptured during the 1040 Imperial Valley
Earthquake {M7.0). The Impgrial Valley earthqueke initiated at & depth
of about 1% km on the Imperial fault, resulted in both strike-slip apd
dip-slip surface displacements {max. 55 and 20 cm, respectively), pro-
duced 33 free-field records in the U.5, and several others in northern
Mexico {11 of these records were within 9 km of the feult), and yielded
deteiled recordings documenting the failure process of a six-story ouild-
ing (Bojahn and Hagsdele, 1980}, the response of & highway overpass, and
differential short-period ground motions. Comparison of the famous 1940
El Centro accelerogram with that obtained cn a similar instrument at the
same location {Fig. 4) shows that the 1979 event generated ground motions
with similar peak amplitudes but substantially shorter durations. Peak
horizontal accelerations recorded within 1 km of the surface rupture for
the 1979 event range from 0.65 g to 0.72 g; the maximum peak vertical
acceleration recorded was 1,74 £. Data from this earthquske should prove
especinlly useful for studies of the response of engineered structures,
the nature of near-field ground motieons and comparative studies with the
1940 Imperial Yalley earthquake.
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A BETHOD FOR NUMERICAL CALCULATION OF
DYNAMIC~CHARACTERISTICS~CONVERSION OF SEISMOMETERS

.

by

Yutaka NakamuraI

SUMMARY

This pajer presents a method for converting the numerical output vave-~
form of a actual (real) seismometer into the output waveform of an imaginary
{virtual) seismometer of desirable characteristics. The major drawback of
conventional methods used for this purpose is their incapability of real-time
processing. The propesed method for conversion of dynamic characteristics of
seismometers is simple in nature and is capable of real-time processing which
allows use of seismometers bdased on easy-to-handle accelérometers for mea-
surement of velocity and displacements as well, bringing in a considerable
saving in labor in measurement and maintenance.

INTRODUCTION

In earthquake engeneering, velecity and displacement waveforms are often
obtained by integration of accelerationm waveforms. If the characteristiecs of
a seismometer used for vibration measurement is umsuitable, the vibration
waveform observed is found to be very much distorted&necessiating a correc-
tion in orde~ to infer the veal vibration waveform. In other cases where
vibration waveforms obtained by various measurements are compared, waveform
processing to unify the instrument characteristics (“instrument characteris-
tics conversion procdessing”)is required for the output waveform of each in-
strument,

Caleulation for correction of waveform distorsion can be performed by
"instrument characteristics conversion processing”. Further, "instrument
characteristics conversion processing” also enables differentiation and inte-
gration of waveforms, which is understandable by tha fact that the acceleration
of earthquakr motion is measured by short-period seismometers and its cis-
n'acement by long-pariod seismometers. In this case, long-period and short-
period components are filtered out in integration and differentiation, re-
spectively, allowing automatic reduction of components liable to disturb dif-
ferenptiation and integration cperations, .

Conventional methodsn“belated te diffentiation, integration and uistor-
tion-correction of waveform are not capable of real-time processing due to
limited number of waveform data that can be processed. However, if such cal-
culations can be performed on real-time basis with high accuracy being main-
tained, not only the use of an accelerometer, easier to be handled and in-
stalled than a displacement meter, will be allowed for continucus monituring
of displacerent, but also the installation of only one seismometer will be
required for obtaining acceleration,velocity and displacement on real time.

-

A .
{. Senior Pesearchég. Structure lab., Railway Technieal Research Institure,
Japanese ariomal Railways .

17



