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PREFACE

The seventh Joint Meeting of the U.S. - Japan Panel on Wind and SeilllUc Effects wa.

hold in Tokyo. Japan on May 20-23. 1975. Thb panel i. on. of the a..nty panela in the U.S.

Japan COoperative proq-:u in Natural Ilesources (UJNRl. The UJNR wu esUbliahed in Ig64 by

the U.S. - Japan Cabinet-level ee-ittee on Trade and Econoaic Affairs. The purpose of the

UJRR i. to ~xchange vcientific and technological info~tion which will be mutually bene

fl:ial to the econarics and welfare of both countrie.. Accordingly. ~~e purpose of the

annual joint _etin', of this panel is to exchange technical inf<:"l"IIl4tion on the latest re

.earch and develo~.nt activities within governmental agencies of both co·~tries in the area

of wind and seiBlIli(~ effect••

The proceedin',. include the progru. the fOnllll resolutions. and the technical papers

?resented at the J~int Meeting. The papers were presented in the re.pective language of

each country. The texts of the papers. all of which vere prepared in English. have been

edited. The illustration. were reproduced from the working doclllllentl used at the Joint

Meetinq. The fomal resolutions were drafted at the closing session of the Joint Meeting

and adopted unaniDously by the paneb of both countries.

Pages of the technical papers are numbered with a prefix corresponding to the Theme

number. The texts are consecutively numbered in each theme.

H. S. Lev. Searetary

U.S. panel on Wind and

Seismic Effect.

iii



SI convenion unit.

In view of pre.ent accepted prar.tice in this technological area, U.S. cuetoaary units

of _uur_t. have bean ueed threrughout thb report. It .hould be noted that the U.S. 18

a siqnatory to the General Confer-enee on weight. and Mea.ure. which gave "fficial statue to

the _tric 51 .y.to of unit. tn 1960. Conv.raion factors for units in this report are:

Pre••ure

Stre••

or

or

unit Weiqht

Velocity

Acceleration

Cuatomary UnJ.t

inch (in)

foot (ft)

r..ound (Lbfl

kilogl'U1 (kgf)

pound per .quare

inch (psi)

Kip per .quare

inch (ksi)

inch-pound (in-ibf)

foot-pound (ft-lbf)

~",und-inch

pounQ -foot (Ibf-ft)

pound (Ibf)

pound per cubic foot

(pct)

foot per second

(ft/sec)

foot "'1' .econd per

.econd (ft/sec
2

)

International

lSI), UNIT

newton (N)

newton (N)

newton/meter2

joule (J)

joule (J)

newton-meter (N-a)

newton-meter (N-m)

kilogram (kq)

kilogram per cubic

meter (kg/1II1 )

meter per .econd

(m/s)

_tel' per second per

second (m/s
2

)

Conver.ion

AeProxiaate

1 in-0.02S....*
1 ft-O. 3048111*

1 lbf··4. 44SN

1 kgf-9.807N

1 psi-689SN/.2

1 ksi-S89Sxlo6N/m
2

1 in-lbf-0.1130 J

1 ft-lbf-1.1S~8 J

1 lbf-ln-O.1l30 N-DI

1 lbf-ft-l. lS58 N-m

1 lb-0.4SJ6 kq

1 fp.-0.104S m/.

~ter ..y be aub4ivided. A centimeter (ea) i. 1/100 • and a millimeter (ma) is 1/1000 •.

•Exact

iv
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ABSTRACT

The Seventh Joint Meeting of the U.S. - Japan Panel on wind and sei6m1c Effectl was

held in Toky~, ·lapan on May 20-23, 1975. The proceedings of the Joint Meeting include t.he

proqr_. the formal resolutions, and the technical papers. The subject _tter covered in

the papers includes Characteristics of strong windl response of full-scale structures to

wind actionl geological distribution of seismic activity, _intenance of strong motion

accelerographea and data processing/ strong earthquake mot~vns ~~d ground failur~s/ response

~f hydraulic and building structures to seismic fore•• ; Aseismic considerations for vesselsl

recent revisions of design standards on wind and se~$mic effectll joint research program

utiliZing large scale testing facilities I and technological assistance to developing

countries.

~y WOrdsl Acceleroqraph, bridges/ buildings, codes I disaster I dynamic analysiSI earth

quakes/ ground failure~; hydraulic structures; seismicity/ soils/ standards:

storage tanks; £tructural respORse; winds.
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SEVENTH JOINT MEETING
PROGRAM or THE

U.S. - JAPAN PANEL Qf WIND AND SEISMIC EFl"ECTS
May 20-23, 1915

at
Tokyo, Japan

'ftlESDAY - May 20

Opening CerelllOny (1lOOIII KANA NO MA, 6F, Zenlcyoren Building)

9:30 A.M. call to order by :ott. Hiroshi Yoshimura, Head, Planning Division,
Public Works ~search Instituce

Re_rka by Mr. Mitauo Kikuchi, Enqineer General, Ministry of Constr'lction

Relll&rka by Mr. William W. Henoch, Acting Counselor for Scientific and
Technoloqical Affairs. U.S. Embaasy

Relll&rks by Mr. Sabu~o Ueda, Chief, International Division Prceotion Bureau,
Science and Technology Agency

Relll&rks by Mr. Kenji KIlwakami, Director, Public WOrks Research Institute,
Ministry of Construc':.i()1l

Re_rks by Dr. £.0. Pfrang, Chief, Structures, Materiala , Life Safety
Oivision Center for BuUdinq Technology, IAT, National Bureau of Standard.

Introduction of United State. Panel MeIIlbers by U.S. Chairllan and Japan
Panel Members by Japanese Cheirman

Election of COnference C't...inMn

Adoption of Agenda

11:00 A.M. Explanation of the 1974 off Izu-Peninsula Earthquake

11:30 A.M. Lunch

THEME III: Geological Distribution of Seiamic Activity

11:00 P.M. Regional Distribution of Earthquake Risk in Japan
S. Hattoru, Y. Kitagawa and T. Scuto

1:25 F.M. Quantific3tion of Seismicity
TsutOlllii 'Ierlllsh1ma, Tetsuo Santo

1:50 P.M. Discussion

~:lO P.M. Recess

THEME IV: Maint.enance of Strong Motion
Acc~:eroqraphs and oata Processinq

2: 25 P. M. Maintenance of tt:.~ St':'Of.g Motion Accelograph and Data Processing of Recorda
(l)t~ined

Eiichi KuribaY~9hi, Hagime Tsuchida and Nakota watabe

2:50 P.M. The United Sta' stronq-Motion Network: Field Operation
Richard P. MI.. ,y

3:1'; P.M. Strong-Motion Data Manag.-nt
Christopher RD)aim: presented by R. Maley

ix



courte-r Cell (at the office of tbe Mini.ter of eonetruction)

4,45 P.M. Courte.y cdl to Mr. T. ltariye, Minietar of eon.truction

Mception (at the Ro8e-~ 61'. in zenJlyoren Builcin9)

6,00 P.M. Reception to be hoetee! by Mr. II. lWtuchi. BncJ1neerinc; Qeneral

8,00 P.M. Mini.try of Conetruction

THEME VI stron9 zarthqualte IIOtiOM
aM Grounc! Failuree

9100 A.M. Brief Review on Liquefaction Durinq zart:hqualte. in Japan
EHchi lCur1beyuhi an4 "'-iotatellOka

9125 A.M. Vibration Teet on Settl_nt of Sw..rge;1 oEorA Layer
S. Sawada ancl Y. lCoeJa

9,50 A.M. Di.cue.ion

10,50 A.M. Mee••

T"dEME VI: ".pon.. of Hyc1raulic and Building
Structur.. to Sei..ie rorce.

10,25 A.M. study on Earthquake Re.ponse of Structure. by COnIiderinq Hon-Detlnu.nisUe
Variable.
Yutaki Y"'lialt! and Ya.unori JCoiau.t

10,50 A.M. Leaat weight Structure. tor Tbre.bold Prequencie.
Richard D. McCOnneU

11,15 A.M. Ductile Shear Wall. in Earthquake-Re.iltant Multistory Buildings
Mark Fintel

11140 A.M. Di.cue.ion

12100 P.M. Lunch

1130 P.M. Surveillance of Corp. of Engineerl Structure. in Earthquake-prone Are.
Jteith O. O'Donnell

1155 P.M. School and He.pital Conatructlon in CAlifornia
John 1'. Meehan I pr...nted by Z.O. Pfrang

2120 P.M. bprovec1 Earthqualte Malstiv_ Delign an~ Conatruction of 81nqle rllll1ly
Rel1dent1a1 Dwelling
G. l'cbert Fuller

2145 P.M. Dilcuellon
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THEME VII: Recent Revisions of Design Standards
on wind and Seismic Effects

3:20 P.M. A Review en Specifications of Earthquake Resistant Design for Highway
Bridges - 1971

3:45 P.M. Specific4tions for Earthquake Resistant Design of the Honshu-Shikoku
Bridge (JSCE-1974)
lshio KawASAki And Etichi Kuribayashi

4:10 P.M. Discussion

4:30 P.M. Recent Revision of Design Standards on Seismic Effect for Port And Harbour
Structures
5agoshi Hayashi, Hajime Tsuchida and Setsuo Noda

4:55 P.M. JSCE SpecificAtions for Earthquake ResistAnt Design of Submerged Tunnels
(1975)
Eiichi Kuribayashi and HAjime Tsuchida

5:20 P.M. Discussion

THURSDAY - May 22

THEME I: Characteristics of Strong Wind

9:00 A.M. Present Status of Wind Characteristics in Japan
Kiyohide Takeuchi

q:25 A.M. A Reexamination of Hurricane Camille
Arnold R. Hull

9:50 A.M. Discussion

10:10 A.M. Recess

10:25 A.M. Fire-Tornadoes and its Maximum Wind Speed
S. Soma and K. Suds

10:50 A.M. High Wind Study in the Philippines
Noel Raufaste

THEME II: Response of Full Scale Structures
To wind Action

11:15 A.M. Wind Engineering Research Program Supported by the National Science Founda
tion
Michael P. Gaus; preser-ted by E.O. Pfrang

11:4C A.M. Discussion

12:00 P.M. Lunch

1:30 P.M. A ~esearch Project on the Wind Flow Around -rall Buildings
Tatsuo Murota and Kyoshi Nakano

1:55 P.M. Study of thp. Wind Pressure and the Response of Flat Roof Corners
Tatsuo Murato

2:20 P.M. Luling Louisiana Cable-stayed Bridge wind Tunnel Section Model Tests
Richard H. Gade; presented by J. Cooper
Walter Pedoling, Jr. and Harold R. Busch
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2.45 P.M. Dbc:u..ion

3.05 P.M. "cea.
3.20 P.M. OIl the 1f1n4 ....pons. o! the~ Bridqe

T. Okubo, M. N&rita and Ie. Yokoy...

3.45 P.M. Newport, JIboae I.land Sll8Pl'nll1on Bridq., HurricaM "Dori." Wind SpecUa
Richard H. Gadel pn.enUcS by J. COoper

4.10 P.M. Oi.cueaion

THEME VII. A S.iaa1c COuideration. tor Y••••la

4:30 P.M. l)ynaa1c Te.ta of struct.ur•• for 011 Tank. and H\1clear Power Planta
I.Uch! Inaba

4.55 P.It. Sheet PU. Found&ti.CIft and ita Structural Characteri.tic eCJai.nat
Hori&ont:.al Load.
ICenji JCavalt.-i, Tadyollh! <.*111>0, xeUcbi~ and Michio Cltahua

FIUDAY - llay 23

TIIEME IX. Joint ....arch Pro<;rr- UtU1&in<j Larqe
SCale Te.tinq Facilitie.

9.00 A.M. 30int ....uch Pro<;r_ Utili&illCJ the Large Scale Te.t1nq Faciliti••
(Pr.. Di.cu••ion)
MUota "ae.be, 1Ia••y. Biroa..e and Shinault. w.ket.a

9.25 A.M. Diaa.ter Mit1q.tion: A Joint approach
Charl.. T. Thielj pre.ented by B.O. Pfranq

THE..'lE X. T.chnoloqical Aa.iat4nce to Developinq COuntri••

9. SO A.M. S~e) on Sei8l101oqy and Earthquake Bng1neer1nc) in India, Iran and Turkey
Maltoto 1IataJ)e, Hideo Tokuhiro and 1Ia••kuu Shinoauka

10.15 A.M. Oi.cue.ion

10.35 A.M. Rec•••

10.55 A.M. z.planation of Oita Earthquake

1:30 P.M. Fr.. Oiacue.ion

2.00 P.M. Clo.1:9 se••ion

3.28 P.M. Y"". ~kyo
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R!SOLtJ'l'IORS or SEVENTH JOINT 'VZTIRG
U.S.-JAPM PAREL OM WIND AND SEIg!IC EP!'ECTS

U.J.N.R.
May 20 - 23. 1975

The following re.ol~ti~ for future U.S.-J.pan .ctivitie. of the Joint Panel on wind

and sei..tc Eff.cte .r. herebjP proposed:

1. 'ftle Seventh Joint ....till9 of U.S.-J.pan Panel on IIind and Seiem.c Eff.ct.•• U.J.N.R.

Progr_. w.. extr_ly fruitful to both countrie.. conaiderincj the iJIportanc. of

the technic.l lnfonution exchanged between the two deleq.Uon., it i. c~idered

e••enti.l that the joint progr_ be continuad

2. Due to the continuou. nature of th. r ••••rch progr_ nported, it i. r~ded

that db• .-tnaUon of technic.l reporte and st.t.-ot-art r.port. be ancour.qed on

• continual baai. durinq the coming ye.r

3. In .ccordance with the r••oluUon. of the Sixth Joint. Panel Meetinq, the proceed

inq. of the Joint Me.tif19 .hould be published for the benefit of other

.cien~ific repr•••ntativ.. in e.ch country •• .oon •• po.&ibl.

4. Efforte .hould be -.de to exchanqe. on • tiD!lly b.eis, list of .ignificant stronq

~tion earthqdAke and high .peed wind recorded d.ta. Cle.rly defined good quality

digitizable record copi•••re needed and • procedure for exchanginq recorda .hould

be e.tabli.hed. Recoras should .1.0 incl~de ~he characteri.tics of in.trument.

needed for .11 proce••inq and analytical procedures

5. Att.-pt••hould be made to solicit papers from other offici.l qove~nt.l office.

and priv.t. t.chnic.l orqanintion. inv<>lved in wind .nd sei_ic r ••••rch. P.pers

writt.n by non-panel ~rs _y be .ynop.ized in .t.te-of-.rt reporte

6. P~te the .xchange of technOlogical infonMtion, conc.rning .tronq wind. and

earthquake., with developing countries

7. Cooper.tive r ••••rch progr... includinq exchange of personnel and ~i~nt

.hould be undertaken by both qovernaent. to .ddre.. the following prObleas of

IIUtual int.r••t •

• ) Stron9-~tion inat~nt.tion array•• at .elected sites throughout the

world,

b) Larg.-.cale t ••tinq progr... ,

c) Repair and retrofit of .xi.ting .tructure., ie, buildi"g., bricSqe., c1aaa. etc.

d) Structural perfonunce ev.luation,

.) Land ua. progr_ for controlling n.tur.: h.zard eff.ct.,

f) Ci•••ter pr.vention ..thode for lif.line .y.t....

8. It i ••U99••ted that .11 future paper. incorpor.t. the 51 Metric Sy.t.. for unit.

of ....ur_nt, contained within par.nth.si.

9. Fut~ report••hould consider an overvi_ of coda. and prObl... of iJlpl_tation

...ocieted with Wnonatructur.lw and woper.tional w r~ir_nt. and .ub.equantly

.hould be .xchan9ed
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10. More expoaure aM exchange of innovative technique. for _roved .eiaaic deaiqn

.pectra i. con.idered highly ~rtant

11. The date and location for the 8th Joint Panel Keeting on Wind and Seialllic Effect.

will be Spr1n9 1976 in waahinqton, D.C., U.S.A. The .pecific date, in.pection

&iu. and field trips will be determined by the U.S. Panel with approval by the

Japane.e Panel.

A for.al expre•• ion of appreciation i. hereby pre.ented by the U.S. Panel ..-bera to

the Japane.e 4eleqation for the excellent arrang...nt., technical exchange and ..qniflcent

hoepital.lty received at this Seventh Joint Panel Keeting in Tokyo, May 1975.
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PRESBNT STA'l'US OF WIND CHARACTERISTICS IN JAPAN

by

ltiyohide Takeuchi
Applied Meteoroloqy Laboratory

Meteorological Research Institute

ABSTRACT

The preeent etatu. of a et~ on the wind characteristic. in Japan i. given herein.

<:beervational st.ldie. cem.tructed froa a tCNer and an array of towers are described in

addition to reeults obtained fra. tethered balloone.

The Obs.rva~ions obtained fra. towers in TOkush~ Pret. and analysis of the data,

which _re _de by Shiotani (1972 and 1974), are detailed and unique. Also other observa

tions fro. towere lceared at Tar.- leland, Okinawa Pref. are being conducted by Mitsuta

(1974). Detailed analysis of these observation. are aleo presented.

pinally ee.. -:ldel expert-nts on the local wind, IIBin9 a tunnel, are al.o present.ed.

Key WOrds: Field Measur...nte; ~od.l; Towere; Wind; Wind Observation; Wind tunnel.
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Introduction

The behavior of wind has been under constant study in Japan, and is one of the .,st

fundamental subjects in meteorology. Me~eorological disa.ters in Japan are caused mainly

by the wind and rain, as induced by ty~hoons, cyclones and D:)nsoons.

Tall buildings and structures as well as long suspension bridge. have r.c.ntly been

constructed in Japan. Accordingly detsiled information of the wind characteri.tics i.

required for their proper de.ign and for maintenance after construction.

However, air pollution caU&ed by various industries and cars has become a ••rious pro-

blem in Japan. Since the wind in the abllO.pher!c boundary layer plays lUI es.ential role

in the dispersion of pQUutants, a study of the wind, especially the local wind in the indus

trial and urban areas is quite urgent.

Since the interaction between the air and the earth .urfac. i. an ••••ntial problem

in meteorology, a study on the wind fluctuation near the surface has been inten.ively

conducted..

The characteristi~s of the wind has been investigated in Japan through ob.ervation. con

ducted on field towers and through wind tunnel experiments in the laboratory.

Observations made in the field were conducted o. single tower. and tower arrays in

order to obtain more detailed information on the time and space characteristics of the

wind. In addition to using tethered balloons, pilot balloons, low 4J.titude radioaondes,

low altitude rawi~ sondes and aircraft vere often used for observing the local wind.

Th~ present status of the study on wind characteristics is described in detail herei~

Observation from a Single ~#er

Observation frOlll a Tower Near the Mouth of River Nalta

In order to obtain data required for the design of a long suspension bridge, since 1964

Shiotani (1975) has stUdied wind characteristic~ from a tower located near the mouth of

River Nalta, Tokushima Pref. This meteorological tower, 150m in height, is located

apprOXimately 150m away from the beach (see Fig. 1). The base of the tower is on a low

sand dune covered with pine trees, a few meters in height, but in north north-west directi~

~ marsh extends a distance of 40Om. The ~and surrounding the tower, which is 1 klIl from

the coast. is under cultivation withinter.ittant farm houses, trees and .mall hills.

This meteorological tower is a guyed mast IllAde of steel pipe. The Mrovane-type anemo

meters were installed 3 III apart from the center of the tower at 15.8. 30.8. 50.8, 80.8, 110.8

and 150.8 III above the ground. The mean wind speed was continuously recorded during a

minute period, at each anemometer level. Instantaneous wind speeds and wind dir.ctions were

measured at any three levels with pen-writing recorders when the wind speed bec.- high.

In &ddition, measurement of the vertical direction of the wind was made with two bLdirec

tional vanes. Temperature differences between 150 and 30 m, and 80 and 30 m were ~asured

with bead-thermistor thermometers.

The wind behavior during a 15 min interval verb recorded every 2.5 • when wind sreeds

were under 25 mis, and every 2.0 s when wind speed were over 25 mil. From the.e dt.ta mean

wind speed U, turbulent velocity 0u (i.e., r.m.S. of the longitudinal wind fluctuation),
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auto correlation, power spectrua Sfn) (n: frequency), and other stati.tical quantities

were obtained. Analy.e. of th.s. data 197 recordings indicated that the range of wind

s~ was between 20 and 30 aI., and only 13 44ta had wind speed. hiqher than 30 als.

Since the charact.ri.tic. of the high wind are d.termined mainly by the .urface

roUCJhn... , the wind 44ta ha.. therefore, divided into three group.. The fir.t group had a

vind dir.ction 1 (E-£S) - the wind frca the .ea after pas.inq 150-300 • over the land.

The ..cond, Dir.ction 2 (SSE-WSW) had the wind pa.sing morp than 2 km over the delta of

Iliver Naka, which is llOdified frOlll the .ea wind. The third qroup, Direction 3 (WNW-NNW)

has a vind parall.l to the coastal line (s.e Fig. 1). The re.ult. from the.e cla••ifica

tiona are as followElI

(a) velocity Fluctuation and Their Maqnitude.

The frequency di.tribution of the fluctuatinq wind velociti•• can be expres.ed

approximataly by Gau••ian distribution. The inten.ity of turbulence (Ou/U) of the

vind in Direction 2 i. higher than that from the other two directions, and it is

r.COCJI\i&ed that the turbuJ.ent inten.ity increa.e. with increa.inq rou<,hnes••

The intensity of turbulence of the wind at 30.8 m is .uch higher than that at

the oth.r height.. This means that the rough ground coverage, in the clo.e proxi

aity to the tower, qreatly di.turbs the wind in the lowest reqion. The turbulent

intenaities of the wind in the ranqe between 50.8 • and 150.8 • are nearly the

.... in Directions 1 and 3, and they decrease with increasinq height.. However,

they are approximately constant with those heights in Direction 2. In order to

pxalline the vertical distribution of wind turbulenc velocities, their ratios to

CIO•• r.corded at 80.8 m,i.e. 0/0 (80), vere studied. These results indicat~
u u

that they are nearly con.tant with height in Direction 2, while they decrea~e with

power .xponent. -0.10 and -0.16 in Directions 1 and 3,respectively.

(b) Power spectrum

The rebtion.hip betw.en the logarithlllic spectrUIII nS(n) and the logarithm of t."te

wave n~r log(n/U), was examined. It vas noted that of the 261 recordinqs, 139

r.cordings had single peak spectrum nS(n). These s1ftqle-peak .pectra vera then

usad for furth.r analy.... The shapes of the spectra are quite varied, therefore,

the whole .pectra cannot be repre.ent.d by a .inqle curve.

Th. vave nUlllber (n/O)., corr.sponding to the maximum value of nS(n), is generally

ind.pendent of the wind .peed and vind direction. Therefore, the height distribu

tion of (n!U). av.raged at each height, was found that the wave nlmlber of the

spectrua peak d.cr.a.es slightly with increasin~ height.

~ination of the similarity theory, however, suggest. that nS(n) can be expressed

by the factor l1Jl1U, th.refore, .xamination of collect.d data r••ulta in the follow

ing .-pirical formula I

(nz/U) • 0.0018 zO.82
m
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This indicated that the spectrum peak shifts slightly to a low-frequency with an

inc£ease in height, for a height range between 50.8 m and 150.8 m. However, the

accuracy of the formula is not so restrictive such that (n/U) can be considered
m

constant with height.

The friction velocity u. can be estimated from the high-frequency pRrt of the

spectrum. The mean value of 0u/u. can then be eva~'~ted, giving 2.4 for the case

of uirection 2. However, u. can also be estimated from the logarithmic law of the

mean wind speed, which gives a value for the same direction, equal to 2.1.

(c) Correlation Coefficient Between Two Heights

An example of the correlation coefficient R(z2,zl,T) with time lag T between

the two heights z2 and zl (z2>zl)' is shown in Fig. 2. It should be noted thd'

the maximum correlation does not occur when T : 0, but occurs when the wind record

of the upper layer is delayed. This means that the phase of the wind gusts ad

vances when in the upper air layer. Now,usin~ Taylor's hypothesis, the ~pa~e

correlation is as shown in Fig. 3. Examination of this Figure shows that the

scale of the turbulence becomes lar'ger, and the phase advances during an increase

in air layer height.

The vertic&l correlation coefficient R(z2,zl) appears to be independent of the

wind direction and wind speed. Therefore, the correlation coefficient will depend

~ot only on ~e height difference (z2-zl), but on the actual heig~ts z2 ar.d zl'

Examination of the correlati~n r~~ff,cients be~wc~n two points which have the

same height differences indicates ~~at the largest value in the case where the

two points are in the highest ai~ layer, which means the scale of turbulence in

creases upward. The correlation coefficient is empirically formulated as follows:

The coherence funct~on y(z2,zl,n) between the two heights z2 and %1 can now be

calculated. The coherence is found empirically and is expressed as:

Becaus~ the correlation coefficient between the two heights depends on the height

difference, k should be a function of two heights. Also, it has been formed that

k increase as the wind speed increases and the height of the air layer decreases.

Observation at the NHK Kawaguchi Tower

Many observations of the atmohpheric boundary layer have been made by using broad

casting towers in or near the city. For example, Soma (1964) has analyzed the d~ta ob

tained at the Tokyo Tower and has studied the ~urbulent structure of high wind over the

urban area.
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Sinoe air pollution ha. recently beCOlllll a serious prcolo= in the urban area, vario~

..tecroloqical obaervation. have oftan been ...se. The followinq wl1l de.cribe .uch ob.er

vatiOll8 talcen at th. NHX Broadcasting tower near Tokyo.

In 19-1 and 1972, Yokoy.- and hil collaborators installed .onic ;.relllOll8ter-tharDKllllll

tar., to ~~a.ure the wind fluctuation. which are cloeely a••ociated wi~h diffuaion of

pollutantli (eee Mit.uta, 1966 for the .onic anemometer-thel"lllOlll6ter). The heights of the

anemometers ueed vere 10, 4~, 90, 180 and 3l~ m, re.pectively. The to~er is located in

a .uburban re.idential area where the ~round ia rather flat. Measure~ 9i9nals were

recorded by lonq-time magnetic tape recordera and the play-back signals were proces.ed

by an analogue-digital converter and a computer. Various stetistical quantities, such es

turbulent velocity and _ntum flux, were then analyzed. The analyse. of theae quantitie.,

indjcate the following,

(a) MagnitUde of Vertical Fluctuation

For a constant flux lay~r <i.e., layer up to about ~o "' abo"'C! the groundl it il well

known that the magnitude of vertical fluctuation Ow is related to the friction velocity

u. as followl;

The term 41w is a universal function of the stability aiL IL: MOnin-Qlukhov staNlity

lenqth) ancl A i. constant. In the oonstant flux layer, the friction velocity u. il

obtained from the vertical distribution of the mean wind speed and also from the co

variance of wind fluctuation. 1:'1. a layer hi9her than the constant flux layer, the equa

tion _ntioned above does apply. However, when the local friction velocity obtained
--1/2

frOlll the covariance (Le., u•• -u' w' ) is used, the equation applies in the h1.qher

layer. The relation between o~u. and the stability z/L is then studied and iIIw is

~eterm1ned as a function of the stability.

(b) Stability and Relation between Ow and U

In many cases at height of 4~ m, the magnitude of vertical fluctuation is propor

tional to the mean velOCity U. At a height of 313 m, however, it seems that there

exists a linear relation only over the certain value which might be determined ~y

the stability as shown in Fig. 4.

Cbaervations at the Tower in Okinawa and Ivo-.1ima

Unaae et al. (1972) have made wind ooservlltioila by using th~ OHK '!'V-Tower in okinawa

(165 • high above the ground) and Loran Tower in Ivo-Jima (410 mhigh). A...rovane-type

an__tera were installed at 6 levels at the 0Hl': '!'V-Tower and at 8 level'" at the Loran

~r. Since there existed stron9 electromagnetic fields, special attention was given in

the installation of the an..-ters at both towers.

(sl Vertical Distribution "f Mean Wind Speed

The data obtained at the Loran Tower during Typhoon NO. 7017 shows that thto power

index is approximately equal to 0.12 although the wind was not very strong. SimUar
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The Gust f~~tor um/U (um:

in Fig. 6. The factor ~~r\es

ing height and mean wind speed.

P<""'r index values were obtained frCIrG the other winds. The wind profile at OHK TV-Tower

is not represented by a single straiqht line in a logarithmic chart and during certain

runs, the power index is 0.47 in the upper part of the profile and 0.22 in the lower region.

(b) Intensity of Turbulence

Examples of the intensity of the turbulence 0u/U obtained at the OHK TV-Tower and

tl:e Tower Loran are shown in Fig. 5. The turbulence intensity decreases with increasing

height and also mean wind speed at the OHK TV-Tower but the da~a shows a different

tend"ncy at the Loran Tower.

(0:-) Gust Factor

maxtmum wind spe~d) obtained at both towers is depicted

between 1.2 and 1.6, and seems to decrease with increas-

Observation at an Array of TowelS

Observation at Tarama Island, Okin~

In order to obtain data on high winds, which are required for the economic design of

towers for large power transmission lines, a number of observing poles were installed at

Tarama Island in Okinawa (Mitsuta, 1974). The island is elliptic (about 4 km x 5 km), and

has a flat surface as shown in Fig. 7. Most of the island, ground is level and is around

10 m high above m.s.l. Okinawa, as is well known, is often subjected to typhoons, which is

why Tarama Island has been chosen as an observation site.

The observation site as shown in Fig. 7, is near the southweBtern coast. The observa

tion facility consists of an array of 27 observing poles, installed with 39 anemometers and

an instrumentation house. The configuration of the array is shown in Fig. 8. Twenty-five

poles are distributed with equal separation of 30 m on a straight line of 720 m in length.

The height of the poles are 15 m except one which is 50 m in he1ght and is located in the

center of the array. Two 15 m poles are placed 90 m away from the center in the direction

perpendicular to the base line three-cup anemometers and Aerovanetype anemometers ace at

tached to ti:e poles 11& Ihown in FilJ B. The systelll is started When the II\Onitoring anemometer

output exceeds a preset wind speed. The wind observation was initiated in the middle of

1972 and has continued since that time.

(a) Correlation Coefficient

The wind, whose direction is perpendicular to the base line, is selected and read

out every 1.5 s for 12 min. Examples of auto and cross correlation coefficient for

the same run are shawn in Figs. 9 and 10, in which the wind comes from an inland

direction. The dots in Fig. 10 show the correlations of all possible combinations from

the observing points, and the solid lines show the average values. The average integral

scale of the turbulence, in the longitudinal direction, is about 120 III and in the

lateral direction is about 20 III.

(b) Gust Factor

The Gust factor, as a function of both qust duration and its lateral scale at the

height of 15 m was obt~ined fram the data. Figs. 11 and 12 show an dxample of the two
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dimensional qust factors for the same run. Vari2tions of space averaged gust factors.

with an averaging time, are shown in Fig. 11 and show the power law approximation.

Fig. 12 shows the time averaged gust factors as a function of av~rage time, Which also

shows the power 1_ approxiaation.

~~~rvation and further analysis are now being conducted, and more detailed results

are expected 1;1 the near future.

Observation at Satoura, Tokushima Pref.

Five towe~s were placed along a line parallel to the coastal line, which runs from SSE

to NNE, at Satoura of Naruto city, Tokushima Pref. (Shiotani, 1969), for the same purpose

as described in se~tion 2.1. The t~rs were located at 12, 35, 80 and 190 m from the south

end. They are 40 DI in height ar.d were installed with Aerovane-type anelllOllleters. The Obser

vat~on. were initiated in 1966. with readings taken every 1 s for 10-13 min.

(a) Correlation Coefficient and Scale

The cro.s correlation c~fficient of~ longitudinal wind at the points separated

by T) in the lateral direct.ion, is denoted as 'l~u (T), 1), where '( is time lag. The data

shown as open circles in Fig. 13, is the parameters Ruu(T). which is defined as

Ruu(T),O). In the lateral direction the integral scale of the turbulence is about 50 m

repr_entinq the wind f:om the se.a, and is about. 65 DI f"r the wind from the land. The

integral scale is s~~what larger for the wind from t~e land than from the sea, at a

height of 40 D1.

The auto corr~~ation coefficient, Ruu(C) where C is the downwind distance in the

longitudinal ~Lrection, can be estimated from the auto correlation coefficient by use

of Taylor's hypothesis. The results are Ruu(~) • RuI1 IT) wh~re C• U1, where the para

mrters R ('I is shown in Fig. 13. The longitudinal scale of the turbulence can then
uu

be estimated using this ~ata. The scale thus obtained u~ing a constant height is 204

m for the winJ from the sea and 154 m for the wind lIon the land. The turbulence be

comes greater for the wind trom the sea, which is opposite to the result in the lateral

direction. The scal~ of the turbulence in the longitudinal direction is 3 to 4 times

as large as that in the lateral direction.

(b) space Correlation Coefficient

Osing Taylor'e hYl~thesis, the spatial pattern of the space correlation coefficient

Ruu(~' n) can be elltimated. An example of th,- pattern is shown in Fig. 14.

Field Observation by other ~thods

In connection with air pollution, es mentioned previously, extensive observations have

been made in industrial and urban areas. In addition to making observations using towers.

other techniques have been ~loyed.

One such method utilizes a special radiosonde attached to a tethered balloon and can

~~acure turbulent winds (Yokoyama, 1969). A low altitude radiosonde has recently been

developed for observinq the wind, temperature and pressure in the layer up to 2000 m.

These instruments and the low altitude radiosonde ar~ often used for observing the wind

over the urban area (Takeuchi, 1975). Data thus obtained are of great use in classifying

1-7



local wind.

Additional papers concerning the turbulent wind over the urban area have been published.

by Nakano et al., 1974 and Hanafuaa et al., 1974.

Wind Tunnel Experiment

In order to clarify the characteristics of local wind, IIIllny tests have been conducted

in a wind tunnel. but few papers have been published.

l\oUlei et a1. (974) conducted wind tunnels experiBMlntB in order to study local wind

induced by tall buildinga, and also recommended some practical methods to est1lllllte the high

wind region.

Suda et al. (1974), presented a paper on .adel experiments concerned with the study of

local winds induced by a slllllll island. This study will be a great help in the design of

long span suapensior. ~I.l.dges.

In order to simulate the atmospheric boundary layer in the laboratory, Sato et al. (1974)

developed a velocity-distribution generator by introducing a variable resistance in the wind

tunnel. This device consists of a series of sliding plates, and should be of great use in

studying the local wind in detail.

Concluding Pemarks

A survey of recent wotk on the characteristics and structure of the wind in Japan is

given relative to the author's interests. Thus, other iaportant studies are not included

herein. This survey indicated th~t further research studies on the structure of turbulent

wind. should be conducted.

Data should be accUlDulated by various methods (e.g., tower, tethered balloon and any

radiosonde) at different locations i.e. urban areas and coastal areas. The structure of

local wind should also be clarified in relation to the synoptic meteorology and topography.

1-9



1. Hanafua., T. and s. Soma, 1974: On the Characteristici of AtIIlOspheric Turllulence Above
the urban Area. Proc. of the Third Symposium on Wind Effectl on Structures in Japan,
63-70. (in Japanese with English abltractl.

2. ~i, 1. and E. Maruta, 1974: The Wind Tunnel Test on Hiqh Wind ReCjion Induced With
Tall Bui1dinCj. Proc. of the Third Symposium On Wind Effectl on StructureI in Japan,
115-122. (in Japanese with English abstractl.

3. Kinase, T., N. Toyama l'~ S. Ito, 1972: On the Structure of Strong Wind for Construc
ting 600 ~ Tower. MeteololOCjical Material for Tower Construction (Japan MeteorolOCjica1
Aqencyl. ~o. 4, 22-43. (in Japanese).

4. Mitsuta, Y., 1?66: SOnic Anemometer-Thermometer for General Use. J. Meteor. soc.
Japan, 44. 12-24.

5. Mitauta, Y., 1974: preliminary Results of Typhoon Wind Observation at TarAlll& Island,
Okinawa. Paper presentea at US-Japan Resaarch Seminar on Wind Effects on Structures,
Kyoto, sept. 9 - 13, 1974.

6. Nakano, M., K. Takeuchi, Y. Mitsut.a and T. HanAfusa. 1974: On the Characteristics of
Atmospheric Turbulence Above the Urban Area. Meteor. Research Note, No. 119, 133-141
(in Japanese).

7. Sato, H., Y. Onda and T. Saito, 1974: Laboratory Simulation of Atmospheric Turbulence:
Generation of Arbitrary Velocity Distribution and Model Experiment of Flow Around Mt.
Fuji. Advances in Geophysics, lSB, 241 - 251.

8. Shiotanti, M., 1969, Structures of Gusts in HiCjh Winds (Interim report, Part 3).
Nihon Univ. at Harashino. 118 pp. (in Japanese with English abstract).

9. Shiotani, M., 1975: Turbulence Measurements at the Sea Coast During High Winds. J.
Meteor. Soc. ,Japan, g. (to be published)

10. SolIla, S., 1964: Turbulent Structures in Strong Winds. J. Meteor. Soc. Japan, 42,
372 - 396. (in Japanese with English abstract).

11. Suda, J:., S. SOlIIa and K. Takeuchi, 1974: Wind Tunnel Experiments for Studying a lI;x;al
Wind. Paper presented at the Sixth Joint Meeting o~ US-Japan Pannel on the Wind and
seismic Effects, WashinCjton, D.C., May 15-17, 1974.

12. Takeuchi. K., 1975: Observation of LOcal Wind. J. Appl. Phys. Japan. (to be published)

13. Yokoyama, 0., 1969: Measurement of Wind Fluctuations by a Vane Mounted on the Captive
Balloon Cable. J. Meteor. SOc. Japan, 47, 159-166.

14. Yodoyama. 0., 1971: An Experimental Study on the Structure of Turbulence in the Lowest
500 m of the Atmosphere and Diffusion in it. Report of National Research Institute for
Pollution and Resources. No.2.

15. Yokoyama, 0., 1972: The structure of the Planetary Boundary Layer Obtained by
Measurements, Tenki (meteor. SOc. Japan), ~, 654-659. (in Japanese).

1-9



k 11 C"AN~tl

o 1"0(1 •

====--==-

Fig.l Topography around the IIIl!teorological tower by the llIOuth of
River Naka (shiotani,1975)



-20

RUN 6~

-10 o lIZ
't he. I

20

Fig.2 Cross correlation coefficients between two heights
(Shiotani .1975)

.lHI 47 .1., vlLOtlTY _

f::~-_2?~ -.:[ -r_M

:'::::.... _.I...ld~J, ..., ~_e D_

Ol Q6 ~ 01 0.7 0"/ 05 04/J _ J __ l_- ~~__.----::: __ 10...

0.. ... .... OM' Mil ONO Ok' 0.'4 OU. oln GMO

100.

Fig.3 Isopleth of correlatiQn coefficients in a vertical
plane parallel to mean wind velocity (Shiotani.1975l

1-11



313 M TOWER

B;, (MIs) 0 .;1 00 o I/l<-l
0

0 • 11/Ll< ,

o. /
6 Ill>'

0
0 00

-J/0

0.5 0 00 6 • •-0 00 o-~

:6e~ 6 6 6
0

6 6

6

U (MIS)
0

0 5 10 15

Fig.4 Stability dependency of relation between S" .nd U (yoIlOY.M,1972)

J-12

,.



1L,........,l20,,-...,,2J.,...-~2I=---::32~~
MEAN SPEEO (mla)

0,'--------------.
n,;.-~~Il::_.~i_-f___f ~Q2~~~~-+....:=~:.:o.lroI.-

~
~OJ
! T70021Oi<INAWA

O-"i
.....

"" T70I7IIWOo JIMA

............ ----i'--- RUN" --L.--' i'..~
02 - _l-

S
~

OJ ---- . -I

""""0 ~iO IUO I~ 200 2:KJ 300 350 ..00

0.11---+-;";"+--";;;;;=
&o.l...
Z...
sOCO
a)
Dr:
::>....
16.
o
>
I--'"z
~z-

HEIGHT CMI
(b)

Fig.S

. .. .
MEA~ SPEED (m/sl

ICIGM!.!"')
'~-~-I-_I-: :~.I

• os
l-r.az.-:~,-... : ~i

(al

L__L:',:7-=t:=~;2t~....1.3

~ T7002/0KINAM\

1.10 50 100 1
HEIGHT (m)

l.s........r----r--.......-...,..---.

1.7'1-~",fol:::~-+--+~

~1.5~~~~:-1::!: I'

IBr--.,...---,.--,---r---,--......,----r-...,....,

I
HEIGHT 1m)

Ibl

Fig.6 Gust flctor: (.) OUnaw•• (b) Iwo·Jhlll (Kinase et 11 .• 1972)

I-13

,.



·......
~,

.,'t'

•
~". II

Ftg.7 Topography of Tar.. Island, A: observation stte
(Mitsuta,1974)

0 .._.._--

____.-1__ .-Jo. .L.-

..

Fig.8 Arrangelleflt of observing poles and .n~ters
(Mitsutl.1974)

1-14



I
10

,
-s

T'M (lIcl

I
JO

I
15

Auto-correletton coefficient of wind veloc1tJ .se direction
is J)erp@ndtcular to the base 11ne ("itsub.l974)

1.0

~..........
~

! O.S
j

]
=~

0.0

I
D

Fig.9

1.0

~..
w
E
~
I O.S
S
].
1

J.O

,
D

I
1511 •)00 •..

r1g.10 SI-e as Ftg.' but space correlation coeffictent

1-15



2 Run 1
No. Orh•.

I

• J... l
a •• ,
• III • 10

• "• n
21

&titS •:. •-J •

•

10' 10'
Averaging Tim.

Fig.11 Space Iveraged vust factors IS I function of
averaging ti.. (Mitsutl,l974)

Run 1

·•
·•••
••••

••

No or•.,..,
I
J..
••10

"10
10
'0
10

UO
110
100
..00

Iri m 10'
Averaging DIstance

( m )

Flg.a Tf. averaged gust factors as I function of
Ivera9in9 dlstlnce in laterll direction
(Mi tsuta ,1974)

I-16



RUN 125
126

204

1.0

0.5 ___

R..~~ J,
00 50 100 ~OOIMl

f; or "

Fig.l3 Averaged cross-correlation coefficients IS a
function of laterll distance (open circle) and
averaged auto-correlation coefficients u •
function of downwind distance (Shiotani.l969)

N

Fig.14 Spatial pattern of correl.tion coefficients (Sh1otani.1969)

1-17



A REEXAMINATION OF IIUlUUCANE CAMIlLE

Arnold Il. Hull
Bnvironaantal Data Service

National OCeanic and Atmospheric Administration
u.s. Departlllent of C~rce

ABSTRACT

lMWly available oceanoqraphic and meteorological data on ...:lor ItcCII8 and hurricanes

strUcinq the Gulf of Mexico dutinq a 3l-lIlOnth period provided by eight petroleUIII fir1118 pre

sent an opportunity to reexamine And reevaluate Hurricane Camille, one of the IIlOst a:e',ere

and destructive stor1118 ever to strilte the Gulf. (Maxilnlllll wave heights of 72 f_t were

recorded as the eye of the h~rricAne passed within IS miles of one measurement station. I

The n_ data on Cu111e COlIIPr1se one of the IIlOst COlIIPrehensive sets of oceanoqraphic and

..teorogolical information available for luch an extreme weather event and should prove

invaluable in basic research and Offshore engineering applications. With increasing

availability of this type of information likely as the Nation develops its offshore enerqy

resources, que_tions arise as to what procedures should be followed to access, dis.em1nate.

and use these data IIIOst effectively and what contributions this i~rtant new data source

..y malte to current ~~ledge of extreme storm eventl and their effect. on engineering

structures. The data available for camille are examined to provide tentat~ve answers to

these questions.

Key Worde: Hurricane; Storm Surge; Tropical Storms; Wind; Wind Data; Wine Speed.
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Introduction

The Shell Oil CCIIIIp&J1y of Houston, Texar., acting on behalf of eight petroleUIII finlll,

recently donated oceanographic and meteorological data on major storms and hurricanes

striking the Gulf of Mexico from OCtober 1968 to November 1971 to the Environmental Data

service of the U.S. Department of Commerce's National oceanic and Atmospheric Administra

tion. The~~ data includp information on Hurricane CaDrllle, one of the most intense and

destructive tropical storms ever to hit the United States _inland. Camille killed 256

people and caus~d property damege of about $1.42 billion along the Mississippi/Louisiana

u'ulf Coast and in Virginia (flooding). [21*

The data were collected at a cost exceeding one million dollars in a cooperative

eHolt called the Or;eanoqraphic Data Gatherinq Prl)qram.

Data on wave height, wind speed and direction, and barometric pressure were recorded

at six offshore drilling and production platforms spaced along 260 miles of the Louisiana

coastline. These six locations are shown in figure 1.

Wind and Wave Instrumentation

The wind and wave sensors usPd were Baylor Model 9737 Wave Measuring Systems (rugged

construction, non-fouling, with a long record of reliable performance) and Bendix Model

120 Jlerovanes, which measure wind speed through the rotation of a propeller which drives

a DC generator. The wave-measuring instruments give a continuous analog output, with a

resolution of 0.1' of f~ll-scale accuracy and a linearity of 1.0' of full Bcale. The wind

speed threshold is 3 mph, with an accuracy of :!:. 3/4 mph from 3 to 45 mph, and :!:. 3 mph from

45 to 300 mph. The direction sensors are servo-transmitters driving servo-receivers

which rotat~ potentiometers. The overall accuracy of wind direction is :!:. 5·, with a 10·

deadband at north. [41

Data Collect.ed

The tot.al data collection comprises 252 analog magnetic tapes. Additionally, 170

strip charts of varying quality and usefulness were recovered. When est.imated by sensor,

data were gathered for waves approximately 70' of the time/ for wind speed 61\ of the time/

and for wind direction 55' of the time. £n general, the quality of the data recorded on the

magnetic tapes ill good. The accurucy of the data gathered by each sensor must be consi

dered individually, but the accuracy for all data is generally wj~lin 1 5' of the value.

Data previously Available on Camilla

In severe storm situations it is difficult to obtain reliable wind s~ed measurements,

and Hurricane camille was no exception. Of data previously available, approximately six

wind speed observation records could be considered reasonably reliable. TWo of the most

useful in establishing the general level of the wind were the observations taken at

Keesler Air Force Base and a record from Transworld Drilling Company's Rig 50.

*Figures in brackets refer to the references listed at the end of this report.
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A reproduction of the Tranaworld record [lJ i. given in figure 2. It .how. a 1IIllX~

wind apeed of 172 ~h at the 100 ft. Ie_I. When reduced to the lO-ft. level uainq the

1/7 power law, the reaulting peak quat 18 144 ~h.

Earlier "ave data frca the atora area are liaited to a total of 14 ob.ervationa frca

ahip. cloae enough to caaille to record winda of 35 knota or more. 15)

The mo.t coaplete info~tion previously available on Hurricane Camille concern••tora

lurge and 18 ba.ed on charta prepared by the U.S. Geol09ical Survey (figure l).

Rev CDille Data

Caaille wa••pawned by a tropical "ave that moved off the African coalt on Auquat 5,

1969. It was tracked across the Atlantic to the western tip of Cuba by the evening of

August IS, entered the Gulf of Mexico witfl a central pressure of 908 millibars, and early on

Auguat 17 was located 250 miles aouth of Mobi:e, AlablllllA.

Camille's storm track (figure 1) was su.:h that the storm passed between stations land

2 of the Ocean Data Gathering Pr09r&IlI, with the coenter passing about 14 miles west-sou'thwest

of Station 1 at 1730 eDT on August 17, 1969, and about 48 miles east-northeast of Station

2 at 1645 eDT on August 17. [3) Station 1 gathered complete wave data until 1600 eDT on

August 17, when the wave sensor broke loose subsea, twisted, and shorted out against the

plaHoI1ll. Wind data contillued to be gathered until 1620 CDT August 17 when saltwater

shorted out the power system. Subsequent to the loss of power to the station, the Bendix

Aerovane came apart leaving only the center section assembly attached to the tower.

TWenty foot waves ward first recorded at Station 1 at about 0500 COT August 17, 1969,

.-rking the beqinninq of the stOnl at that station. Due to power failure, "hich occurred

at 1620 CDT AUgu8t 17, 1969, the end of the .torm at St.tion 1 could not be determined.

Significant wave and wind characteristics during the period from 1330 to 2230 CDT on

Auguat 17 at platforms 1 and 2 appear in Table 1.

Wave data have been analyzed for one-half hour intervals during periO':l.s of the storm,

and the wave apectrUJll for Station 1 for the period 1545 to 1615 CDT August 17, 1969, appeara

a. fiqure 4. At that t1D8, Camille waa located about 24 milea south-southwest of the

.tation, and .tation weather conditions are thought to have been very close to their

IIlud.llua values. The significant wave height was calculated from each wave spectra and

fiqure 5 ahows the significant wave heights versus tu. for Stations 1 throu9h 3. The

aaxlmua wave height recorded during the same interval (1545 to 1615 CDT) was 72 ft.

Significance of the New Data

using the extr... value distributions of w_nd speed and significant wave heights for

extratropical stOrlll8 available frOID Ocean Station vessel data, H.C.S. Thom [6J developed

a technique to derive an extleme wave height distribution in any extratropical area of the

d_p cx:eane. With new data such •• that for Hurricane Camille, where the relationship of

wave .cale to wind acale can be determined, a siailar technique might be developed for

tropical areas. And such data are liltely to becc:- increasingly available as the United

Statee and other nation. expand their offshore energy exploration and drilling activitie••
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ae<:oqni&inq the 1III'Orunce of wind, vave, and atonl aurge inforution to .tructural

de.19ft alont coutal areaa and to oU.bore f&ciUtie. auch aa nuclear powerplan~.a, ddllinq

d ..,., and .vpertanker ter.1nala, it ia !apezative that t-diate attention be 'Jivan to

......in., .pecif1c requ1r~ta for .uch infonlation in our coutal sone ar.... 'l'be in

cre..1n., nllllber of off.bore platfo~ that v111 .oon be erected .l.r coutal vatera offen

ua the opportunity to develop onaite ob.ervat1on netvorlta capabl. of obtaining the optiaua

vind and vave 1nfonlation~ to 'live ua a better unJentan4ing of the intemal .truc
ture of hurricane. an4 tropical .to~. Such onaite data collection v11l prov1de at le..t

...tpe~t aource. of detailed ·point" ob.ervationa, .. oppoaed to t:urrent randca .hip

observat1ona e~1aed over OMI dagr_ aquare. (or even larger ar.a.) because of the lack

of fixed oba.rvation platfonl8.

SIICh long-tant "point" recorda are crit1cal to the dev.lo~nt of accurate datailed

enviro_tal date .tetbtic. needed for the 48aign, con.truction, and operation of both

offabor. and onabore faclliti.. in the coutal area.
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i_ I

~ / J-- I

I-
Figure 2. This wind chart from Transworld Drilling Company's Rig SO

was set on double scale. and the r~corder vas left running
after the crew evacuated.

hf't.PtI abo¥e IMlft 18 lew)

ell lola'"

,lIl'p Isla.

E

"on II'altd
"'""-=-
Pe1U 6011 Island

Figure 3. These are the results of the storm surge generated by Hurricane
Camille on the Gulf Coast from the Pearl River to Bayou La Batre;
based on charts prepared by the U.S. Geological Survey.
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FlllE TOJUolADO AND ITS MAXIMUM WIND-SPEED

by

S. SOIIIIl
Phyeical Meteorology Labo~atory

Meteorol~ ical aeeearch Inetitute

and

K. Suda
Director

Meteorological legeareh Institute

ABSTRACT

very few Itudiel have been conducted on fire tornadoes, owing to its r~re occurrence.

However, in Japan, much public attention has been directed to this phenomewJn in view of the

fact that cataltrophic damage hae been caused by two fire tornadoes. One eueh tornado

developed during the Great Kanto Earthquake in 1923 and another at WakayaMa City in 1945.

The cauae of euch cataat£ophic damage, due to these fire tornadoes is two-fold. one is the

formation of • tornado, in burning of the urban area, and the other is the peculiar feature

that the tornado is aceoapanied by strong winds.

In the preaent report, the charac~eristies of the fire tornadoe~, which have been

experienced in Japan are reported and the estimated amdJawn wind speed ill the tornadoes are

qiven.

Key Worda: Pires; Pire Tornados; Tornados; Tornado Model; Wind Speed.
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Introduction

only a very few stucUes have been _de on the fire tornadoes beeau.e of the rarity of

the ph.~non and accordingly, ~y probleu related to it are leic unsolved. IIDwewr; in

Japan, much public attention hu been di.rected to this phen~non in view of the catutro

phic events that occurred during the Grest Kanto Earthquake in 1923, which killed 38,000

people. The formation of this fire torlUldo was then attributed to the p....ge of a cold

front and this view has been maintained for about fifty years without any reexaaination by

scientists. However, a survey of studies made in various count.ie. and the detailed analy

sis of weather data at the time of the formation of the tornado, revealed that the fire

tornado ~'as due mainly to the conflagration caused by the earthquake.

In Japan, two well known tire tornadoes have caused ~y casualtie.: one is related to

th. Great Kiln',.;) t. Y 'thqll4ke in 1923 and the other to the great fir. of Wakayame in 1945.

The causes of the catastrophic d..-ge an:, (1) formation of the tornado in the burning of

the 'Irban area and (2) peculiar feature of the tornado accOlllP&llied by extr_ly strong vind.

In the pr.sent r.port the formation and characteristics of the above two tornadoe., in

Japan, ar. described.

1. Proce.s Leading to the Formation of Fire Tornado in Tokyo.

(i) The Old Site for the Clothing Depot just before the Formation of the Fir. TOrnado

In the City of Tokyo, in 1923, there was a vacant area of 70,000 .quare ..ter.

wide along the River ~umi5,. which had once been the site for the Clothing Depot of the

I~erial Army and then transferred to the TOkyo City for construction of a park. This

vacant area popularly called "The Old Site for the Clothing Depot" (to be atlbr.viated

OSCD) was located in downtown Tokyo which was crowd.d ~ith wood.n houses. Following

the great shock of September I, 1923, fire spread allover this area and r.fugees

frOlll the fire advanced toward the vacant ground of the OSCD voluntarily or led by

policemen. As a result. a little after ~ p.m. Gn Sept. I, the ground vas crowded

vith more than 40,000 refu9ees. People th.re, free from fear, vere .ating food or

making a ~ed for the night and nobody expected the formation of a fir. tornado.

(ii) Spread of Fire Around the oseD.

Examination of the spread of the fire, on the basis of a aap of the b~nt ar••

prepared by Prof. S. Nakamura of Tokyo university, r.veals that about 3130 to 4100 P'"

on sept. 1. 1923. when the fire tornado formed, the entire Tokyo City had not been on

fire. Around the OSCD along the River SUIII1da. however, a vast urban ar.a of 3,000

meters long 1n North-South and 1,600 meters wide in East-WEst had alr.ady been on

fire except the oseO. In otller verds, the OSCD vas th'!!n "urJ:ounded by • burnioq ar••

•everal time. larger than it.elf and wa. crcvded vith 40 thou.and r.fuq••••

(iii) Strike of the F1re Tornado

A refu'1ee who barely survived the dis.ster of OSCD and witnes.ed the strike of

fire tornado reports the followin'l: The tor~ado attacked OSCD vith a d.af.ninq roar

and scattered fire-flake. on the heads of the r.fug.... Cloth•• and household qood.,
brought by the refuqees clIu'lht fire at once and the fire, fanned t.y stron'l vind,

spr.ad allover the OSCD. The tornado r.'led for only about 20 mnut.s but it tc-oIt
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38.000 live. in a quick ~~.

2. Characteri.tic r_tur. of the rir. Tomaclo

(i) s~ of the Fir. Tornado

Band on old literature. a .t\ldy v.. 1I&d. on the .hape of the OSCD fire tornado

in order to __ wheth.r it va. like the funnel of a natural tornado hanging dOlWll f~

the -ather cloud.

'!'bel'. vere at le..t tva thouaand people who barely .urvived the rae;e of the

.trone; vind and tl_ in OSCD. They IlUIIt have had a chance to witne•• the fir. torna

do by th.ir OIWII eye.. Purther-are. th.re lIU.t be -any people who could ••e the

~rnado fra. the oppo.ite bank of River Suaida, even if they _r. fright.ned by the

earthquake. Aa the river i. only 150 ..t..r. wide, it IlUIIt _11 be poe.ible to eb.erve

the ~rnado aero•• the river. But, only very f_ of the old lit.rature include. _

de.cription of the .hape of fire tonado, .. quoted belovo

-About 3,30 p .•• I HV the a-alv (" ..thering and toverine; hie;h up in the .ky--

witne•• of Mr. It. Kondo. "About 3,30 p ••• a .trong crack wa. h.ard fra. the northern

direct..ion. With the intena1fication of the .ounel••~ attributed it to _pproachin9

uUlllUli "hil. oth.r. to iqni~ion of explo"iv•• but nothing definite wa. known. Then

I .... deep black .-o~e flovine; in a whirl a. big .. _ hill pr•••ntir4 a horrible

.i9ht.---witn••• of Mr. Ie. JCawanabe who obaerv~ the fire tornado fea- the Bltoin qround

locat~ 700 • to the .outh of OSCD.

The.e vitn y perhap. .uqq••t the pre.ence of a whirling fir. tornado but

nothine; definite ia knOIWII about it••hape.

(li) Wind Speed Aaaociated With the Fir. Tornado

Th. ord.r of aaqnitude of the wind .peed, ...oci_ted with the fire tornado, 18

a aatt.r of ..teorolOlJical int.re.t but ~e~ric ~.ervation i. never po••ible in

vi_ of the condition of the tornado foraation. In the ca•• of fo:f-,. OSCD fire tornado,

.c.e refuge•• te.tified that person. and cart. _re pick~ up by the .trong wind, but

it i. difficult to ••tiaat. the vind .peed fra. the te.tiaony alone. rortunately.

pIlotoqraphic plate. .hoving the vind ~e on tree. vere found in the Report of the

Great t.an~ Earthquak. and _ could e.tiaate the aaxi_ wind .peed a••ociated with

the fire tornado. Plate 1 (a), which 18 reproduced frc:. the eave r.port, .hova that

the trunk of a tree. abo\lt 30 ca in lSi...ter. v.. broken by the wind. A pictur. of

the wind ~qe of tr•••• quite .laUar to the above. " .. taken durlnq the~

which fOrMd in July. 1971 in the .uburb. of QI1ya City, Saitaaa Prefecture (Pl",t. 1

(b» • According to It. Watanabe of the MeteorolOlJical ....arch Institute (1971). the

intenaity of this tornado i. e.t1aated to rank MIOnq Cia•• F3 of rujiu SCale. whi(.;Q

ruqe. fea- 70." to 92.5 II/..c. Consid.ring the .i.Uarity of vind d_q. of u ...
in both ca••• and r.ferring to the .te~_nu of vitn•••". quoted above, _ ..y .uppo••

that the fire tornado of OSCD va. aCCOlllP&Jlied by .trone; vind. of the .... order of

aaqnltude.
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(l1i) DinctiOl'l ot th• .c)_nt of the OSCD fire tornado

zx-1nlllq the reporta on the Great xanto Earthquake, w found that unexpectltdly

Mny people .tated the cUrection ot th~ fire tornado. Hc:Jwever,.any hAve ai.taken t-he

4irectiOl'l of the wineS. tor the dire<:tiOll at the tornado .-oUon. Dr. S. Fujiwara (1924)

.-4e a COIIIPU'aUve .tudy of their report. and e.tt..ated the track of the tornado wind

.y.tea aa follOWlI

-Jlldqinq f~ the above circwutance., the tire tornado that brouqht about the

eSi...tar in OSCD would have fo~ at the southern x,rder of Kitabanbacho, pa••ed nearbY

u.&yllbaahi Briclqe • .avec! alonq the River SUIlida up to Mr. Yaauda ' • .anaton in YokolIIIlichq

turned eaablareS, _rqed with other tornadoes at I.hiharcno and then .-oved back to

06CD f~ the northeast. - If _ trace the IIlOtion of the tornado ba.ed on Dr.

Fujiwhara'. analy.i., the tornado ..... to have advanced fra. northea.t to .outhea.t.

Na natural tornado evex ob.erved in Japan IIOved in such a direction. rurthe~re. the

direction of 8Otion ot the OSCD to~nado wa. exactly opposite to the direction of the

preyail1nq wineS.

(iy) Clouds in the ca.e of the Great Earthquake

In the old data 109 of the Centn.l MeteorolO9ical Observatory in Tokyo. O:l

clo'ld of 3/10 in .-aunt, i. recoLded for • p.m. of September 1. It i. a~st certain

that this cloud wa. then overhead of the OSCD. The state_nt in the Report of Great

kanto Earthquake -As it began to rain, we _de preparation to protect u. fra. it with

slidi"'1 doors and str__ts. - .upport. this fact. The cloud, which is recorded in the

data 109 of the Ob.ervatory atJlllly as Cb, se_ to have been unu.ual enouqh in shape

to attract p.Jbl1c attention and is ..ntioned in lII&Ily .tat_nt. in the Report of the

Barthqualte. Pr~ the.e. Prof. T. Terada's .tatement depicting the cloud condition i.

quoted belCIW:

-About 3,30 p ••• on september 1. I stood in the verandah of ~ house at

~~-Akebonocho, looking at a remarkable cUII\ulua cloud towering up if' the .ky in

the .outheast. Surface appearance of the cloud wa. characteristically different from

the averaC)e, l.e., protuberances on the surface were fine and well-defined rea1neSing

_ of the texture ot the volcanic slIlOke photographed during the recent eruption of

Nt. sakurajt-. The toweri.ng of the c_ulu. cloud in the blue sky pre.ented an un

precedented spectacle.-

This c\8ulua cj.ouc! uy be ieSentified with the cloud that covered the OSCD since it

was observed bY Prof. Terada frOlll ICaDage-8 Akebonoc:ho in the .outh.utern d lrection.

A pi.cture of c\aUlon1llbua taken by Kitso Harada wa. found in the Report of the

Barthquake (Plate 2). It is not clear whether tht. was the cloud covering OSCD, but

it. unusual ehape 1& exactly the ._ .. depicted by Prof. Terada. Although the

fOnlAt1on ot the cloud _y partly be duO! to the favorable .ynoptic coneSition .uch as

the pre..nce of subtropical air "SB £nd front, it. direct cauae will .ore properly be

attributed to the enerqy ot instability created in the stratification of the atmosphere

by the extensive fire.
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3. ExUlPle. of Fire Tornadoes

In the history of 4isuters in forf'liqn countries violent. fire t.ornodoes. that. have

burnt to .s.&th t:ens of tho~and peorle have been recorded. However, smaller ones have been

recorclecS, and fo~ in olden tt.es ato _11 as in recent Yelars. one such eXlUIlple of a

foreign fire tornado is qiven hereinl

In June, 1961, a French cloud physicist J. u.slens con4ucted an experiment by Dakinq

artificial cUBUlua clouda on the plateau ot the Pyrenees. He placed fourty-eight kerosene

burner. in an area ot 125 x 125 !all wide anc! l:I&ke lit all of them at once. Then, quite un

e~tedly, a fire tornado tormed in the lee of the experiment area and developed to a size

of 10 ..t:ers in diameter and 200 ..ters in height in a distance of 525 meters leeward from

the origin of the fire (Plate 3-(a». Careful observations revealed that, following the

flrat tornado, a number of otherl formed in Buccellion.

In May, 1965, in the port of Muroran, a Norwegian mammoth tanke~ (56,000 t) cracked in

a wharf. A 1arqe hole waB then made on the side of the ship and petroleum gushed out and

caught fire. In this cale too, a r.-arkable fire tornado formed in the lee of the large

fire. (Plete 4)

on the occaaion of the Nankai Earthquake (magnitude 8.1) in December, 1946, a large

fire broke out in Shinqu City, Wakayama Prefecture, and burnt down 2,612 houses, destroying

25' of the entire urban area. on this occasion, a fire tornado is reported to have formed

in the river beach, in which citizens took retuge. This tornado was not lArge, but was

aCCClllp&llied by a strong wind Whll,;h blew up a mat of 22 I(g in weight into the sky.

4. Fire Tornado in the Great Fire of "akayama City

(i) Pormation of the Fire Tornado

A fire tornado, much larqer than those mentioned above, formed in .ssociati'~

with the great fire of w.kayama City in July, 1945, which destroyed 68' of the urba:

area. On this occasion, a violent tire tornado formed in vacant area of the old pre
tectural offices, and burnt to creath 748 people. Although the number" of victilllll was

far leas than that of the CAta8trop~ic OSCD tornado, it corresponds to more than 60'

of the total loss of livRs due to the tire, showing the violence of fire tornado.

How, .everal .tatements on the formation of the tornado in Wakayama are quoteJ

tro- old reports. "Thirty tQ fourty minutes after the outbreak of the great fire,

violent tire tornadoes formed in several places in the city. The largelt one among

thea originated in a street with a tr_ay 200nl away to the south of the old city office

qroWld and ~ed northward. The incandescent flame of the fiee tornado streame,'

horicontally as if it vere blown by bellows. Pine treell plar.~ed along the lIIOat were

torn "ay. An autc.obile flew over the bank and jumped into the moat; red hot zinc

sheets and big logs were uplifted to a height of 20 - 30 meters."

bide fro- the al:love, another flre tornado formed at night on the same day over

a ~t, 1500 meterl away fro- the old prefectural office ground. "In the Naval t~r

yard there "aa hundreds of thousand. of feet of timber stored. This t1ld:ler caught fire

and _re uplifted by the tornado presenting a spectllble of countless burning chopsticks

flyinq hiqh in to the .ky to a great astonishment of the refugees around Tsukiji Bridge.

1-32



"According to the observations, taken by Wakayama Weather Station, east-northeasterly

winds of 2.5 m/s was blowing just before the outbreak of the fire. Examining the

weather Charts, six hours prior to the fire. we find that fine weather prevailed all

around Wa~ayama City without any indication of front or other weather systems, that

would lead to the formation of a tornado.

(ii) Estimation of Maximum Wind Speed

It is not easy to estimate exactly what the maximum wind speed was in association

with the fire tornado of Wakayama C~ty. However, let us try to make a rough estimate

using recent studies on Tornadoes.

To begin with. the estimation of the damage of the pine trees planted along the

avenue, wind speed of about 40 mls were required to break the pine lrees. However.

crom the exptp.s"ion that "pine tr~es--·were hrok"n" and that "big logs were lifted up to

the heiqht of 20-30 metels", the maximum wind speed would probably have exceeded 50

!!~/..•

Next. turning to the wind etltimation by el.amining the damage of automobiles,

we refer to the record of the tornado that str;\CK Toyohashi City, Aichi Prefecture in

December. 1969. As this tornado pa3s~d rlght across damage. not only to the bUildings

of the drive-in and its annex but also to the cars parked therein. Some of the cars

were reported to have blown a distance of some tens of meters. Ishizaki and others

(1970) made an estimatioll of the maximum wind speed accompanying the tornado based on

the damage caused on buildings and concluded that the speed was in the range from 63

to 119 1I4/s (Fig. 1). If the estimation is applicable to the damage caused on cars by

the fire tornado ;)f Wakayama. it will be possible tv rank the intensity of the tornado

on a scale of F2, which corresponds to wind speeds ranging from 50.4 to 70.3 m/s.

For the wind speed of the fire tornado, which lifted up numerous timbers at the

Naval timber yard in Wakayama, we shall only make an estimate of the speed of the up

draft. If we suppose that the diameter of the timber lifted up by the wind to be 20 em,

density of the timber to be 0.5 gr/cm3 and the drag coefficient (e ) of a cylinder to
o

be 1.0, then w£ get 35 mls as the speed of the upward current that will hold the

timber from falling down. As for the horizontal wind speed, we have at present no

means to estimate its value.

S. Experimental Study

Although a cmlsiderable numbec c£ fire tornadoes heve been observed, the mechanism of

their formation has not been made. It is difficult to clarify the mechanism through the

study of weather data and other materials in the formative stage of the tornado hecause of

the peculiarity of the condition during the formation of the tornado. Therefore. ~n experi

mental study of fire tornadOf:s was lllade. These experiments. which are incomplete and have

yielded only qualitative results, will now be outlined.

(i) Experimental Apparatus

The apparatus used in the experiment consisted of a circular metal base, 2 meters in

diameter simulating the ground surface and a wind generator that can provide any wind

distribution in either the horizontal and vertical directions (Plate 5). Attached to
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batt.OII! of the metal baae, is a tank of 2 meteu in diUleter which waa filled with water.

The water tenperature was controlled in order to give instability to the stratification

of the air above the base. The wind generator has 15 wind ducts arranged in three rows

and five lines, each of vhich is equipped with a fan and can produce any desired wind

speed.

(al The formation of • fire t~rnado is developed by pl.cLng on the metal base a

cir~ular burning plate, which simulateB in the simplest way the burning urban are...

The burning disc, 600 mm in diameter and 10 .. thick, is made fra. glass-wool

soaked with methyl a:tcohol.

Raising the temperature of the surface of the baae by 20·C above the room

temperature and, at the .~ time, giving an appropriate wind speea, a fire tornado

of Des..na type was fol"lllBd as shown in Plate 3 (bl.

(bl ConSidering the fact that, in the formation of the OSCD tornado, the OSCD

ground wu surrounded by a burning urban are•• an experiment ....a. conducted uain9

a b~~inq plate aimilar to the burning area in shape. In the aame manner a.

descr~d previously, the temperature of the surface of the metal base was raised

by 20·C above the room temperature. Then, after giving appropriate wind speed and

horizontal wind shear, formation of a remarkable vortex column like a whirl-wind

was observed at the spot surrounded the burning area (Plate 6 and Fig. 21.

Although this experiment simplifies the natural wind condition, it seems to give

essentially the model of the OSCD fire tornado.

If the te~rature of the metal base is lowered to decrease the instability of

air stratification, the formation of the vortex column like tornado becomes rare.

However, even if the metal base is not heated, vortex col\llllJ>s are fonea sporadi

cally at the same spot. after applying an appropriate wind speed and wind shear.

6. Characteristic Feature of the Earthquake Fire

our investigation of the fire tornadoes in the OSCD and the Wakayama prefectural

office ground revealed that the presence of an extensive burning area seems to be the

decisive factor in the formation of fire tornadoes. However, not all of the large fires

recorded in the history are accompanied by fire tornadoea. Although further investiga

tion is required for the final solution of this problem, it is highly probable that thp.re

are at least two kinds of fire tornadoes, one favorable f~r the formation of a fire and

the other not.

Examining materials of past large fires. it was found that in most cases strong wind

played an important part in the extensive spread of the fire. i'or example, in the instance

of the great fire of Hakodate City. Hokkaido. which destroyed the major part of the city on

March 21, 1934, the maximUIII wind speed of 22 m/s was observed. Among the Three Great

Fires of Edo (old Tokyo), which are well known in the modern history of Japan. a~ least two

were due to strong wind. A cammon feature of these is that the fire originated from one

source and spread to an extensive area fanned by a strong wind; the burned area extends

in a strip (Fig. 31. However, fires due to earthquake show a burn a. an area with quite a
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different shape. In this case, there are numerous fire sources and the fire breaks out all

at once over an extensive area. In the case of the great fire of Wakay_, which was not

due to an earthquaJce, the shape of burned area indicates the same process. Therefore, it

can be conCluded that there are two kinds of gr~at fires, one of which fire breaks out

froll one source and flll.ned by strong wind, and then extends along a strip. The other

fire starts burning all at once frOB numerous sources. ~nerally in the fo~tion of fire

tornacSoes, thE latter is IIlOre faverable.

In d.scr1bin~ the experimental study on fire tornadoes, we ha~ stated that a vortex

colllllln l1ke fire tornado wa,; fOI1D8d providing an appropriate wind speed was given. H.-ly,

in our experi_nt, the vortex coJumn did not fOB in a wUlt wind or a strong Wind, but did

fon. if a wind speecS around 1 ml5 wa< provided. As a lIIA1.ter of fact, both of the fire

tornadoes of OSCD and of Wakayama prefectural office ground fOI1D8d in relatively weak wind

with a speed of 4 - 5 ';s for the fOt"lller and 2 - 3 IIIIs for the latt.er. Thus the wind speeds

of such range se_ to be appropriate for the ionnation of fire tornadoes.

Conclusions

Fire tornadoes of OSCD alld wakayUl& prefectural office gl"....'1d. which caused catastro',>hies

were studies relative to their cause formation, their Characteristic features and their

relation to the d_ge induced. As a result, it was found that the main cause of their

fOl'lNltion was the extensive fire that was initiated from numerous sou,;es, thO' peculiar

shape of the burning area, an appropriate wind speed and the unstable stratification of

the atmosphere. FurtherlllOr", it was revealed that fire tornadoes are accompanied by very

strong winds reaching SpeeCJ:i of 70.4 - '?2.5 mls for OSCD tornado and 50.4 - 70.3 mls for

Wakay... prefectural office ground.

The major characteristic of fire tornadoes is the updrift and induced fire-flakes, thus

spreading the burnt area. ;n addition, the fire tornado fans the fire with violent wind

that surpasses the stOrlll in typhoon.

In the report of the OSC, fire tornado, the following statements are found. "Fire

er.eped lIbout over the groun(. People fell down breathing in the fl&lM!." "He survived

the fire without getting burnt but, a few days later, died complain~ng of a pain in his

breast". 'ft1ere are a few oth,~r statements with the same iBlPlication. According to "The

Fire" compiled by Dr. K. Nak.ta (1969), the lung may be burut by breathing in fire which

can be fatal to life. At first difficult breathing occurs due ~o the break of pulMOnary

capillaries, then emphysema of lungs. Patients, if they survive this stage. they are

generally doomed to death suffering from bacterial pneumonia.

In the case of the OSCD fire tornado, an exceedingly strong wind in the open area

made the fales creep lIbout the ground and consequently m:my people would prObably have

breathed in hot air. llecently, if the fire of tall buildings, many people have been

reported to have been suffocated to death by breathing in smoke. In the case of fire

tornadoes, however, the process leading to death is somewhat different.

1-35

\.



1. C..ntra1 Meteoro10<jical Observatory (19241: Report of the Great Kanto Earthquake
·..•teorolO<jical Part, in Japanese I , pp. 1 - 161.

2. Dea.ens, J. (1962): Man-made ~rnadoe., Nature, Jan. 6, Vol. 193, pp. 13-14.

3. Isizaki, H. et a1 (19701 l Investigation on Tornado and its damage which struck the
city of ToyohaBhi, Dec. 7. 1969, WOO Technical Note No. ~, by Grant in-Aid for
Fundamental Scientific Research from the Ministry of Education, (1)-96100.

4. Lee, S.L. (1972): Fire Research, Applied Mechnaics Review, May, Vol. 25, No. 25, pp.
503-509.

5. Nakata, K. (1969): The Fire, Kyoritsu Publishing Co. (in Japanesel, pp. 629.

6. Disaster Science Research Society (1956): Great Fires in Japan, Gihodo Book co.
(in Japanesel. pp. 13.

7. Terada, T. (1925): On the tornado of September 1 - 2, 1923, Report of EArthquake
Disaster Prevention Society, No. 100 (in Japanese), pp. 185-227.

8. City Office of Wakayama (1956): History of War Damage of wakayama City (in Jafanese)
pp. 30-40.

1-36



.:1

O,~----_----r----T
50 100 150fIl

DISTANCE ~ THI UN'~R OF TORNAOO

00
0 0 TOKYO BAY

00 0 4 ...

~&O (BUNK& !NENI

Fig. 3:

An exaaple of the v ••test fire

in Toku,awa Era; the fire broke

out at one point and spread lee

ward in a lon, and narrow strip

fanned by hi,h wind .
ttt t.......,..

-.

Fi•• 1:
llaxlaa wind speed esti.ted froa

the dua,es of structures (Toyohashi

Tornado Dec8llber 7. 1969).

(by H. IshiEaki)

'1•• 2:
Reletive position of vortex
colu.n and burnin, areas in
the case when the .ost remark

able vortex column was gene

rated.

1-37



Plate I Ca):

A tree torn off by the

fire-tornado. This was

taken at the f01'Mr site of

the Aray Clothina Depot ia-,

.-diately after the Great

Kanto Earthquake.

Plate 1 (b):

A tree torn off by the

..teorololical tornado.

This was taken at the

suburbs of Qaiya City, near

Tokyo on 7th July, 1971 •

Plate 2: Glaantic a-alonillbus in the sky over Tokyo after the Great

Kanto Earthquake (taken by M. Harada). The f01'Mr site of

the A.rwt Clothlna Depot le_s to have been covered by such

a a-aloniabul at the tiM of fire-tornado occurrence.
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Plate 3 Ca): A fin-tonado tdaich fonMMI
accidentally in ~he 1.. of

a larae leale fire pl_

(by J. Dessens, 1961).

Plate 3 (b):

Vortex col~ like a fire-tornadO

in laboratory (by s. ~. 1973).
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Plate 4: Fire-tornado which formed on the leeside
of a burning tanker (56,000 t) in Muroran

Port in Hokkaido, 1965. (Provided by

Hokkaido Newspaper:

Plate 5: Apparatus for the experiaental study of·

fire-tornado. Vortex collan Uke fire

tornado is ..de on the copper disk.
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Plate 6:

Vortex col~ llke flre-toraado
obtained by the burnina area
lIOdel. Vortex colUBl can be

seen on upper left. (Picture
taken froa the above.)

1-41



A RESEARCH PRroECT ON TIlE WIND FLOW
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ABSTRACT

The problem of wind effects, produced by the construction or tall buildings, is anal

/zed. A research project designed to Obtdin information about this problem and to study

the counterpart for the prevention of hiqh winds around tall buildings, has been initiated.

Some preliminary observations ar~ described her~in.

Key Words: Building; Wind; Wind Effects; Wind Loads; Wind Observation; Wind Speed.
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Introduction

During the paat 10 y••rM in Japan, the n~r of tall buildings which have been con

structed has ;n~~eased dr..atically. Many?f these buildings have been constructed in the

~entral part of large cities, and somett.es produce high wind speeds near the ground

surface in pedestrian areas. PreViously tall buildings were constructed in low building

areas. After constr~ction, alterations have occurred between the owner of the tall building

and nearby habitants about the change of wind environment. It is difficult, however, to

find a solution to the probl., because quantitative data concerning the modification of

air flow and the frequency of occurrence of high winds is too scarce.

The Ministry of Construction, therefore, initiated a research project to obtain

information about this phenomenon and to obtain a guidance on this wind problem.

In the followings, after discussion of the proble~ concerning this phenomenon, an

outline of this research and some preliminary results of wind observations are described.

Wind surroundi~ Tall Buildings

The probl... due to the wind caused by the modification of airflow surrounding tall

buildings can be divided into two categories: 1) the change of the environJlW;"lt, and 2) the

increase in ~ge t~ the structures surrounding the tall buildings.

The form._r is concerned with two kinds of phenomena; a) an increase of the frequency

of occurrence of high winds and b) an incr-.ase of frequency of occurrence of calm condi

tions. The "high wind" condition is a wind which has a speed which becomes annoying to

people, which is generally 5 lIl/s or greater. These "high winds", cause difficulty in

walking, increase heating consumption in winter, create difficulties in opening of doors,

cause disturbance in rOOlllll when windows are open, and impede plant growth. The occurence

of the high winda increa.e the frequency of calm conditions, and thus, the complaints of

sultriness during the summer.

The change in the environment i. the IIlOst serious problem, because this is related to

calm wind which occurs veri frequently. These winds are affected by the air's thermal

stratification (vertical te~rature gradient) in addition to the largp.-·scale weather condi

tion, and thus, makes it very difficult to estimate the change in the environment.

The second wind probl_, the increase in damage to atru"tures. is related to hiqher

winds such as those caused by typhoons. In general, buildings exposed to such high winds

will be sUbjected to some damage risk. However, buildings standing near tall bnildings may

be exposed to the additional increas. of wind speed caused by the modification of air flow.

thus increasing the ~isk of damage.

In order to solve these problems the following information needs to be collected;

Change of Envirorusent

(1) Distribution of wind s~~ed around tall buildings in relation to the air's thermal

stratification.

(2) Frequency of occurrence of each pattern of Wind speed distrlbution.

(3) Criteria of allowable change of environment stipulating the c~rrelation of wind

speed and frequency of occurrence.
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Increase of D&aage

(1) Dbtr1l)ution of wind speed around tall buU ,,1nqs

(2) Diatribution of turbQlence

~cription of the Research Project

The BUilding Research Institute haa i~atituted a rea.arch project relative to thia

prOble~ since 1975. The purpoae of thia project is to provide info~tiona stated above

and solutions to el~inAte the high wird apeed.. The following studies are part of this

project;

(1) Wind observation around tall bu~lding8

High winds around tall buildirgs have been observed .t .everal tall buildings sites

in Japan. The periods of these .maervations, however, _re for only a f_ hours, and thus

the data obtained are not reli~le in order to under.tand the quantitative ftatur8 of winds

around these tall buildings. Therefore, continual wind Ob.erv.tions around and in the

vicinity of a few tall bui~dings will be conducted during the next sever.l years.

(2) Field investigation o'c the influence of the wind in the environ.-nt

In the vicinity and ;.round many tall buildings, the intensity and spetial dbtribution

of the change of wind ",i 11 be studied. The relation between the dimension or shape of t.n

buildings and the change: of wind on the envirOlUllent w111 be analYaed.

(3) Study of wind thrOl'gh wind tunnel test

If • reliable silll1.1arity la", is aV.ilable, wind tunnel test. are quite effective in

evaluating the wind ji.tribution. However, such. sUBilarity 1.- ia not known at present

and therefore the r.olSibility of .uch • 1.- will be .tudied in this project by cClq)&ring

ad hoc testing DIe/:hods with full-sc.le ....ure5ent••

(4) Development of i.'Illthods to reeSuce high winds

Windbreak. and shelterbelts have been utilized in aqriculture areas in or4er to raduce

.urface wind speed and to obtian the resulting ~cro-c~1matic chanqe in plant qrowth. In

this project .uch .pplications will be ex~ined rel.tive to winds on buildinq••

Prelimina~ ReSUlts

The Building Research Institute has conducted wind ~.erv.tions in 1974 at two 14-story

buildinq sites.

(1) Wind observations at Tokcrol.awa City

Tokorozawa New Town is a housing area developed in the outskirt of Tdkoroz.w. City.

Three 14-wtory arartment. are .rranged in a line running fr~ west to east in the center of

this New Town. surrounding the thrue ....U buildings is a five .tory apare.ent and one and

two story hou,;e.. Wind observations were lllade .t 3 levels of two observation points as

.hown in Fig. 1. Between these two points a wineS-.helter fence of 4 • in heiqht and 40 ~

in length were a~ranged from south to north.

Wind data collected at the Tokorol..wa Fire Station, which is located 3 kD from the

~ Town, were used as the reference location. The heiqht of the aneme.etcr .t the

reference point, is 9 Dl above the ground.
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Fiq. 2 shows the frequency of occurrence of wind spe~d~ at points P
l

to P
6

in tha Mew

~ COIIlpIlred with that at the reference point. According to this fiqure, at Pl' P2' P3

and P6 the frequency of occurrence of the calli wind is 10\ below 2 als. Howewr, the

frequency of occurrence of the hiqher winds h several percents hiqher at every wind speed.

,",e frequency of occurrence at points P4 and P5 is quite difter~nt troa other points and I.e

stailar to that at the Fire Station. This is probably due to the shelter effect of the

fence.

Fiq. 3 ~hows the r~'.tionahip between the ratio ot the wi"d ·~~.ds at points Pl to P6
to the reference wind spp.eds, when the reference wind direction in N, NNW and NW. The

values of th6 wind lpe~1 ratio R il greatly Icattered at the lower reference wind speeds,

but the scatter beca.ea less with increasinq reference wind speeds. The aaxi.ua value of R

is greater than 3 and il Observ6d at referen=e wind spe~d of 2 als. At the hiqher reter

ence wind speeds the value of R approach unity.

(2) Wind observation at Koto-ku, Tokyo

The other location where preliminary wind observations were conducted was at ICoto-ku,

Tokyo. At this lcca:ion there are eiqht-fourteen ItOry apartment buildings which were

constructed in 1975 as shown in Fig. 4. ~ind observation. were made in 1974, when ~e

apartments No.4, S and 6 were under construction and they were only two storied buildings

at the end of the ~ ear. The averaqe wind speedl were continually ob.erved at 6 point. a•

•hown in ~iq. 4 alld a: a hei')ht of 5 m above the qround. The wind data collected at a

wind tower (5411I ~,':"gh above the qround) of the Japan Metec>roloqical Aqency, which is loca

tel,) 7 kill frCIIII the Observatio:, site and was used as a reference.

Fiq. 5 shown the relationShip between the reference wind speed and the wind speed

ratio R Iwind speeds at points PI to P
6

to reference wind speed), when the reference wind

direction was NW. As .hown in this fiqure, there is a tendency for the R value to scatt.er

and is similar to that in Tokorozawa areal With the ...n value of R differing qrea:ly 'ra.

point to point.
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WIND EMGIMDlUNG RESEAIlCH PROGIWI
SUPt"Oll'l'r.> BY

TIm IlATIow.L SCIENCE POONI».TION

Michael P. Gaus
Head

I!nCJlneerlft9 Mchallice Section, NSF
Waahin9tC>."'l, D.C.

The National seience roundation 18 an Aqency of the Federal Go".~nt e.tabli.hed in

1950 to advance .cientific and technical proqre•• in the United Stat... The Foundation

fulfill. this r ••ponsibility prt.arily by aponaorinq ~eientific re.earch, encouraging and

.qpportift9 ~rov..ent. in .cience education, and fo.terinq .ci.ntific information .xchanqe.

NSF doe. not itaelf conduct re.earch or carry out educetion project••

Operatinq under thie cMrter the Poundation .upports a .ub.tantial &IIIOuni; of res.arch

in Wind and seiaaic effecta. The Division of Enqineering has for the pa.t year. had an

organi&ed area activity in Wind Engineerift9 ResearCh. The pr~ emphasis of this r ••••rch

has been toward developi~ a better Imderstandinq (\f the structure and flow of the earth'.

boundary layer to develop n_ knowledq. and techniqlAlI for pradictillCJ and coping with the

interaction between the boundary layer wind and man-Il&de or natural object. and to develop

_thode to ...e•• or predict _viro~ntal effect. related to ",ind flow. A~.t all of the

current r ••earch proqr.... bfit.g supported are at academic in.ti~ution.. A ._ry of these

c'~rent re.earch project. i. qiven herein •

.;.ay WOrd.1 lcSucnion; "search; lle.earch Pr0lr_; Wind Englneerina; Wind Studie••
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Introduction

For purpo••• of cl...ification, Wind Engin••ring r.s.arch ~s divided into 16 cateqorle&

The.e cateqori•• are .hown in Fig. 1. Pr~ry emphasis during l~e early year. of the pro

gr.. baa been in categorie. 1 thru 10 and in c.stegory 16.

Of .pecial interest during the last year has been the begir.n~ng of operations of the

Wind Engineering Research COllncil which was fllnded during FY 1974. Objectives and organi

zation of the COllncil are shown in Figures 2, 3, 4, 5 and 6. The COllncil has already been

active in promoting il rchange between wind engineering researchers and anticipates organi

zing a serie. of workshops in the future to assess important problems and opportllnities for

wind engineering research.

Also made available during the last year is the first issue of the Wind Engineering

Dige.~. The Wind Engineering Digest is a survey of current projects in various aspec~ of

wind engineering research. The digest is intended to alert investigators to research in

progress. The original intention was to include in the first vol~e only research projects

in the U.S.A. However, because of international interest, it was decided to include inter

national projects for which questionnaires were received. The cover and index of the WERD

Digest are shown in Fig's. 7 and B.

Activities of the Committee on Natural Disasters of the National Academy o( Engineering

have cont.inued to be supported. The wind related activities are twofold. One is to send

investigation teams to sites of natur.al disasters (such as tornadoes or cyclones) to collect

data on damage and effects which may latter be used to reconstruct damage mechanisDlS, vel

ocities, missile densit.ies, and so forth. Much of this info~~~ion is of a perishable

nature and may be obliterat.ed by rescue and clean-up operations. This information is then

made available to researchers who might wish to do in-depth studies on the effect.s of such

.torms. Several teaMS were dispatched during the last year to document damage due to

tornadoes. The second wind related act.ivit.y is to prepare a comprehensive repor~ on Wind

Engineering research. This report would be similar to the 1969 report on Earthquake

Engineering Research prepared under the auspices of the same committee which ~t that time

was operating under the title "committee on Earthquake Engineering Research." The title

page is shown in Fi9. 9. (not subaitted for publication).

During FY 1975 a total of 19 research projects were funded. This is in addition to

project. fllnded in previous years, but still in progress due to multiple year funding

periods. A list of all projects current:y in progress would be rather voluminous, therefore

a complete listing of such projects in progress, describing FY 1975 research grants, may be

obtained from SSF. TOtal d"llar support for Wind Engineering research during the last. five

years is shown in Fig. 10.
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WII10 BNGlllBBJtDIG

1) Structure of Wind
a) Boundary-layer-vertical (50 to 100 _tel' recJion) aDd horiaontal profile., turbulence

intenaiti_
b) ZXU_. aDd duraUon.
c) Bffectl of Hoilture content - rain, lnow, bail

;Z) Wind-wave Effects
a) "ve generation
b) Open .ea structure. - floatift9 platfol'1ll, Ihipi
c) Oft-Ihore Itructure.
d) coastal .trueture.
e) Harbor., _tuariel, inleta

3) Effect. on Urban Are..
a) Characteriitici of Wind build-up ere..
b) InUIMnce of tall .tructure.
c) Traneport aDd entrai,..nt of pollutanta
d) V/STOL airport. and heliport•
• ) Micro-thel'1lllp~

4) Wind IDadi!19 on Strucutrel
a) Drag, vortex Ihedding and leparat10n
b) Dynaaic re.ponee and ltoe:hutic analYli.
c) ~rical al90ri~ and COIIPuter IOftvere
d) IDad. on cladding and gl...
e) Static VI. ltatiltical ~roach
f) PerMability effect.

5) severe Stonll
a) 'l'tlWMSel'ltol'1ll
b) Hurricane. - wind velocitie., win4-water interactionl
c) Tornadoe. - wind and pre••ure di.tributioftl
d) Local phe~na
e) Prediction capabilitie.

6) De.ie for Hurricane. aDd Tornadoee
a) Critical .tructure. - nuclear reactor, etc.
b) Standard .tructure. - controlled-Iequence failure to protect life
c) Milsil. daaage
d) BCl;)nQaic conliderationa

7) PUll-seal. Teltinq
a) IftI~tation develos-ent
b) Urban and rural profile. for en;ineerift9 ~llcation.

c) Structure te.ting - fixed and portable .tructure., bridge., cooling towel'l, tall
.taeu, tall building.

8) MOdel Teltift9
a) SPecial wind tunnel tacilitie.
b) Hodel Icaling and dynaaic .1ailitude
c) Structure telting - tixed and portable .tructure., bridgel, cooling tower. and tall.tack.
d) Bffectl of cluaterlng and wake interaction
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9) Bnv1ro~t&l Faeton
a) Bff.cta of strllCtur. on surroWIIlUl1CJa - .nt.ra~nt. of pollutant.a, stabilit.y of

vehicles and pedeatrians
b) Effect. on enviro_nta1 cont.rol ~.t_

10) Psycho-Physical Factors
a) Perception level. for ~tion 1n variOUs structure.
b) lIot.ion tolerance
c) P~ehologieal respon.e to drift

UJ L!9al Faeton
a) Pollution probl...
b) Buffetinq of downstre_ structure., etc.
c) Mis.il. a-ge cause<! by other structure.
d) Structural ~q•
• ) OCCupancy dis~fort

f) Insurance rat••

12) Special "robl...
a) lIoilutre penetration of bul1dinqs
b) Wind zoninq fc;·, citi••
c) Building code ~equlr...nta

13) Wind COnsiderations in Urban Pla"lDil1C)

14) Building Codes and Requlations

15) Boci-Econoaic Bffeeta

16) International Cooperation

II-'
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Research

Council
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WIND ENGINEERING

Ilecognill.. _ the eft..,.. ~ wind an the -u ~ men r.ult in _.iv..... 8nCI UMCCePl
..... 1_ ~ Ii,.. the Wind Engi.-ing "--ell COWICil _ formed to enc:cuege 8nCI c-.linet•
..-h an winde 8nCI wind .n.c:te. end to di_inet. infomwtion. WEIIC i. _pec:i11l1y eoncerned
with the foll""'i..._. of the wind engi.-lng probl.....

IOUIIIPNn-LAVB WINOS
Di_ ibution of _ .ir .......

Dlatr butlon of ..- t_.tIn
Turbulence e",__iltie.

Orogr.p.ic effects

Urben effecta

Joint probability of air v.locity.
~.... 8nCI humidity

lEV_ITa
n."-st_

Hurric.-a
Tomedoota

Emalropicel eyel.",..
DownaIIlPl Winds

PoM-diaaat_ in.paction.
Edr_ wind .ml.tic.

WINO LOADING 0lIl mUCTUIIEI

....... end <tv-lc_a
Von••-8heddi...xcitation end

galloping
Loading on cladding end gl...
Effeca ~ .chi_.al cII1ail.

Stochastic _Iyai.
~ of wind-driven miaail_
Building code r_ir_

PSYCHO-PHYIICAL FACTClIlI

Prac:eption ttwHIlolda of motion
To'-e far vilrstory motion
Wind cri...i. far ,..testr i.., IlIfety

end ccmfon

n-7

DFECTI 0lIl u.AN MEAl

Trenaport. entr.i_ end

entr._t of 11011_

St*lillty « vlllic'" end ,-,,1_
Loc:etion ~ VfSTClL airporn end helipona
Lotation ~ ind.-.lal end power planta
Wind zoning for citl..
MicrCHh......1eharaet«il1ic.

FULL-SCAlE ...~
In__tion devel~

MeteuolClllical ,·..i",l..
PoII.-.t cone_.lion.
Wind pre....... on buildlng....t_
Struct..alr_

IIODIL TEITI

WincH.......1 fKilitl_
ModeHIrCltutyPl aimi Iltude
Blockage .n.c:te
Wind cllaraeteristic. far campi.. geaMUy
SlructlWll __

Iluoldlng .......,. .........
Diff.-ion of stack and automobil••_ .....

IPKfAl .......

Agrieult..", _odvn-ica
Air-.. intwrKtion.

Wind-induced nol..
Wind power ganerMion



118. 6
IEIC ADYISOIY COUNCIL

The 8ft.1.. ", the C-.c:11 .. IwIdIed by ..

,,*iMry C_~ wtllctl c_I.. ", the foIl_
Ing ".,..,.:

IIlKUTIVlIOMD
Chel_

.MckE. e-..
CoI_ ..... University

1. Vlee-CNI_
lAelIeE........

killing. Helle. CIlrlat~.~

2nd VlceoChe'-
"-l Ilc*Iko

Cellfornle lnat~ ", TwlInoIOlII'

Ede...... s.cr-v
Illc'*d A."-nne'"

North .... il Unhf.,.ity

ADVIICIn'~rT.
At1Ilw N. L. Chlu

Unw-ity Of H_II

AI...G.D~
University Of ...... On_lo

~ H. GoIcIen
Natl_1 sev.. S_ l.Ibcntory

IlaMrtJ. ..-
~lnat~ Of T.chnoIOlW

GeorgeW. H_
California lnatlt.... Of Tec:hnolClllY

Klilhar C. MMlta
T._ Tech Un.....1ty

,..... M.N-.k
University'" 11111101.

Hene A. Panofsl<y........,1v..1. S_ University

George W..........Ida
WIlCIdweN-ENVICON Inc.

IIaMrt H. Sceo:an
"'"Inc..... l.mlv-."v

""'....1 J. Schiff
"'-due Unlv..lty

H.C.S. n-
C-..ltlng Malea'oIoglat

II-I



F1I_ 7

Wind Engineering
Research Digest

SpclI....-l throuIh G GK·3I047
NatioMI SciInoI F......

ConductId In eoa..,-- with ...
Wind E....._II.. ..--.Council

II-9



Fig. 8

TABLE OF CONTENTS

PREFACE
L. Structure of Wind

Wind-Wave Effects
3. Effects on Urban Areas
4. Wind Loading on Structures
5. Sever· ito·....
6. Design; _": 'i·rricanes and Tornadoes
7. Fu11-~~p1e ~euting

8. Model Testing
9. Enviro_ntal Factors

10. PSycho-Physical Factors
11. Legal Factors
12. Special Problema
13. Wind Considerations in Urban Planning
14. Building Code. and Regulations
IS. Socio-Econcaic Effects
16. International Cooperation
17. Wind Energy Conversion System

AUTHOR INDEX
IHSTI'l'UTIotl/AGENCY INDEX
TABLE 1 - projects Reported and Sponsors
TABLE 2 - Sponsors of U.S. Projects
ADDRESSES OF PRINCIPAL INVESTIGATORS

Fig. 10

NSF WIND ENGINEERING EXPENDITURES

FY 1971

FY 1972

FY 1973

FY 1974

FY 1975

II-10

$ 136,300

630,900

1,013,200

772,800

$1,222,900



STUOY OF THE WIND PRESSURE MID THE RESPONSE or JOOF COIlMERS

by

Tat8uo Murota
Senior Research Officer

3rd Research Division
Building Research Institute
Ministry of Con.truc~ion

Mitsuo Nakahara
Sanior Res.arch Officer

3rd Research oivision
Building Re.earch Institute

Ministry of COnstruction

ABSTRACT

In 1972, a nUlllber of prefabricated dwelling. in the Nagoya diatrict. Japan, luttered

dalllage frClll high wind. caused by Typhoon No. 7220. Much of the dlllUge to the dwelling.

cauaed by this typhoon wu the reDlOval of the flat roofs of the buildings. It is Mown

that the corners of flat roofs, when subjected to high winds have high suctions with PB,oi

odic fluctuating force ca.ponents. The cause of this type of dalllaqe has created a need

for studying the dynamic effect of wind pre••ure on roof corners. Such. study baa Ixttn

conducted since 1973 by the Building Rese.rch Institute. The results of the 197.. field

ob.ervation., by the BRI, will be given herein.

ley Word.: Buildinas; Dyaamic Effects; High Winds; Roofs; Typhoon; Wind Pre••ur••
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Pull-Scale .....~t of Wind Pressure

A two-story dwelling, shown in rig. I, v.. used to ...ure wind pre.sure. on roof

corners. 'ftle locatioo. of the pressure _qur~t. vere arranged on ttle roof of the 2nd

.tory as shown in rig. 2.

Typical power .pectra of the vind pres.ure fluctuations, at several pressure ....ure

MDt locations, are .hown in Figs. 3 and 4.

Fig. 3 shows ttle power spectl:a at the north _.t corner of the roof during a 11 aVs

vind from N.E-E direction. At the HE-I location, t,ll energy power distribution occurs in all

frequency ran9.S and, therefore, the pre.sure fluc:tuatic-. i. con.idered to be randOlll. HoweV&;

at locationa NE-2 and HE-3, two predominant frequency ca.ponents are observed at values of

0.4 and 0.72 Hz' At location NE-2, the energy peaks are observed at 1.9, 2.2 and 2.8 Hz'

and at location HE-4 only a line power is observed at 2.65 Hz'

The reduced frequencies are given bYI

f. nD
V

vhere n • frequency, D • characteri.tic length, and V • vind velocity.

Using the predc.inant frequencies of 0.4 and 0.72 Hz at locations HE-2 and 3, the

reduced frequencies are 0.17 and 0.13, respectively, where the characteristic lengths Dare

taken as 2h (h • height of the vindstory roof from the l.t roof) and 21 (1 • projected

length of the eave),resp&ctively. 'ftlese values of reduced frequencies are approximately

ttle s_ as those obtained on square cylinders during wind tunnel tests, and it is

con.ide~ed that these predominant frequ~ncy component. are caused by ttle vortex formation

near the roof corner.

The physical ..aning of the predominant freqt',mcy of 2.65 Hz at location NE-4 has not

been deterained and viII require future studies.

At locating HE-5 and 6, the energy peaks, .. S.,o)Wft in Fig. 4, are alBo obl!erved to

have ttle ._ frequencies as ttlose at locations NE-2 and 3 as shCMll in Fig. 3. Consider,

for eXU!ple, point ME-I shown in Pig. 4, which has a peak frequency of 1.6 Hz' Suppose

that 0 i. 2 ti... ttle projected length of ttl. cur'!., the reduced fx"equency beCOllles 0.18.

The power Spectrulll for point NE-7 h.. the s_ feature al: that for point NE-4 as shown in

Fig. 3.

Model Test on the Response of Roof Corners

A _11 lKKSel of a roof corner vas Bet on a building 60 II high above the Jround and

the vertical displac_nte "'f the roof corner wa. observed for 0° to 30° roof slopes, Sol

shown in Fig. 5. The.-o4fl was .et at a po.ition wh.r~ the wind Ureetion v.. constant and

ttle vertical wind cOlllpOflent was very s_ll.

The result. frca the.e Observationa are as follows/

a) 'ftle _an displae_nt changed with roof slope I that 1.8 the directi(·n of ttle _an

reapons. vas downward for O· to ).0· ..nd .1PWard for IS· to 30· as st>':NT\ in Fig. 6.

U-12
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b) 'l'he root Man aquare value. of the dbplac_nt 0i' w.. independent of the roof'

elope. Aeeu.ing that the .axt- r.eponae Yux and the Man reapona. Y
MUI

h 'Jiven

by,

Y Y (1 + k.Oy.ax - _an Y )
_an

thy conatant k equala ) to 4, in the range of roof elope O· to )0· aa ehown in

rig. 7.

c) rig. 8a to e ahova the power .pectra of the ~iaplac...nt for the roof elope O·

to 10·. In the..e fig:u-ee the energy peake are obaerved at the fundamental fre

quency of thie mod.l roof. However, when the roof elope ie in the range of lS·

to 30·, thee. peaka are not obeerved, .. elKMn in rig. 8f to h.

Cone11111101'1

The following phenQeenA hae been obaerved frc. the meaeurement of wind pre••ure and the

r.epon.e of the roof corner•.

1) The predominant frequency coaponents were observed during the wind pre••ure fluc

tuation at the roof corner••

2) 'l1Ie values of the reduced frequency of these predoainant componente were neilrly

equal to tho.. recorded on equare cylinder. during wind tunnel tests and theEe

components are considered to be caused by the vortex formation.

3) The naponse of roof cernere in the wind, frOlll the diagonal direction, changes

ita feature discontinuously for a slope a~gle of lC· to IS·.

Aeknowledpnt

'l1Iia atudy w.. conducted at the Building Center of Japan in 1974. The authors wish

to expreas their thanks to the cha:llrman, Or. IaUlU 1CaIDli and the other ..-bers of the

Tuk ee-ittee on thb study organized in Be.:.
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ON THE WIND IlESPONSE OF THE IC.MlMON BRIDGE

by

T. Okubo
Head, Structure and bridge Division

Public Works Research Institute
"-inistry of Construciton Japan

N. Narlta
Chief, Structure Section

Public Works Research Institute

and

K. Yokoyama
Research Engineer, Structure Section

Public Works Research Institute

ABSTRACT

The resistance against wind of a long-span suspension bridges is one of the important

design probleas because this t,'pe of l·,:,llge is flexible and sensitive to wind action. The

Kanmon Bridge, opened to the public in ~.• ember 1973, is a typical long-span suspension

bridge in Japan. The design of this bridqe against wind initiated during the early design

phases and its stability against wind W~b confirmed through wind tunnel experiments on

section models. However, confirmation between theory and model tests can only be confirmed

by considering field studies and the resulting data. Such studies can reconfirm the

bridge safety when the bridge behavior is examined under strong wind conditions. Consid

ering these thoughts, a long-term obsprvation plan system was established on the Kanmon

Bridge, with actual Observations initiated in April 1974.

In this paper, the research plan for the long·term observation system is reviewed.

Then, the characteristics of the approaching wind and the response of the suspended struc

ture are presented. A comparison is then made betwee~ observed and theoretical wind gust

responses. The results show that tre observed response is less than the theoretical re

sponse and thus shows the need for llIc<':1JIIIulation of data which can iJlprove analytical

techniques.

Key Words: Bridges; Displacements; fie'd Tests; Winds; Wind Measureaents; Wind Spe~d.
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Introduction

Wind effects on a structure are generally classified into two categories, static and

dynamic effects. Generally in suspension bridge design only the mean drag component is con

sidered as design wind load. The design wind load is generally of minor importance for

short span bridges, but is important in long span bridges, because the cross-sectional area

of the principal members in long-span bridges are governed by wind load.

In addition, there is a possibility that suspension bridges or cable-stayed girder

bridges will delllOnstrate aerodynamic instability such as flatter or vortex-excited oscilla

tions as a result of the dynamic effect of the wind. Therefore, design information ~.d

girders are required to account for this effect in the design procedure.

Then, during the preliminary design of the Kanmon Bridge, a comprehensive survey was

conducted. The basic wind speed (expected wind speed averaged over ten minutes at a height

of ten aaters above sea levell for determining the design wind speed was selected b"~ed on

both the expected return wind speed at the construction site and the wind distributi(,n

estimated frCllll the wind tunnel experiment on a topographical model. The cross sectional

configuration of the suspended structure was selected frCllll section model tests under laminar

flow, which showed sufficient stability against t,e wind.

In addition to the Kanmon Bridge, several other long span bridges such as the Wakato

Bridge and the on~ichi Bridge have been constructed in Japan. The construction of these

bridges were made possible by the results obtained during the HonshU-Shikoku Bridge Project

study.

The first wind resistant design criteria, for the Proposed HonshU-Shikoku Bridge was

developed in 1967. The revised slope of this design criteria was initiated in 1972 in

conjunction with a field study. An analytical method based on statistical concepts for

buffeting the problem of suspension bridges was subsequently adopted.

The design specifications for the Pror~sed HonshU-Shikoku Bridge (19751 ~rovides for

• design wind speed (Vo) and a design wind load (Pol which are computed by the following

equations:

for horizontal line-like structure: Vo - VI -V2 -VI 0

for vertical line-like structure: Vo - VloVS'VIO

£Or horizontal line-like structure: Po 1/2P~'Co°An-v~

for vertical line-like strJcture: 1'0 1/2PVlCo -Anovs

where,

V2

P

basic wind speed (m/sec)

wind speed modifiCAtion factor for the elevation of the structure

wind speed modification factor for horizontal length of the structure

wind speed modification factor for vertical length of the structure

air density (Kgosec 2om-4)

II-H,
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drag coefficient
2expo.ed area for unit length of the .tructure (. /II)

wind 10-.1 .edification factor for horizontal lenqth of the .tructure

wind load lIOd1fir:ation factor for vertical lenqth of the .tructure.

The f~nta1 conc.pt uaed in tl".:. deliqn criteria 11 to d,tt-:Jt'.ne the wind lpeed

.edification factor. and the wind load -edification factor••uch that the ..qnitude of the

lateral bendinq ...nt of the .tiffeninq tru•••• caused by the na~.ural wind i. ~l to

that induced by a uniform wind. Thua analytical method 11 ba.ed priJaarUy on the lutlltJ

cal concept. propo.ed by A.G. Davenport in 1962. However or.~y a r_ .uspen.ion bricSqe.

have .hown lateral vibration. durinq .toI'llly wind.. thus this 1n' ~ :qu.ncy hal been intro

duced in the analytical proce... In order to further .ub.tan d ~ te the.. ".UlllPtionl field

ob.ervations on full .cal••truc":.ure. and wind tunnel tests on nctien -edell. have been

conducted. A lonq-term ob.ervation .y.t_ was then in.tal Led on the JCanlK)n Bridqe. in

order to collect useful data and thus confirm the desi9n adequecy of the bridqe an1 enhance

the de.ign philo.ophy of the proposed Hon.hu-Shikoku Bridg~••

The KanDon Bridge and itl Aerodynamic Characteristics

The JCanlK)n Bridqe. which was constructed over the Kanmon Straits and fOZW8 the

bMIon H19"ay. eomectI Shilllono.eki City in Honshu and the Moji Di.trict of Kitakyuahu City.

Th1l is the larqe.t .uapension bridqe in Japan. and has a center span lenqth of 712 _ter.

with equal lide spans of 178 ,'oeters in l.ngth. The suspended structure carri.1 lix traffic

lane. and con.i.ts of .tiffen~d trusses. nine ..ters deep spaced at 2~ met.rs. The clear

heiqht i. 61 _tera above .ea level at the center span. The cross-sectional Ihaps of the

.tiffeninq qir.1er Wal lelecte,1 throuqh wind tunnel t.sts. The elevation 01 the upper chord

of the stiU.ninq truss is nearly equal to that of the road surface. with three lan.s at

the edqe and central part of the road deck, consl:ructed of open grid. 'nlf!.e con.titute a

positive characteri.tic of the bridge relative to wind ltability.

The location, qeneral view and fundamental dimension of the bridqe ~re shown in rig••

1 and 2 and Tablot 1.

The wind lpeed survey and the wind tunnel lIIOdel ts.ts. _re conducted in r.lation to

the wind resi.tant desiqn. In the former, the vertical profilr of the _1U1 wind .peed, and

the vertical inclination of wind were inve.tiqated. Also .tudied in d.tail was the r.ladon

ship be~en the wind direction and the wind converqence as the topographical conditionl of

the construr.tion lite was lIIOdified. As a conlequ.nce of thi. Itudy. the wind difotribution

was determined and the basic wind speed was fixed at 35.5 lIl/.ec. whicn then qav. a de.iqn

wind .peed a. 53.5 IIl/sec for the stiffeninq qi~der. In the latter, the _an wind force and

wind .tability of the suspended structure were then ex_:ned. Two type. cof stifte"inq

qirder were propo.ed for the suspended .tructure n_ly, the box-stiffened qirder and the

tru.s-stiftened girder. After prud.nt compari.on of the wind stability for both .y.t....

the truss-stiffened s ..spende.J '~~~'I·ctur.. war, adopted. The wind st",l.IHty. p: thl1 final de-
I t I Ul•

• iqn structure. i. 'giwn in Fig. j and indicates the relationst.ip L,· twe"!!., the angle of
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attack and the critical vind speed for the torsional flutter. The occurrence of the re

strictea 08cillation vas anticipated by the wind tunnel test on a main tower model under

construction, and the oscillation vas suppressed by a special energy absorption device.

The desiqn vind load for a suspended structure and the main tower was determined in

accordance with wind tunnel test results.

After coapletion of the actual bridge structure a field vibration test vas conducted

by uae of twin excitors and h"avy trucks. The natural frequencies and t:-.e dSlllP1ng charac

teristics obtained frClll the test are given in Table 2. The observed frequenciea ar", about

four percent less than those ~alculated,wtich suggests that the critical wind speed should

be decreased by the same percent. Though the observed damping capacity was smaller than

that expected, it does not appear ne~~~~ary to modify the critical vind speed oy the

IMgnitude, becauae the observed amplitud-, (,f the oscillation was small cOlllpared to the

expected value.

Long-term Observation System

An instrumentation and data-recording system, designed to monitor and record wind

speed and direction as veIl as earthquake tremor and to indicate their effect on the

structure, has been provided by the Japan Highway Corporation. The location of these in

struments are shown in Fig. 4 and Table 3. The characteristic features of the system

are (i) a large memb4!r of inc': .OUlllents are prOVided, (ii) the system i" illlllediately avail

able to record and monitor, and (iii) a digital signal is used in the transmission, in

order to increasc the accuracy.

(1) Transducers

(a) Propeller type anemometer: Four an.,mometers were positioned uTI the top of

poies locat~~ on the t cdge deck, and used [or observing the horizontal distribu

tion of the wind. On.. anemometer vas ins aIled at the top of the main tower

and ,"sed as reference.

(b) sonic anemometer: One set of three-component Bonic anemometers was located

at the mid-point of the mai~ span and used for observing the wind inclination

ang'_e.

(c) Servo-type accelerometer: Servo-type accelerometers of high fideli t}· were

positioned at the mid and quarter points of the center span. one element mentioned

the horizontal c~nent and the other two elements the vertical component, at ~ach

point.

(d) DisplacementD~ter: Using an optical device, both horizontal and vertical

motions of tne stitfening structure were detected.

(el Others: Trans ·lucers used for earthquake detection were placed on the

structure, blt are not described herein.

(2) Data t~ansmi~sion system

The output data ar~ di~itized by Analog-to-Digital convertors near the transducers

and are transmitted 1. 5 kilo-" eters to the data processing system l~ated in the

administration office.

r:-23
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(3) Data proce..inq syst_

A data processing syst.. equipped a ~ni-computer ordinarily perforaa the -anitor

ing and recorda the data. When the wind speed exceeds a preset level, the acquisition

syst_ autQlllllUcally start. and the data is stored on _qnetic tapes.

Observed Data and Discussion

Wind Characteristic.

The observation syst_ was set into operation in April 197.. A8 stronq typhoons have

not been in the ara thus far, only a fev recordings at low wind conditions were obtained.

Wind characteristic. have been examined in order tc compare the real wind distr~~tion

with that expected. Fig. 5 indicated a trace of the wind .peed and the direction, at four

stations. From this info~tion statistical data such a. _an wind speed and standard

deviation are calculated as shown in Fig. 6 which gives the variation of the wind with time.

A set of power spectral density is given in Fig. 7, from which the characteristic featur.s

of the approaching wind is:

(1) The turbulence intensity, gust tactor and power spectral density of the wind

agree well with those obtained previously in the past. with a noticeable effect of

wind converqence.

(2) The horizontal distribution of the wind speed was observed on the deck and is

al-ast uniform, with a small deviation of 1 ~sec. The mean wind direction is nearly

equal for ~ach stati~n. However, instantaneous wind speeds and directions fluctuate

so violently, that cross-correlation of the wind speed rapidly decreases with an

increase in the distance between s~.tions. Accordinq to the cross-correlation coeffi

cient of wind speed as shown in Fig. 8, the wind speed has a strong correlation with

the aneme.eters set at 20 meters apart, but has a weak correlation for those meters

which are 181> meters apart.

(3) Accordinq to the topoqraphical model tests, the vertical inclination of the wind

at the straits varies with the principal wind direction. FOr instance, the S-W Wil~,

which come. from Mt. Hinoy'" (EL. 268 a), has an angle of inclination of 3 degrees at

the Sht-onoseki side. with the N-E wind show~ng a negative angle on that side.

The recordings of the sonic an~ters at the eut side of the bridge deck showed a

positive IUlgle for both the E-&SW wind and the E-NNE wind.

Response of the Stiffening Girder

In order to better understand the behavior of the suspended structure when subjeeted

to wind, a motion picture was made by a computer output microfilming system. This motion

picture showed ~at the bridge vibrated randomly in vertical bending, torsional, and

lateral bending -adas with the vertical bending mode beinq dominant. Fig. 9(1) througl'

Fig. 9(5) Showl the power spectral density of the acceleration for each mode, and Fig. ~(6)

and Fig. 9(7) displac.-nt mode. In Fig. 9(1) and Fig. 9(2) the natural frequ';ncies are

indicated, which were ob'.ained by forced vibration test. These frequencies c',~ncide with

the peak frequencies of the power spectral density curve. Howt'ver, the peak frequencies

... f the h te.~al bending vibrations are sl'l&!ler than the calclOlatf>d frequencies usb?:, tlle

Ellj~' ..thad. It was determined. fra. the acceleration record, that the response vibrb
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tion of the su.pended structure is randcm in character and the lowest mode of either sYlll

Mtry or antisv-try is dOlllinant. Accordill9 to the power spectral density of the displace

Mnt the contribution of the hiqher lIlOde of vibration 11; smaller than the lower lDOde of

vibration. It may be said that the vibration with the la~est lDOde is important not only

for the flutter phenomena but for the qust response problem.

Wind Speed and Structural Response

In Fiq. 10 and Fiq. 11 the oriqinal trace of the ~ind speed and the sturctural response

is qiven. The structure starts to vibrate at a wind threshold level durinq the combined

vertical and lateral bendinq mode and is ra~dom rather than sinusoidal. The magnitude of

the vibration seems to depend on the wind speed level rather than on the wind turbulence

level, and with an increase in the wind speed the lowest mode of the vibration becomes

dcminant.

Fiq. 11 (1) shows expert_ntal and andytical mean and the standard deviation of the

lateral displacement at midpoint of the center span in relation to the transverse component

of the _an wind. The analytical method that was used is the same as reported at the last

Joint Meetinq. Accordinq to Fig. 11, the observed values coincide qualit~tive1y w~th the

theoretical value but the observed mangitudes are smaller in comparison to the theoretical

values. This indicates the necessity to reaxeine the wind characteristics (3;:>atial dis

tribution, power spectral density of wind), structural characteristics (natural frequency,

damping capacity) and the aerodynamic response characteristics (aerodynamic adm~ttance,

aerodynamic damping).

Concluding Memarks

The main part of this work has been concerned with the examination of data collected

by a lonq-term observation system, in which only a few samples of data have been obtained.

The primary analysis of this minimum data indicates the following I

(II The Ob3erved wind characteristics (power spectral density of wind speed, turbulent

intensit~, and quat factor) are similar to those observed previously. The horizontal

distribution of the wind speed and the direction is nearly uniform, hewever, the wind

~onverqence at the straits has not been confirmed. The wind inclination data shows

that reverse chAracteristics i:1 comparison with wind tunnel experiments, thus indi

catinq a detailed survey is necessary.

(2) Durinq the field studies no information of the flutter problem was obtained.

However, some response chAracteristics of the suspended structure, against natural

wind, were ottained. It was found that the structure vibrates randomJ and that the

hiqher lIlOde c:omponents as well all lower lDOde oneil are included in th.. power spectral

der. ~ty of accelerati'Jr. but the lowest mode is dominant in displaceme,t.

(3) The olJ'<'T ved vib.-ational displacement sholl. the same teni'.enc} when cOOIpared to

t: ,e calc\11 \. l d "''41 u..s based on Davenport' s met hod, but does !'lot agree quantitatively.
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Fig.-l Map of the Kan1llO n Straits

II-31



If•

•..
3..
~

j
I J..

f ....
I 0

t

l.. I
.....

I I !
-=

__~-.r__ •
M

J.... ~ o •.. ~

N
I

• .-...l ...

11-32



•

.,.
"
I,,

I,
\
I
I
\.

\,
,
..

I,
'.

-I

10

~._-----_._--- --_ ... -----
:,.

I
I
I
I ..

I
I..

I
I
I
I.
I
I

•I
I

I
I! M

-I-t

,
I
I
I
I,

I
I,.

:'.,
I,,,,

-x- 0-'-11 TlNIO
_ g-,-TI TlJlII ..

I•~ U-F-Il TlJlII

•__ U-'-1\ TIIII a /
•

-.

111.-3 The a.r04ynaaic characteriltic.
of the Kaa-on Bridle

n-33



51
..

..
..

..
..

.

111
,.

,
,.

_
_

..
a
u

a
~
:
~

lU
IS

-
J
a
-

_
4

Q
ll
R

_

.
.
.
&
.
!
~
-
-
-
-

-
-
-
-
-
-
-
-
~

L.
.""

""
'_

,.
J

.
l
l

\
/

.
u

k
~
~

~
f
-
"
P
~
-
8

'-
~
~

~
~

--
--

~-
--

,~
\:

:_
_-

__
_;

_-
._

_7
':

~~
:_

__
--

--
--
-
~

-
-
L

J
.
/
-
~
.
.
.
.

~

O
J
.

M
P

-D
Io

IP
-C

Io
IP

-.
~

I'
W

-
-.

..
..

.'
-
,
.
.
-
.
,
.
-
,

"..
:1

'~
~.
J

-~
§

~
\
l
"
'
.
I
I
~
~

~
~
.
_
,
.
.
.
.
t
j

J
.

~
=
J
~
=
'
\
n
r
=
"
'
i
i
'
,
.
,
?
;
~
~
'_

'L
,

,/
j
"
'
_
,
,
~

_
~
l
!
b
l
.
.
I
.
.
.
I
.
.
~
-
-
-
'
~
"
"
'
~
"
!
.
~
-
'
"
'
'
'
'

/
/

/t
..
.

'
_

_
;:

,,
-
;_
~

~
.
~
'
!
t
.
'
!
!
l

;;
..

;,
..

..
_

G
'IW

t

-
-
'
l
.
.
I
~
_
'
!
.
,
.
,
.
,

~ M
.P

.
-

It.
th

e
e
n

te
r

o
f

th
e

M
.t

-
.

ce
n

te
r

ap
an

2
0

.
ap

ar
t

fn
-

M
.P

.
-

A
to

S
hl

8o
no

ae
lt

i

M
.P

.
-

C
th

e
q

u
ar

te
r

p
o

in
t

o
f

S
hl

8o
no

H
U

ai
d

e

M
.P

.
-

D
~
h
e

to
,

o
f

to
v

er
o

f
Sh

W
on

o•
•U

al
d

e

O
II.

...J

••
r
.

in
st

r.
..

n
t

•
~
l
~

't
rO

-•
•I

M
ti

c
a
c
c
~
l
~
r
~
t
~
r

•
.
u
~
r
l
~
d
~
i
.
~
t
~
r

0
ae

rv
o

a
c
c
e
le

ra
.e

te
r

•
su

p
rr

so
n

ic
.
n
~
t
e
r

A
p

ro
p

e
ll

ir
ty

p
e
a
n
~
t
e
r

<t
t
a
r
l
~
t

fo
r
d
i
l
p
l
l
c
~
n
t
a
e
t
~
r

<;
.

tl
r.

e
t

fo
r

c
a
li

b
ra

ti
o

n
• ",

a
il

n
ll

tr
a
n

a
.i

la
io

n
a
,l

t•
•

•
.a

rk
d

ir
e
c
ti

o
n

••
ra

u
e
.

y
"
e
rt

ic
a
l

IW
l"

iA
d

lp
ee

d
T

tr
a
n

s"
.r

a
e

an
d

d
i
r
~
c
t
i
"
,

L
10

00
Ili

tu
d

in
"

-F
=

B
,

"
~

-
"
~
J
'
~

_

(1
-:"

::1
)

.. .. I ... •

F
lg

.-
4

Lo
na

te
r8

o
b

se
rv

at
io

n
ay

at
.
.

o
f

th
e

K
ar

.a
n

B
ri

d
g

e



;1 ' , ..,. ", , ,.. . . .:.:. -- .... -:-:- ......
~

, , ,., ,
", ,

, , , ,

: :
:, ,,, ,
, ,

..:-:- ...

: :
:

ft

i ::
: , ,,
: : ,

ft .:- .. ---:-:---! ' ,, ,,, ,

;,
, :, : :,, , ,

': -:- _.., , ,
: "", , : ,., , ,

, ' ,

· , : "-:- ....... ..., .... -:-:- .. -· , ,, , :"
,· :, ,,, , ,.. , , ,

! -:- -- .... -:-:- .....,, , ,, , ,,, , ,, , ,,
':

, , ,

"
-:--- --:-:--- .

, ,, , ,, , ,,, ,
, , ,, ,, , ,

! III: i I: .. sa
,~ 'i

.~ ':I it• II

IlOlUJMIQ CII' aJM -

II-'S

"t"II "
II 'I

... .. -:-;- ... .. ... .. -;-:......
It II

II II
II ,.

It I'

II ",. "
It • I
II II--:-:--- - ---:-:-_ ..
II "
II .1I. "
" II
II II

'I t I

"
..... -:-:- .. -

"
"

,
,

.. .. -,-"
,

,..,..
'"• G\

I ..

10.. ..
I 8

0

'"0')

'! ."
I 1

i
ow
0

~

I '2
0
¥
'".. on

~ I
II......

,

;

• !
I



II-Ji



..
~'....
• ~~gg.n

.O('oll"'~
u.""lI'I'll'4

O!lOo;3
~
::>
Q:
~...,
w
~
",..
Wo...

"0

f"'.
~

I

~

!i
"0c:

ro ~
....

o~
:a
....

~ 0uz !....
::>

" ......
lQ:...
•

~o ..r
i.
,.............

':'0
I

---r-----t"'lj' i
, iiiiii'

III
-0 ° '0 ':'0 ':'0 .

0 '0 .....
(S/ll/loo(S/H) ) A!ISN3Q ~!~3dS ~3.0d

'0

E....
I

III.....
"0

...
N

° Z0 ...

~

li...

~}
~~~~l,o

-:-0 -

•c.-

;~:.-.... .........
0_ · .... z..eoau

~a:...
u...
a.
0)

a:

~
a.

II-37



,..,.,."T".--.....-4....."'"".,.....~-..,........ ........--....~.....__- ......'TT'"...,.........--l~o
~ ~ ~ ~ ~ ~-

o

II~[ LAC. (~ECl

111I'-&-.'-11

F1I.-8 Croaa-eorralatlon coefficient

II-38



A "., :\ ': , •, , I \

M
P

-A

17
52

04

rH
~~

"

• :

6
J
u

ly
.

19
74

! .

M
P

-c
(; ~ il ,. I: :
: Ii f
: .. ~; I
I

M
P

-A

.. , . , ~ !

i ~!. .. !
: !\ !
\

!
: 1: .. i: 1: i

'1

r~
:,

17
!l

2
0

4

.. I ... , ..6
JU

ly
.

1
9

7
4

./
M

P
-t

V- '.'. :. :: :
I

I
' ,
.

I
' .: , :

•
I

~
_
.

•
I

C.
S

II
I

.
,

.,
..,

I
,

..
..

..
:

ii
i

..
:

...
-

"
.

..
o

..
..

.
.

I. ., .'
,

..
·

'.
·

'.
;

:, ·.
,

:
,:

,
..

~
i

~
'.

,
I,

•
..

.
"

.
I
,

,
~!

t,

zo 10,00P
.S

.D

(·"
+..

.-y
ok

_
if

'

.... .... I ... -t>

.'

F
ig

.-
9

(2
)

Po
w

er
s
p
e
c
t
~

o
f

R
es

po
ns

e
(T

o
rs

io
n

al
V

ib
ra

ti
o

n
)

P
iA

.-
9

(l
)

P
ov

er
sp

ec
tr

u
m

o
f

R
eA

po
ns

e
(V

e
rt

ic
a
l

b
en

d
in

g
V

ib
ra

ti
o

n
)



10
·

I,
i
'

,
i

'i
i'

'
i
i
i

•
i

,

IIi
10

'
1

0
'

FR
EQ

U
EN

C'
<H

2)

P
ia

.-
9

(4
)

P
ov

er
sp

ec
tr

u
a

o
f

R
es

po
ns

e
~
.
P
.
-
A
.

V
er

ti
ca

l)

6
Ju

l"
1

9
7

4
17

5
2

0
4

..
r
~

M
P

-A

u:1
--

-I
IP

-C
II ., ., ·. ;: ·. •

I
..,

:
:

,;
i-

;
.. I I

P
1

1
.-

9
(3

)
Po

w
er

sp
ec

tr
u

a
o

f
le

sp
o

n
se

(H
or

iz
on

ta
l

be
nd

1n
a

V
ib

ra
ti

o
n

)

j'
..

j'
..

I
..

•.
a-

1
•

...
•

1
•

<
l

•
I

•
:I:

I
I

Z
:0

:
:0

:
z

I
..

I·
·

·
..

•
..

:
:

:
..

•

P
.I

.D
<.

..,
• ...

PO
W

ER
SP

EC
TR

UM
or

R
E
S
P
O
N
~
E

1
1

1
4

.
1

1
••

,

S ":
tpO

O
~

..
O

C
I'lS

II
: eH

~
.

on
10

" - :::: ,. '". • on ":II: - -
'0
.

.. ~ ;; z ... I:
) i t;

1
0

'
...

...
G

-
...

on
I ..

or
:

0
... • 0 G

-

.,
1

0

."



i

r ..•II
8.•. ,......•"" ..,.. o g

'"·e~ ! t
~ .. ".,
z t .~a • 1~

J~
..

':'~

,..
""....,
cr-,
iii......

':'0

'1"0

..•I:la.•:.
,..
'"• :z:

o~

.........,,.......__-+-....."T""......_-...,..~..,........---..,.-~----+-~O

"'0"0



,.
, 0',.

'""-,
....·•,...
<.>

~ 10
.

:0-

J
..
..,
Z...
0

of
a: •
~ '0...
Q.
on

a:...•0
Q.

-,
'0

,c'+-~~........~~~..,.........,r--~ . I"".
uil 1(i' 10° 10'

I'IlEQU:::NCY (HZ>

F1g.-9(7) Power spectrum of Response
CH.P.-A. Horizontal)

II-42



u

I.:

8

...
o

'2
o
~

III

9...
z

ii

i

_oo _;_ !

, c
---:- i :-

-- -:-

·- -.;_oo

,
·,
·- - ~:--,,
,,

---:--,,,
···,

,

: 1.--T i !
··

- _oo .,_

, ., ,, .
, ,
, .
, ,, ,,.
·,.. - -:-:- _.., ,, ,

, ,, ,, ,,·,, ,, ,
. - .:-:oo -·,, ,

, ,, ,, ,
---:-:---

, ,, ,, ,
·,·,, ,·,---,-,---, ,, ,

---.-.-.-
·., ,
, ,
, ,

- --:-:- --,., ,, ,,., ,,., ,, ,
-- -:-:- ---, ,·,,., ,·,·.·,·,

·,,·,·,.- ....-.---, ., ,
, ,..,.

, ,·., ,, ,·,..... -:-:oo - ..

, ,, ,, ,·,,.
-.. _;-:---

",.·,
".,.

,., ,
-.. -:-:- --

_.....:..:- ...
, ,
, ,, ,
, ., ,, ,,.

---:-:---, ,.
, ,

-- -:-:- --
,,
, ,, ,

----.-1--·, ,

,
,
, ,

----:...:---
,,.,.
,

, ,

, ,

- - - -:-:oo - , ,·,·,,·., ,,·,
_-J ~-'"--,!••~-'"---:!.

=! i: =; :l =: ;!
•• i. a

---'.'- - ..

- --:-:- --

---;-;---

- - -:-:_ 0. _

, ,

-_.:-:---

.. --'. '.. - - -

, ,, ,

---;-:----

- - -:-;- --

---:-:... -

--))---1
1

-or --i---u---II " II.. " ..,. ., ..
,. " ,.
" ,. ".. " "
" " ,.I. .. ".....:_:_...... ... ... _,1_:_..... .. .. _:_:_ ... _

, ", ,
, .
;

.,
,

---~-:---
- - _'_1- __

.,
_.. :-:- --

, ,
, ,,.,

, ,,.
--.:-:- --, ,

-.. -'.'- . -

~ -,----

•

I

i

i -:- --

.
I

:' :
i -r --

,
,

II-43

,.



II It.... 21 .... 1914

•

•
"0 IT....1teII1 l~ ......... llIri..... . m ....

• II
~.•

.-hl
If

. I• •
MIoft ..... l*DIllIIicuIor 10 ..... .- III' -AI

• ••

'L• ::;..------:=-------=------~;-----...;"..;.;..;..

II

--
~ .~.. I

..

-
f

Pl•• 11(1)

JI. : 5...... cInilIlioa
01 IWtiClII ....ICI••

II

•
II •

• •
... ••

.....,
'11' -AI

Fil. 11(2) Vind .,.ed v••• Vertical dl.plac..-nt

n-44



P
h

o
to

.-
2

S
er

v
o

-a
cc

el
er

o
ae

te
r

(M
.P

.-
A

.
V

-e
oa

po
ne

nt
)

an
d

~
t' \

P
h

o
to

.-
l

P
ro

p
el

la
r

ty
p

e
a
n
e
~
e
t
e
r

su
p

er
so

n
ic

an
..

-o
m

et
er

(M
.P

.-
A

)

.:
t

i.' ,~

".
..;~

.
~
'

.~
:,

.
-o

f'

,
~
,
~

•
• ..

,
;" ~
:

....
...

_
_

_
..J

I
... ... I .. U

'

P
h

o
to

.-
4

X
-Y

A
n
a
l
y
~
e
r

(A
nc

ho
r

a
t

S
hi

m
on

os
ek

i
si

d
e
)

P
h

o
to

.-
3

E
le

ct
ro

-m
ag

n
et

ic
ac

ce
le

ro
m

et
er

(t
h

e
t
o
~
e
r

a
t

S
hi

m
on

os
ek

i
si

d
e
)



P
h

o
to

.-
5

T
ra

n
sd

u
ce

rs
(t

h
e

to
w

er
o

f
S

hi
m

on
os

ek
i

3
id

e)- -
:

..~
~
~
~~. !.~ :;

.
~ .:

:~"
-...

...-
;-

".

~.
~t
(~

.,~
.-

?l
f~
.'
.(

-

"s
p.

-a
'.

.'
;J

t.
-.

,
_
O
c
~
~

.

-
P

h
o

to
.-

6
D

at
a

T
ra

n
sm

is
si

o
n

sy
st

em

... ... • I>- a-

P
h

o
to

.-
7

D
a

ta
p

r
o

c
e
ss

in
g

sy
st

em



LULING, LOUISlNiA CABLE-STAYED BUDGE
IItlIO TUNNEL SECTION MODEL TESTS

by

Ricbard H. Gade
Researcb General En<Jineer

Office of Research

and

Walter Pod~lny, Jr.
Structural Enqineer

Office of Enqineerlnq

and

Halold R. Bosch
Structural Research Enqineer

Office of Research

Federal Hiqhway Administration
washington, D. C.

A3STRACT

Results of wind tunnel ~ection model tests of five orthotropi~ superstructure config

urations for the Lulinq, Louisiana, cable-stayed bridge are presented.

The l,23S-foot (376.4 ..ters) lonq main span crossing of the Mississippe River is

designed for 150 .iles per hour (67 Meters per second) hurricane wind velocity.

The section .adels, 1/60 scale, are tested at six wind angles: _4 e , -2°, oe, 2e , 4°,

and 6e. Flutter coefficients are plotted for all tests.

The tests show freedom from flutter at the desiqn wind speed. Vortex excitation.

vertical and torsional, is exhibited.

Testing is performed in .-oath flow conditions at the Fairbank Highway Research

Station of the Federal Highway Administration, utilizing the George S. Vincent Wind Tunnel.

Key Words. Bridge, cabled staye~, wind tunnel, models. displace.ents, flutter, wind
&nqles.
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Introduction

Recent bridge .tructure. have increa.ed dt.enaiona and flexibility and decr...ed dead

_iqht and duipinq characteristic.. Reduction of dead weight produce. a ...,niflcation of

vi.nd eff.cta r.lative to the inertia of the .tructure. Incr...ed flexibility deere.... the

natural fropquency of vibration. Modern fabrication technique. have de<.:re..ed the .tructum"

ability to ablOrb .ner9Y by sliding friction bet_en COIIIPOnent paru and thua 1••••nel"9Y

i. required to initiate and ..intain vibration. Aa a r ••ult, r.cent structur•• are be

ee-inq -ore .ensitive to not only static wind effects but d~c one. a. well. so.. .x

i.ting and r.latively recent .tructure. h.ve been .0 affected by wind o.cillationa that th.y

ha"e required reinforcement or modification by fairing.

'l'be •••••_:It of dynaaic deflection. and o.c1l1at~ol\l of long-.pan bridg•• due to

wind action uaually re.ort. to a wind tunnel model t.st. Thi. is particularly 10 for tt..

tradidonal truas stiffened suspenaion bridge. The cable-stayed box-girdu bridge vhi~h i.

currently rec.iving popularity by designers in the United States i. subj.ct, f~ntally,

to the ._ wind excitation _chani.. as t!le traditional suspen.ion bridge. The ~nherent

goneral increa.e in stiffness of the cable-stayed box-gird~r does place it in a differ.nt

reala of re.pol\le.

Thi. paper will present data gatherod from .cdel .tudies conducted by the Fed.ral

:iighway Adainistration (FHWA) on the Luling. Louisiana cable-.tayed bridge.

Wind Porce and Angle of Attack

Wind force on an object i8 normally not in line with the direction of the wind. In

conventional aerodynamic analysis. i.e., airfoil design, wind force is divided into two

cCJlllPOnent.: drag and lift. parallel and perpendicular to the wind direction. ""is._

convention ~y be applied to a bridge deck wherein the resultant wind is oriented to ~~e

s-.:ructure by the anqle of attack a. positive when striking th" section frca the underside.

It is convenient in considering wind effects on bridge structures to consider lift being

perpendicular to the no~l cross-section position of the bridge deck.

In the evaluation of win~ forces on a structure there is a concern for the deterain

ation oflhe po••ible direction of critical wind velocity. In plan it i. generally a••~

that the critical wind direction i. perpendicular to the longitudinal axis of the bridge.

An obvious que.tion arises a. to what maxim_ value of the angle of attack. a ••hould be

con.idered on the deck cross-.ection. The anqle of attack is a function of wind velocity

and .ite conditions. Preliminary data for the relationship between maxiaua ob.erved &ftgle

of attack and wi.nd velocity obtained by the PHWA at the Newport, Rhode I.land Suepen.ion

Bridge over Maragansett Bay (Fig. 1) provided mea.urements of tlle mean vertical wind anql.

for a range uf vi.nd speed recorded for Hurr;.cane -Doria-. F01'1ll these curve. it can be ...n

that the angle of attack decrea.es with increasing wind speed, thus, at lower wind .peeds

the structure w.t be stable for larqer values of anqle of attaok. The curves .hawn in

Fig. 1 ..y .erve as a quide but may not necessarily be applicable to other site. and

pos.ibly ..y ~se unnecessary constraints to the analysi••
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Luling Bridge

Wind tunnel tests are being conducted on 1:60 scale section models for the proposed

br.dge deck superstructure cross-section shapes of the Luling, Rouisiana, cable-stayej

bridge over the Mississippi River. These testa, atill in progress, are being conduct~ ~t

the FHWA' s Fairbank Highway Research Station, McL,~an, virginia, using the low speed, smooth

flow, 6 ft. by 6 ft. open jet, George S. Vincent Memorial Wind Tunnel facility.

The experimental procedure, Fig. 2, suspends the essentially rigid model by four equal

springs at each corner of the end supporting brackets. End plates are employed BO that

the air flow near the end of the modei is t~o-dimenBional. The models, five feet in span,

ar~ scaled by the Froude Number Criteria for mass property and vertical natural frequency.

Due to practical llmitations of simulating the relatively high prototype torsional charac

teristics, val~es of polar mass moment of inertia and torsional natural frequency do not

achieve t'rol:de seal lng.

The aehavior of damped spring-mass systems is dependent on the value of the damping

coefficient. A specific value of structural damping f~r. a proposed bridge structure

(which for practical purposed i~ impossible to obtainl is difficult to assign, and conse

quently, so is the value for a model syst~m. The section model testing is, therefore,

treated as a method of ex~racting aerodynamic information which can be used analytically

with any selected value (or values) of prototy~ structural damping. Thereby, the need for

adju~~ing the model system to a specific value of structural damping is avoided. The tests

are conducted with the values of mechanical damping exhibited by u.~ freely oscillating

model.

Seven superstructure configurations are considered, all having a center line median

barrier. A typical section mndel of the double trapezoidal box-girder design with an

orthotropic deck is indicated in Fig. 3. The same section model modified by a slanted, non

structural, fascia plate is ~hown in Fig. 4. Initial wind tunnel tests suggested that this

"faired" cross-section would exhibit a marked improvement in aerodynamic response. A sec

tion model of a multi-cell steel tlox-girder of a "streamlined" cross-section is shown in

Fig. s.
The aerodynamic information obtained fr~ the section model tests is in the form of

flutter derivatives, following the procedure and linearized treatment of Scanlan and TOmko.
2

The _themaL~cal mod"l for lift and torsional DlOIllent are indicated in Eq. (1).

m [ Ii + 2C ~ h + W
2
hJ

[ KH~
*

.
a]

I v2
)

h BQ+ K2H*
h h (~ (2B) + KH

2n v v 3
(11.

J[ 1i + • 2] I v2 ) (282 ) [KA~
h * ~+ 2 *

I 2r.awo. a + waa - (~ -+ KA
2

K A
3
a

p v v
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where n

B

* *
Hi' "'.1
Ch' Cn

wh ' w
n

m, I
p

h

P

v

K

w

an"ular displacement

deck "idth

nondimensional coefficients de~endent upon K (i=l,2,3)

damping ratios respectively in vertical and torsional motions of the
free bridge

corresponding natural fr~quencies

mass and mass moment of ineICtia of th•. deck pf c unit span, referred
tc the elastic axis

vertical displacement

air density

wind velocity

IlW/v or "reduced frequen"y"

circular frequency of oscillatory motion

uncoupled response motion, therefore, only the

*are applicable. HI is th~ function for aerodynamic

is indicative of torsional aerodynamic damping and

The Luling Bridge model,; e:.<hibited

* * *HI' "'2 and "'3 stability derivatives

damping of vertical oscillation, A;

*A
3

is the measure of change is torsional frequency between aercdynamic damping and mechan-

ical damping.

Six wind angles varying from _4° to +6° and increments of equivalent prototype wind

speed to 160 mph were investigated. The experimental values ·or the respective derivatives

are plotted as functions of reduced ve>locity (v/NB) which may !>~ considered as a non

dimensional frequency. *. .An example of the test results arp shown in Fig's. 6 through 8 for HI' "'2 and "'3. The

test results illustrated are fJr model C-2C-A at zero wind angle.

"'11 model shapes showed freedom from s~lf-excited, divergent, vertical flutter oscil-

lati0n. Torsional flutter occu at wind speeds well above the design value of 150 mph,

or at unlikely wind angles. However, all models responded, variously, to vortex shedding

response. This is an amplitude limit •. j response whereby the periodic shedding of vorticies

in the wake of the stru"ture is restll"wt with the vertical andlor torsional modes of the

structural system. This amplitude limited oscillation can be an unacceptable characteristic

of the design when it occurz at moderate wind speeds and the resulting acceleration of the

oscillating structure is disturbing to the user.

A small scale (1:150) ticctional representation of the cross-section scheme C-2C was

placed in an air flow containing smoke filaments for purposes of flow visualization. Flow

separation tripped by the leading parapet railing, and again by the median barrier is

illustrated in Fig. 9(a). Fig's. 9(b) and (c) capture the trailing vortex.

1\11 estimate of the prototype resPfJnse to vortex shedding is provided by data from the

model tests. As suggested by Scanlan], the analytical n~el for the homogeneous self

excited conditioll of "flutter methorloloqy" is modified by ;>rovidinq a special periodic

forcing funct~on applicable at the Strouhal or vortex ex~iting con~ition. For the case of

purely vertical resPfJnse motion, the test observations prOVide a derivative, H;, charac

teriLing the decay from an amplitude greater than resonance to the steady-state resonant

II-50



~lit~, and a dynaaic lift coefficient C
LO

' Eq. (2). With the.e coefficient., and a

Hlectee! v"lue cf prototype ~ill9, a con.ervative e.timate of prototype behavio:- can be

:alculated, when 100' lateral coherence of vortex exciting wineS flow i. asallled.

• 1 2:2" pv) (2&) (2)

A.~ of the te.t re.ult. for three comparative model. i ••hewn in rig' •• 10

through 12. The o.cillating re.pon.e characteri.tic. of the section .hape, referred to

equivalent prototype wir.:i .peed, and for wind angles of attack are plotted. The shaded

band. show the ·locking in" -cange of wind .peed over which vortex excitation take. place.

The natural wineS angle boundarie. are for the Severn Bridqe reference data, and for the

recorded data on the Newport, Rhode Island sllspen.ion bridge.

For the ......ction., an ••timation of the dollble amplitude re.ponse of the proto

type structure to vort.x induced oscillation. have been calcillated and plotted in Fi;·~.

13 throuqh 15. The ordinate .cale i. critical damping ratio. The abscissa .cale is feet

of double amplitude at center of .pan with associated value of root ..an square g's of

acceleration.

Cloaure

As a result of innovations in structure concepts, &ophisticated structural analy3is,

..teriala, fabrication and ~rection procedures, recent bridge structures are becoming ~~re

a.naiU". to not only static wind effects, bllt dynamic ones as well. As a consequence,

wind force. have taken on an increased importance and significance and can be a major pro

bl.. in cable-supported bridge systems I serious consideration of these forces is required

by the delligner.

While .cst problems of bridge stability resulting from wind forces are recognized, the

acquisition of data for n_ designs in the wind tunnel is IIIlUIdatory to produc'e adequate

wineS stability intormation to enhance their design. At the present time the.c is no

purely analytical ..thodology to preclude wind tunnel test.!.ng.

Data has been pre.ented on current or on-going studies of the aerodynamics of selected

structures. The ..thod employed of extracting the aerodynamic derivative data from test

r ••ults places no A Priori restriction on the frequencies, damping value, or inertias em

ployeeS in the seetion .adel although it is suggested that highly unlikely values not be

ueeeS.

It 18 1IIportant to note that while the validation of stability of the completed

structure (for expected wind .peed. at the site) is _ndatory, it does not necessarily

i.IIIlly the IKlst critical stability condition of the structure. A more dangerous condition

..y be durinq erection when full connection of the joints _y not hav~ been established and

thus full .tiffne.s of the .tructure is not achieved, the frequencies are lower than in the

final state and the ratio of torsional frequency to flexural frequency approaches unity.

The use of welded ca.ponent. in towers has contributed to the susceptibility of tower vi

bration durinq erection.
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CoalF ·,~en parta of the structure are slso in th_elves susceptible to wind excitation.

'The calb.·' of ·.L.le-stay h: ~dr,es. the hargers of suspenaion bridges and arch brldges. and

the U""tr.l 0: &\:spension I'':;~ "'!.Dle-stay bridges have been known to present probl_. usually

from "o-tex excit~d vibrations.

Cor,sideration a'l to an acceptable level of IIIOtion falls into bfO catagories: 1) struc

turall, damaging IIIOtio~ and 2) human response metlon. The first relates to violent IIIOtion

that I'\l.. ..~ catastrophlc and/or IIIOtion that over a period of t1lDe _1 lead to fatigue ce-

•• ted failures. Th. second relates to motion that may not be structurally dam&~inq but may

bt. objActionable from the stand point of user acceptance. 1. e .• vibration that I.B noticeable

ta pl!":lestriCdls or occupants of Btanding or IIIDvinq vehicles.

A qrp.at amount of research needs to be expended to study the stability of bridges of

new desJqns. to develop criteria to rectify existing bridges that are or _y beea-e

troublesome frOlll a wind stability point of view. and to develop adequate procedures such

that designers can produce stable designs at the conception of a bridge or at least to .tni

mize the probability ~f unRtableness.

A necessary ?rerequisite to any attempt at developing design criteria and/or predicti"~

te-=hniques that will proc.h:ce a reasonable confidence level of aerodynal'lic stability fOL'

various cross-sections in use ~r contemplated and the nccommodation of the vagaries of the

natural wind will require extensive additional field and laboratury work.
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Lulin9 Bridge Section Model C-2C-A Fig. 4

Lul.;ig Bridge Section Model C-6-C-B
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THE REGIOtQL DISTRIBUTICM OF THE EAJmiQUI\,IO'
DANGER IN JAPAN

by

S. Hattori, Y. ltiu<:l_a lU)d T. Santo
International Inatitute of Seiamoloqy

and Earthquake Enqineerinq
Builc!1nq h·!.earch In.Utute

Ministzi )f Construction

ABSTRACT

The valuea of • and 109 k in Iahi80ro-lida'a atatiatical Fo~la are derived for each

COIIIPOftent of the 1laX1JnB diaplac_nt AllPlitud. ob.erved at II4llV atations of the network

_intained by the Japan Metaoroloqical Aqency (JMA).

A distribution -.p of expected aaximum displacement amrlitude. for the earthquak.

recurrence period of 100 year. is _de based on the d.rived valu.s of III and 109 k. 'I11._p

indicates quantitatively ~•• regional distribution of .arthquake danqer in and around Japan.

It is se.n frc. this map that the qeneral le'~el of the earthquakf' ~O':I...qer vari•• throuqhout

Japan. Thia variation il allo fOWld to reflect the pattern of .eiSlllic activity throughou':.

the area. The earthquake danger increa.e. along the P.cific side ot Hokk.ido, Toholcu and

xanto di.trict. and d.cr••••• in the southwestern and inland aredS of Japan. Small vari.

tions ara also r.cogniz.d, which miqht sU<;lqe.t dlat the .arthqualte danger is aff.<..ted by

local 9eolO9jc~1 and s1Jbsoil eUecta.

Key Words: Earthquakes; Earthquake Distrib', tiOl1; Field Dat.; Frequency Map.; Ground
Dieplacement; Japan.

III-l



tNIta ana '1'ba Method of Arullyl1.

The data wer. obtainecS fra. the .mthly report. of JMA (Japan MeteorolOC1ical Ag.ncy)

f~ Jan. 1967 to Jan. 1972, which lJive the r.l.vant inforutiona on ·l .inq1. _rthquake

recorded at a particular .tation. The data are r.corded on card. for .ach .tation, with the

n~r of carda for .ach y.ar a. H.ted in Tabl. 1. The.e data ar. th.n tran.f.rred to and

.tored on MAqn.tic tape•.

seiaaicity in a c.rtain ar.a can be ....ured by a well-known coefficient b in a fa~la

of 109 N - a + bM, in which N is the frequency of the oc:curr.nce of earthquak. with Il&ftqi

tlllde. of M ~ t>M, where a and b are cOflItant••

In addition to this equation another u••ful faI'llU1a hu been d.rived by N. I.hilloto aM

It. Iida, and isl

(1)

where n(A) 11 the nUlllber of .arthquake. with aax1Jnua dllplac_nt U1plitud., A !. etA. The

two con.tantl II and k in equation (1) have oft.n been calcu1atliod by ..an. of the l.ut

.quar•• lIlethod. Rec.ntly or. Ut.u ll] hu reported that: the coefficientl in equation (11 can

be calculated with hilJh accuracy by ..an. of the maximum likelihood ..thad a. .xpr•••ed in

the following formul.:

(2)

where S denote. the total nUlllber of data u.ed and A
j

is the i-th 1I&X1JIILIIIl displac_nt

aplitude with the order nUilber i fra. the luq••t value and A
j

11 the 1u.t value of

maximLllll di.place-ent amplitude. in the data uaed.

The value of the coefficient k, or 109 It, can be calculated frc. the followinq

farlllUlal

the

Log k & log N(A ~ Aj) + Io,(m • I) + (m - 1)10, Aj ( )

where N denote. the total nl.mlber of uxiJlum d1eplac_nt .-pUt.IId•• which exceed the

••lectad level, A
j

.

It mult be noticed that the value. of II and 109 It are depend.nt on the value of A
j

.

For in.tance, if too _11 value 11 ••l.cted for A
j

, th.. nUllber of uta which uy be Uled

~....l1er than the actUlil nlmlber owing to the lia1taUORI in the ability of ob.erva

t10n and r.adinq of record., whtc~ 1.114. to .ituationa which und.r••tt-te the va1_ of

•• Takinq thi. into accolDlt, the data that .AI .elected .att.tied equation (11 for calcu

lat1nq _ and 109 k at .ach .tation.
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Numerical Analysis

In the present study, the values of D and log It were calculated f~om the data using

Uuee ::omponents N-&, E-W and lJ-D, and resl.ltants at 109 stations. In Fi'ls. 1 an~ 2,

the, relationship of (1) cUlllulative frequency N versus log A and (21 N verpus log A
j

for the

for the range of log A
j

• 0.1 to 3.0, are shown for stations, Hikone, Okayama and Tokyo.

The total rnJlllber of the maximum displaceDent amplitudes for the N-S cOlllPOnent giv..n in

Pig. l(a), is 443. Because data in the range of A
j

·0.1 to 1.0 is small, the values of a

for thi~ r~ge are not constant and thus were n~t used. The trend of the variable D rela

tive to E-W, U-D and the resultant components, has similar trends when compared to the

N-S component. Consequently in the present paper, the avera'le value of m and the standard

dev1 ation were all calcul ..t.ed from the data usin'l the N-& component, uSJ.ng tentative

val~es at each station in the range of log A
j

• 1.0 to 2.0 at intervals of 0.1. The average

value of log k and the standard deviation were then calculated using Eg. (3). The average

valu~s of m ~re shuwn by small open circles indicated by arrows in figures 1 and 2 and as

seen in Figs. l(a) and lIb) the trends are quite similar at Hikone and at Okay~.a.

Ex.mination of the Tokyo Station data shown in Fig. 2, however, is ~uite different. In

this case, the value~ of m do not converge, even for a ran'll' of log A
j
~eyond 1.0. QUite

reasonably for this ~ase, the values of the cumulative frequency distribution N does not

show a linear relationship relative to the log A. Average values of m and log It, at this

station have much larger standard deviations than in other cases, In Table 2, examples of

the values of m and log k and their s~andard deviations are listed for all 109 stations.

I~ this Table Nl, N2 and N3 respectively means the total number of data, the number of

data for log A ~ 1.0 and for log A ~ 2.0. Fig. 3 shows the differences between the values

of m and log k for different components at approximately 60 stations. As can be seen from

this figure, some stations have a value of m equal to 1.2 or 1.4. These exceptional small

values, however, were due to an insufficient number Ol data. Examination of the calCUlated

valuea of m and log k using different. components, showed that there was indifference from

stat.ion to station, as mentioned previously.

Fig. 4(a) shows the regional distribution of the par.meter m calculated frOlll the

data on N-S components, while in Fig. 4(b). the distribution of m excluding those of

values of m less than 1.5. As can be seen in Fig. 4(b), the stations at which large values

of m were observed, tend to be distributed near the most active violent seismic zones in

Japan. These reqi?ns are along the Pacific coast from Hokkaido and from TO,lOltU througl.

the nc~thern part of Kanto down to the southern parts of Chugoltu and Kinki districts.

Another large zone where m is large, ~s the Japan Sea along tne Cnubu district. The loca

tions of the various districts and stations are shown in Fig. 5. The general tendency of

the distribution of m have been found to coincide with the reqional distribution of b-values

which were published previously [3]. The distribution of log k parameter is shown in Fi'l.

6.

The frequency T (in years), when the stations experience a maxi-urn displacement

a.plitude in a cert.ain period, were calculated using the values of m and log k as foliowsl
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Recall1nq tMt Eq. (ll shows that ~;he variable It gives the frequency of the shock and

the displac...nt a-plitude A of 1 micron at a certain station. where this frequency i.

considered to be proportional to the period of the observation. Under such an ass~tion.

the value of k for the period of T y.ars can be extrapolated by using the following

fOrlllullll

where 1t61 ..ans the value of log k for 61 months. This ..ans

log k • kll + lOJ< lZT/61)

~ for this paper. the value of k for T • 100 years will be derived. Exeaine now Fig. '.

which shows the regional distribut~on of the frequency when the max~um displacement

amplItudes of 100 micron are ex~ected in 100 years. Figs. 8(a). alb) and etc) show ~e

reqional distribu1:ion of the frequellcy. when the maxi!:::,.., displacement amplitude will ex

ceed 100. 1.000. and 10.000 microna. For instance. a. shown in Fig. 8(al. station Nemuro

is expected to experience 2030 ground Vibrations with a maximum displacement amplitude of

IIlOre than 100 microns 100 years. which is abOut 20 times in om. year. Similarly. the a_

station will in one year. experience three and 0.4 ground vibrations with a aaxiJllum dis

placement aaplitude of 1.000 and 10.000 microns. respectively.

Conclusions

In addition to the expectancy maps 'liven herein. other expectancy maps ... £hown in

Fiq.s 9(b). (cl. and (d) have ~een developed by H. KawaGumi (4). I. Muranatsu [5] and X.

XlInai et.l [6J. Comparing these fiqures with those presented herein. the following trend.

can be concludedl (1) although the data was taken from different periods. and with

different accuracy. Figs. 9\s), (bl And lel show a similar tendency in that. the earth

quake danger increases alonq the Pacific coast of the Hokkaido. Tohoku and xanto district••

This renects the general patter~ of seismic activity in and around Japan. However. in Fig.

9(dl. the earthquake danger in Tohoku district. appears low. (2) As .hown in Fig. 9(a)

an additior~l ares with high earthquake ~anger appears in the southern part of Kyuahu.

(ll high value. of the earthquake danger. which s._ to be almorlll&l. appear in ~ri

(Amax-90cml. Akita (Amax-60cml and Nagano (Amax-SQcmI distric~s as shown in Fig. 9(a~

In Fig. 10. the variables N VB log A and m vs log A
j

are plotte1 tOl three station., in

order to check the reason for these abnormal values. With regard to m vs 109 Aj at Aomori

and Nagano stations. the value. of m increase gradually in the range of log A-l.O - 2.0

and are approximately constant for the log A greater than 2.0. As was described previously.
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II V.. ...10\:84 at all stations in the range of 109 A. 1.0 - 2.0. Therefore, the val...

of II are underestiaated at th"!.se two Itation.. As .een in Eq. (3), an overestimated

value of A is d.rived by an underestiJutior. of II, which 18 why "IIAX 18 obtained at ~ri

and Magano. In the ca.e of Akita, however, the local iround condition should be \.&ken

into account.
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1: able 1 The Number 01 Data Carda

Year

1967
1968
1969
1970
1971
1972

Total

NIlmbP.r 01 Card.

11.448
24.192
14.796
11.718
11.232

972

74,358

SU'IO.

Nl:.tUKU

ASAH1
KAWA

IWtODATI:

JUCRINHE

SENDAI

NIIGATA

WAJUIA

TOltYO

tomp

III

121

131

1.1

III

121

131

131

W

III

121

131

141

11'

III

IJI

14)

111

(21

131

lCI

N I

'1)3

610

1161

1162

1012

UII

1161

I2U

4001

1S2

114

IU

Itil

.. 8

655

UI

1'62

IU'

1101

tl2

3112

IU

515

45:1

1i20

411

no
Itl

121.

116

116

20'4

114...
4U

2118

'53

'54

UI

2415

115

'12

C"
1613

511

no
274

IS.O

tl3

641

25.3

HI

115

I Z5

II

III

15

7t

1i2

112

52

216

144

II'

I(

3U

III

III.,
435

111

111..
U2

II

71

II

161

116

111

476

•
1116

1.151

1.131

I.Ul

1.164

I·IU

1.165

1.160

1..,2

1.161

1.001

IU.

2.020

2.021

1.'11

2.013

I .•00

1.120

1.120

1.111

1·142

11&t

I .•••

1.712

2.~'2

2.070

2.211

2·101I.,,,
I .•n
1.t1,

I.U~

•• •
O. lSI

0.117

0126

0110

0055

0051

oon
0045

0.122

0106

o on
0106

0.164

o IU

n.o..

O.IU

OUl

O.OU

0.011

0.050

0.011

0.0'0

o lit

0.011

0.144

0.141

0.111

O.IU

o au
0.10.

0105

O.IDO

IlIk

1713

I.UI

1.711

4.IU

1511

il501

ilUl

1."4

I.on

1."4

11U

4.41'

1.15'

4.111

il.IO

6516

il7l1

1111

1111

4.1 ..

3 U'

3.11'

3.5"

4.004

4.011

4 0 II

4016

4.4"

ilt07

.. ...

...02

4.161

•••
0.121

0110

O.UI

0.117

O.IU

0.111

O.Ott

0.104

02..

0.241

0241

0.110

0100

0.110

0.12'

0.141

0.110

0.121

0. 201

0.110

0351

0110

0106

o. ZlO

0.111

0.141

0.414

OIU

0.240

0214

0. 264

0.2'1

S,.pl" .f lb••• I.. I.lId .......f • DB' I•• ~ ••• n.lr .'....r.
d... iat' ••• h.4) at "IriDal Itat!oa•.

Ni. HI aDd NI. ".pett'•• ly m U tal lu.. ber, til r .f •• t •

• f ~1.O ••d of ~Z". C... p , ;,111 N-8,I21 E-W,IIJ U-o.
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FI,. 4 (al Regional distribution of the values of m
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FI,. 8 (II) ReJlOllAl distribution of the frequency when maximum dillplacement

amplitude' of larrer than 1.000 micron wl1l be observed In the commlng

100 rean
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gtJAltTIPlCATIOM OF SZISIIICITY

Tauu.u Teraahiaa and Tetauo Santo
International Institute of Sei.-ology

aM BarthqlWte Bng1rwering,
Bu11d1n, .....arch lGatitlite
Miniatry of COnatruction

ABSTRACT

A new s.isaicity index is proposed in this paper. This index is d.fined by the

following equatior.,

~(M)

ST - (~ A ~ 100 bI M ~ 6

wher., )I(M) repr...nts the nUllber of .hallow earthquake. with M ;: 6 which have occurred

within a epicentral cUatance A of 100 k:II during the period T(year). Using this criterion,

.eisaicity index .ape in or near Japan for two diff.rent periods have been -.d•.

Application of this index indicates that a remarkable change of ST wu found in

.outhern part of 8080 Peninaula before and after Great xanto Earthquake of 1923. therefor.,

in the field of earthquake engineering, the••••isaicity ind.x .aps ceo be used u a &ODlng

..p of earthquake risk.

Kay Wcrd.r Earthquake Distribution.; Epicenter.; Map.; Sei_icity Index.
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In~roduction

since C.F. Richter (1) d~fined the ..g~ltude Icale (M) of earthquake., each earthquake

haa been COIIIpAred with each other qllAfttitative1y by this_qnitude.

Relative cOllP&riaons of sei_iciti.s lUIIOng various reqion., however, have never been

..de quantitatively, therefore, an attempt to quantifying the .eil.tcity i. -.de in this

Ituc"y.

oefin1tion of ~eismicity Scale

Fig. 1 shows epicentral distributions of 3147 remarkable r.nd moderat~ earthquakes

which have occurred in or near Japan durinq a period from 1900 to 1950. In this figure, the

active areAl are easily seen qualitatively. If we add the epicenters of smaller earthquakes

to this figure, however, the outline of the Japan Isllnds will disappear by the nUlllbers of

dots of the epicenters. Therefore, by this ordinary method, it is very difficult to dis

tinguish between active and nonactive areas.

Fig. 2 shows another method of expressing seismicity by usinq different marks Lor

different magnitudes. This _thod, however. is also insufficient to distinguish quanta··

tively the seismicity of various regions.

Consider the following seismicity index ST' which is defined here as a quantitatively

seismicity scale.

s •
T

~N(M)
(~) M ~ 6

T A~ 100 IaII

where N(M) is the number of shallow earthquakes with magnitude greater than 6 wIich have

occurred within the epicentral distance of 100 kill around II point. When T is taken as 100

years. we .hall express S by removing the suffix T, and call the 5 as the -standard

seismicity index·.

As seen in Fig. 3, world-wide distributed .tations can detect the occurrences of all

earthquakes of M~ 6. Th~refore, the above definition aims to present only those earth

quakes which have M~ 6, which qenera~ly cause the most disaster. The limitfttion of A~ 100

km in the definition of seismicity incex 5
T

was made because the diamet~~ of focal region

of the ea~quake of M ·K.8 is a1D1Ost :'00 km in di_ter. Tsubei's (2) result alao shows

that the diameter of the earthquake provi~ce in or near Japan is almost 25C km.

seismicity Index s. in ~r near Japan

A value of ST equal to SSE at 735 points in or near Japan centering in the meshes with

0.5· of longitudes and latitudES was calculated during the period of 1885 through 1970.

As shown in Fig. 4, the total number of ealthquakes measured were 1296, with the hiqh~st

area of seismicity index equal to 2. This _ans that earthquakes of intensites of M ,;:, 6

have occurred twice or DIOre in a year. The area, with an index 586 or 0.2 ';:'586 ';:' 0.1,

therefore, represents those locatiOns ~here earthquakes have the same maqnitude which

have taken place once in 5 to 10 years. Seismicity regions of 5 86 ,;:, 2 is twenty times

larger than that of the region of 5
86

~ v.l.
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T.ubei [3) ha. conduct~ .~lar studie... presented herein, however, since ..qnitudea

of earthquake. in or n.ar Japan were not .ufficiently defined at that tt.e, area. of known

earthquakes were used inatead of ..gnitudes. Taubei [3) index was called MP...ive .ei8lli

city index nUlllberM
.. i. show:l ir. Piq. 5. The patterna of the contour 11ne. on land a.

shown in Pi9. 4 and Fiq. 5 are very .iailar to each other, however the indexes are differ

ent .. shown in Pi9. 4. the _an frequency of earthquake. (M ~ 6) per year ia ._n clearly

but the ..an frequency 11 not diatin<;u18hed in Fiq. 5.

A map of seiSlllicity index 545 (1926-1970) after the ltanto Great Earthqualw (:923) is

shown in Fi9. 6, vhich vas made in order to .ee if the .eisaicity index chanqe. before and

afte:r that Great Earthquake. A r ....rkable difference 18 revealed in the .outhcn Boso

Peninsula a••hown in Fig. 4 and Fiq. 6. I~ this area, the seismicity index i. 2 ~ S8~ 1

as .hown in Fi9. 4, While the value is 545 ~ 0.1 a••hown in Piq. 6. This "ans that the

seismicity index has chanqed to a value of 1/10 of that of the total interval in this area.

cambara (4) ha. made a cumulative earthquske energy map in or near Japan a••hown in Fi9. 7.

An intp.restinq fact in examining this data is that there is a close interrelation between

the contour lines in Fiq. 6 and the darkness in Fiq. - It nelll alllo been pointed out by

Moqi (5) and Brune (6) that low sei-.icity sometimes appears before the occurrence of a

great earthquake.

COnclusions

A n__thod of estimatinq quantit4ivoely the seismicity is proposed. In the field of

earthqulke enqineerinq. zoninq maps for earthquake risk have been determined by a statisti

cal method ba.ed on expected acceleration or intensity in various areas. The seismicity

index maps presented in the present paper have been developed vithout considerinq the

expected acceleration and or intensity in various areas. They have been made only to re

present the seismicity in various areas precisely and quantita~~ly. The new seismicity

index map, however, will be available as zoninq map for earthquake risk.

A seismicity index of 545 after 1923 reduced to about 1/10 of 5
B6

after 1885 in the

area of southern Boso peninsula, which is an area of hiqh density earthquake energy.

The aboVe result .how that there i. an interesting relationship between the occurrence of

large earthquake. and the chanqe of ST'

In the future. similar .eismicity IlAPS will be developed for a certain maqnitude

ranqes and the work will be extended to microearthquakes.
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Pig. 5 The map ~ "Pusive seismicity index numbt:r"
(After C. Tluboi (3) ).
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MIN'J'ENANCE OF 'l'IIE STRONG-MOTICM ACCELEROGRAPH
AND 'l'IIE MTA PROCESSING OF THE RECORDS

by

Ei1ctl1ltudbayashi
Chief, Earthquake Resistant Structures
section. Structure and Bridge Division,

rublic WOrks Research Institute, Ministrt
of Construction

and

Hajillle Tsuchida
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and Harbour Research Institute, Ministry

of Transport

and

Makoto Watabe
Chief, Jnternational Ir.stitute of Spis

mology and Earthquake Engineering, Building
Research Institute, Ministry of COnstruction

ABSTRACT

~e observation cf strong-motion earthquakes. located at harbour. public works and

buildings throughout Japan by the national research institute has been made. TheBe obser

vations will be discussed, herein, in addition to such items as the mainten1nce and checks

of the stronq-motion acceleroqraphs, main records, processing and analyses of records, and

the availability of the data to tl.c pubHc.

Key Words: Accelerographs; Earthquake Data; Earthquake Records; Field ObservatioDs;
Strong-motiou Acceleregraphs.
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Int.roduct.ion

1. History of strong-motion earthquake observations in Japan

The SMAC type stroncrlllOtic.n acceleroqraph nov being used in Japan and in Centr'al and

South ~ric&, SOutheast Asia, and Middle and Near East, V«8 developed by the Strong-Motion

Barthquake Observation COlIIII1ttee. The developlllent ,::>f this instrlllllent required 2 yea:.s and

was suppolt~d by science research funds of the Ministry of Education in 1950. The instru

..nt has been improved since then and ~a IIIOre suitable to Japanese climate in the resistance

against moisture, cold, etc.

In OCtoPer, 1953 after c~letion of the strong-motion accelerograph, the Resources

Council, Prime Minister's Offico recommended the fcllowing to the prime minister; "to secure

the source of necessary revenue and to improve the setup and consolidation of the necessary

strong-motion earthq\~e observation network and to establish a system required for its

operation, in approximately 3 years," and further recommended in January, 1955 that perman

ent station plan of strong-motion accelerographs be established.

Later, in view of the disaster caused by the Niigata Earthquake i- 1964. the Science

Council of Japan recommended to the prime minister in November, of that same year; execute

a concentrated set of stations to measure strong-motion earthquakes". This recommendation

asked for stations at every 50 kD. throughout the country, thus providing one yardstick for

observation density. Further in October, 1971, the Science Council of Japan requested the

prime minister to cxaaire the previous recommendations, given earlier.

Froll 1953 to fo,le end of March, 1974, about 850 strong-motion acceleroqraphs _re in

stalled. When the observations were ntarted, ~he communication among the observation agency

and the publicity service ~ere performed by the Strong-Motion Earthquake Observation

committee, Which is controlled by the Investigation Board of Resources, Prime Minister's

Office. In December, 1956, the controlling authority of the Committee was transferred to

Earthquake Research In~nt:ut... , :;nive:.. ity CI, Tokyo. In 1960, the principal stronq-motion

earthquake records "'-:.re published bl th ~ Coo ,nittee.

The nUlllber of SMAC stronq-llIOtion accele~'::>9rapbs, installed after the Ni.igata Earthqualt.,.

increased Bucid~''l.ly in camparison with previous installations, and thus it is difficult for

the Stronq-Motie,n Earthquake e:tlservation COIIIIIittee to examine these. In this situation, the

Liabon Confen.nce for Promotion of Strong Motion Earthquake Observation Project cClIIPrisinq

concerned gaternment offices, heads of concerned agencies and specialists, was established in

the National Research Center for Disaster Prevention, Science and Technology Agency. The

conference group decided to be responsible for c~unication and coordination of the nation

wide promotion of the strong-motion earthquake observation project. The conference partici

pants analyzed the present state of stationary strong-motion acceleroqraphs, and discussed

how to increase the observation network, and at the same time provided a publicity service

for collection of the principal records. In February, 1972, the group arranqed and published

their opinions regarding the improvement of the observation network. According to the

publications, they proposed to establish 2,141 strong-motion acceleroqraph

stations throughout the country. Therefore, even if all the strong-motion acceleroqraphs
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pree«ntly lnatalled are conaidered to be effecti¥ely operatinq. inatallation of about 1,300

additional etronq-.etion acceleroqr~ha i. nece.eary.

2. Nece••ity to .trenqthe~ and enlarge the etronq-.ation .arthquak. Obeervation

network.

'ftle .tronq .etion earthquake Ob••rvation. etated h.r.in. refere to the .a.w:_nt of

acceleration 1elP11tlllSe .a¥eforM caused by treKlr. of the qround and .tructuree at the t~

of a .tronq-.etion earthquake. Such .uur_nt. relate to the readinq of the _a.ured

va¥efo~, and to the pr~ analy.e. of the uqnitud. of the acc.l.ration U1Pl1tud••

periodical characteriatic of the .a¥efora, etc.

st.ronq-llOtion earthquake ob••rvation. and the .uD.equent

analy... of the aaqnitude of the acc.leration amplitude and th~ periodic.~ ~haracterietic

of the va¥efonu ha. re.ultecS in relation.hips between

the aeqnitude of the .arthquake, epic.nter dietance, .eiEDic center depth, tOPQ9raphy,

9eoloqy, .cale., con.truction, and aaterial of the .tructure•.

Th. analytical re.ulta of the .tronq-motion .arthquake Ob.ervation. qive quantitative

infonutlon and thus will pendt an eatabH.~nt of counterlleasure. for .h'l .arthqualte

di.uter pre¥ention for each reqion of the country and for type of .nil. It further

rationali... the .ei••ic d••iqn of .tructures built on the qround. and IIOreover ration

aliz•• the uei...tic de.iqn of the .tructure. which qrow diveree, ....iv•• and complex,

e:un.1d.rably contributinq to saf. and .con<llllical conetructiolUl of the.e .tructur... An

~le oj! .uch a hiqhly d.ns. n.twork. for .uurinq .tronq-.etion .arthquak•• , has been

••tabH.heu around Lo. Anq.lea, Californie, USA. Theee ob••rvatione w~re initiated in 1932,

and ha¥e eine. obtained 250 .tronq-mot1on acc.leroqraph. r.cord. prior to the 1971 Loe

Ang.l.. Barth'JU&k••

In thi. country. Itronq-.etion .arthquake observation. vere initiated 1n March, 1953,

when a .tronq-llOtion aceeleroqraph (SMA(; type) _d. in Japan. ,,"'. installed in the Earth

quake .....arch Inatitute, Univ.raity of Tokyo. Sine. th.n, various universitie•• qov.rn

MIlt &9anei•• , and various private qroup. have cooperated in the .nlarq_nt and .tr.nqthen

inq c.f the .tronq-.ation ear~. obaervation n.twork. Finally at the end of March, 1974,

the total nu.ber of SMAC stronq-lIlOtion acceleroqraphs .tationed throUCJhout Japan va. about

850, and t:houqh not r.achift9 the required d.nsity.

Th. .trenqtheninq and enlarq_nt of the .tronq-.ation earthquake obliervation network

i. nee•••ary in order to achieve the ata de.cribed previously, thus it i8 etill d.sirable

to iner.... the den.ity of thie etUl apara. Ob.ervation network.

Stroncrlll)tion Earthq\l!Jte CbB.rvatiOlUl in Port. and Harbour.

1. Pr••ant .tate of the ob••rvation network

The etronq-llOtion earthquake ob.ervations of port and harbour areas in Japan, have been

.xecuted einc. 1962 under the cooperation of ~rt and Harbour Research Institute and vari~

aqenci•• concemed with porta and harboure. This has been executed under an aqre_nt

initiated by a re.~areh qroup con.i.tinq of the Port and Harbour Bureau of Mini.try of

Transport, re.pective District Port Construction Bureaus, Port ~d Harbour Resear~h Inati

tute, and oth.r conc.rned l1genci... Aa of Decewlber, 1974, the ob.ervation network con.iat.
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of 6S Itronq-.otion acceleroqraphs, installed at 44 .,orts. FiqllI'e 2-1 shows the locationl

of the port. and harbours, where the stroll9-.-otion acceler09raphs are installed. Fiqure

2-2 Showl the m.mer of installed acceleroqraphs per vear. There are 2 types of strong

.otion acceleroqraphs that used in observation network: one was a SMAC-B2 strong-motion

acceleroqraph and the other a ERS strong-J:lOtion accelel"oqraph. Th" description of the

SMM:-B hal been reported previously (2-1). The ERe stronC)-motioli acceleroqraph is an

acceleroqraph with a moving type coil transducer, which is available as Type A with a IIIllg

netic tape recorder, and as Tape B or C with an electromagnetic 08cillioqraph. Types A and

B record 2 horizontal components, and Type C records 2 horizontal components and a vertical

ca.ponent. The ERS strong-motion acceleroqraph can be used with the transducer and the

recorder. This provides an advantaC)e, for observill9 the earthquake response of port and

harbour structures in which strong-motion acceleroqraph rooms are impossible to make.

2. Maintenance and check of strong-motion accelerographs

The strong-motion acceleroqraphs, installed in port and harbour areas are maintained

by the constru~~ion work offices, etc. at the respective p?rts. The staff in charge of the

..intenance and check of the strong-motion acceleroqraphs (normally the staff f~r public

works) are 6ssi9Oed to conduct periodical checks (twice a month) anc to perform special

ch6Cks after the occurrence of earthquakes of II or more in the earthquake intensity scale

of Meteoroloqical Aqency.

AIIO, once or twice a year, a detailed check is made by the manufacturel" engineers of

the Itrong-motion acceleroqr,'phs. In addition, the Port and Harbour Research Insdtute con

ductl training of the staff in charge of operations, every year. The training is practical,

and relates to handling of the strong-motion acceleroqraphs by the engineers dispatched

fro- the lIIllnufacturers of the strong-motion acceleroqraphs. A strong-motion acceler09raph

is initiated when the starter senses the tremors of magnitude 50 to 10 gals. When a strong

_tion acceleroqraph does not start at the time of an earthquake, it is difficult to judge

whether the tremors were too small or there was failure of the accelerograph. For this

ruason, a strict acquisition rate of record~ cannut be shown. However, what will be intro

duced i. a ca.e to show the record acquisition state of the observation network. At the

t~ of the Tokachi-Oki Earthquake in 1968, 15 strong-motion acceleroqraphs located in the

portR and harbou-:~ of !'okkaldo, and Tohoku district recorded the tremors. Only one

acceleroqraph d~d not record, due to its own failure.

3. Principal records

Froa those rftcords obtained by the stronQ-motion earthquake observations in port and

harbour areas, those exceeding about 100 gells in the maxilllUIII acceleration are shown in

Table 2-1 &~d are classified by each observation point. As an example of recorded wave

fo~, the xecord of the Tok.chi-Oki Earthquake in 1968 at Hachinohe Port is shown in Fig.

2-3.

4. Proceslin~ of rec~rdp

al :~toraqe of record..

All the records obta> ned at the £espective <:bservation points, are sent to the

p.:>rt and Harbour Research Institute, to be cataloqued and stored. Copies of
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reQOxd. are al.o sent to the re.pective observation pointa. The reQOrda ac

quired are classified for each earthquake every 2 .:Inth., and with. -Strong

Mtltion Earthquake (l)aervation Table- .hawing ttae .axia.. acceleration of each

COIIIIlOftent of the respective records, vhict\ are sent to the partie. concerned.

b) Digiti&ation of recorda

For tho.e reQOrda vhich were obtained on the ground and exceed ~O gal. in .axi

_ acceleE.tion, the horizontal coeponent. are digitized.

The record by an SMAC-B2 atrong-lIOtion acceleroqraph is copied ~ contact printing on

Mylar-ba.ed .ensitive paper, and is digitized by a semi-automatic digitizer. The digitizer

place. a cur.or on the po.ition requiring digitization, coordinate value. are then punched

on a paper tape by pre••ing a pitch. The time interval. u.ed during the digitization, are

0.01 sec. The n~rical values Which _re pwl-:hed on the paper tape are then read by an

electronic computer, and reproduced as waveforms by a graphic output unit in order to con

lira that the reading. were correct. Any errors noticed are then corrected. The corrected

records provide lUIIPlitude values at unequal time int~rvals, and are converted into U1plitude

value. at the equal time intervals of 0.01 sec by interpolation, and are then recorded on

aaqnetic tape. In principle, the zero-line is not corrected, however when the zero-line i.

not properly inserted for tht.se waveforms reproduced by the graphic output uri e, the

digitization is re-evaluated. However, if time is not available because of the _ny reco~

to be processed, the ..,avefons are enlarged by the graphic output unit, in order to deter

.tne the corrective amount ot the zero-line position, for correction in the electronic~

puter.

The records fr_ the EIlS-B/C strong-lDOtion accel..roqraph is digitized using a different

digitizer than that used for the SMAC-B2 strong-lDOtion acceleroqraph. This digitizer i.

interlocked with a COJIt)Uter and if an operator moves the cursor along the recorded ..,avef~

an 1IIIlp11tude value is stored in the cOlllputer each time the cursor IDOveS 0.1 _ along the

time base.

After end of digitization, the numerical values stored in the cOIIlputer are reproduced

by a digital-to-analoque converter as an analoque voltage ..,hich are recorded by a pen

writing oscilloqraph. After conformation that the recorded weveforms have been correctly

digitized, nUllerical values are punched to the paper tape. They are then read by another

computer, and recorded on magnetic tape toqether ..,ith the ~ecord. of the SMAC-B strong

IIOtion acceleroqraphs.

No corrections are Mde, to the EAC-B!C strong-motion acceler09raph records. The

aint.ua time intervals for di9itization, relate to the recording paper feed rate. of the

respective stron9-~tion accelerographs. These rates are 0.005 sec. for Type B and 0.0025

sec. for Type C. However, the records which are stored on the _gnetic tape, have the ._

tt.. interval. a. tho.e of SMAC-B strong-motion accelerOC)raph. It ..,as expert.entally oon

fiIWed, that the d19itization of the ERe-B/e strong-motion accelerogl:aph recorda, could be

reproduced with an accuracy which c~uses no viewing difficulty for practical use.
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c) spectral analysis

ro~ all the 4iCJith.ed record., the re.ponse spectra and Fourier .pec~ra are

calculated. other varioua specua are caleulatad accor4in9 to necessity.

5. OpeninCJ of data

'n1e rec:or4a obtained by the stronCj-.oUon earthquake oa.ervationa in port and harbour

ar..a, are publbhed in the "Annual Report. on StronCj Motion Eart.'lquake Record. in JlIp&De.e

PorU" 2-2). 'ftl. annual report cover. the 1IaX~ acceleration of each CClIIPOIWnt of every

reccn-el, the .ei.-1c center location, _Cjnitude, sei..tc intenaity at the re.pective locl\tion

for the .arthquake corresponding to each record. Moreover, the CJroWlcl recor4inqs for tho.e

with accrleratio,~ ot 20 gals or greater have their waveforaa reproduced, ancl for thos.

with llaXi.ua acceleratione of 50 gals or greater have their waveforaa cligitised with r.a

ponae apectr. and Fourier spectra provieled.

Tbe ~ubliahed annual reports extended fr_ 1963 to 1974 2-2). Al~ the record of the

1Okachi-Oki Earthquake in 1968, hal been published .eparately2-3l .

'n1e elata where each stronCJ-.ction accelerOCjraph has been installed, are published as

"Sita Characteristicl of Strong Motion Earthquake Stations in Porta and Harbours in Japan"

2-4, 2-5, 2-6) The elata at the.e observation points, covera the geographical f ..turel

where the installation. are located such aa the confiCJUl'ationl of the builclingl, foWlclationa

of the atrong-motion accel.rographs, elesign drawings of the strong-.otion earthquake Ob.er

vation 1'00II8, and loil histOCjrlilllUl. Tbe resulta of the.e ob.ervations are given in the

annual report a. in the analytical result. luch aa average relponae lpectra and .ei.-ic

tr.-or characteriatics ~f the ground 2-7, 2-8).

Stronq-Motion Earthquake Observations at the Public Markl Research Inatitute

1. History of strong-motion earthquake observations at the Public Markl Relearch

Inatitute

The Itrong-lIICItion earthquake oblt!r'lationl at the Public WOrks Reaearch Inatitute, _1'.
initiated in 1957 When an SMAC type Strong-motion accelerOCJr~h and an electra.agnetic

strong-WItion accelerograph were inatalled in ltinki Regional Conatruction Bur..u. seventeen

yearl later, at the end of March, 1974 a total of 189 Itr0ft9-WlOtion acceleroqrapha _re ill

stalled for the public works racilities UliD9 the re••arch funds of the Public Markl ...aeazdl

lnatit.ute and funds frail various civil enqin..rinq c:onatruc~ion projects.

This report de.cribea the hiatory, .yat. and future prc.;)tion of stronq-.otion earth

quake obaervations at the Public Works "'Iearch Institute, and refers to the entire nation

and Minhtry of Conatruction projects and their inter-relationship.

2. progress of the atrong-Wltion .ar~e obaervationa

a) Cltlservation stationa

The atrong-Wltion earthquake observationa, at the civil eDCJineering work faci

litiel luch al bridges, ~, emba~nta and tunnel. are executed under the

cooperation of vario'll agenciel. Thea. agenc:i.s consiat of the Public WOrkl

Institute, Regional Construction Bureaus, local 90ver~nta (Civil Engineering

Work. Department, Boalj of Project), 4 public corporationa concerned with
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civil engineering works, and the Hokkaido Developlllmt Agency. Since the obser

vations were started 101957, with the use of an electromagnetic type strong

.etion acceleroqrapha at the Sarutani Dam in the Kinki Regional Construction

Bureau, additional observation stati~ns have increased gradually. Since the

Niigata Earthquake in 1964, the installation of additional strong-motion

accele!'"agraphs was prOlllOted and increased b}' notification of the Director of

the Road Bureau. At the end of March, 1974, 189 SMAC type strong-motion

acceleragraphs were installed at 96 stations and electromagnetic type strong

.ation acceleragraphs with 448 components, were installed at 48 stations. The

locations of the observation stations of the SHAC type strong-motion accelero

gl'aphs and the electromagnetic type strong motion acceleragrapils are shown in

Figs. 3-1 and 3-2. The number of installed accelerographs per ,ear, are

shown in Table 3-1, and the numbers of installed accelerographs per structural

~ are shown in Table 3-2.

b) Strong-motion accelerograJ,hs

The strong-motion 3~cel~:ographn used for observation are th~ SHAC type

strong-motion acc.'l~rograp"'s and electromagnetic type strong-motion accelero

graphs, with the S~ ~ype, especially Type B~, used predomina~tly. However,

recently, 1ype E~ and Type Q, which allows one to measure the components in a

shorter period than permitted by Ty~ 8 2 , were installed. The electromagnetic

type stro,'g-motion ilcc:elerograph uses an electromagnetic lIlethod for the trans

ducer, and an electromagnetic oscillograph or ~agnelic re~~rder for the re

corder. In using a transducer for the strong-motion accelerograph, the moving

coil type accelerometer is used most often, variations of the transducer in

size and weight, is considered dependent on the installation location and where

the SHAC type strong-motion acce1erograph cannot be installed. Recently,

observations of seismic tremors in the ground under the surface of the ground

h~ve been executed. At present such observations, by the electromagnetic type

acc~lerographs, have been made at 15 stations (149 components) out of 4B

stations. The number of measuring components and units used of each electro

magnetic type strong-motivn acce1erograph diffl~r according to each station.

c) Observed records

The records obtained from the init.~tiun of the observations until the present

consist of about 3,B17 Sheets (inclUding 869 Sheets for the Matsushiro Earth

quake Swarm)as recorded by the SHAC ~ype strong-motion accelerographs, and

about 210 Sheets by the electromagnetic type strong-motion accelerographs.

Most of the records listed values of less than 100 qa15, and the number of

records of 100 gals or more were about 77 (inclUding about 30 records for the

Matsushiro Earthquake Swarm) as shown in Table 3-3. Th~ largest recorded

waveforms obtaine1 to date were from Uwajima City, Ehime pref., which had a

maximum acceleration of 43B gals, with the waveforms as shown in FL;5. 3-3 and

3-4.
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3. ~rva~ion net-worlt

'"'- atrong-.ation acceleroqrapha vas installed according to the public worlts con

struction ait.s. Si-nce the past aeveral years, the incr...e in the n....r of installed

acceleroqrapha baa shown a ~ndency tovard an Wleven diatribution in specific are.. , thia

than "hows what ar.... n..ad &ccelerQCJraphs inst..lled. 'l'he ideal plan, for atationiD9

strong-.otion aeceleroqraphs, is to obtain a record in the a4jacent area of the epic.n~r

wen an artbqualte with V or ~re aeiaaie in~nsity (JMA) occurs in any part. of J~. ~

present atatus, however, -.It.a it Uipoasible to aH/roach ~eae id_l conditions in the

near future. ~r.for., the following network baa been drafted to pre-ote a atr0n9__tion

arthquake ab••rvation project.

~ network involves the inatallation during the next fiVe y.ar. (1975-1979), and to

install othera accordinq to necesaity. 'l'he network plan vas dr.ft.ed per the followiD9

conditional

(1) The entire land ar.e of Japan should be covered with 258 equilateral trianqle

_she. (one .ide is about 50 Ut), for the stationin, at least 1 observation ata~ion in

1.sh.

(2) Coverinq aU the ..shes in Japan, Wlifonaly with extr_ 'Jrqency.

(3) At least one each, at the top and bottoal of a structure, with a total of two

.ets, should be installed at one obaervation st..tion.

(4) Considera~ion of those installed strong-.,tion accelerogrephs, frca other ainb

tries, should be taken into conaideration.

In order to deteraine the lotal nUlllber of stronq-llOtion acceleroqraphs to be installed

in the future, the present stationing state was investi,ated .. shown in Fig. 3-5. The

.she.. , without stronq-.-otion &cceleroqraphs can be selected as dark ..sh.s shown in Fi,.

3-6, and wer., 146 stations 1292 sets) require installation. The CQIIIllete installation is

planned far COIIPletion in the latter 3 years of the five-year project. The draft of the

network 18 still under adjuatMnt with the sponsorinq organisations.

4. Checks and collection of records

The ..intenance and cont::ol of the stronq-lDOtion acceleroqraphs. related to the

civil enqineerinq works facilities, have been executed by the notification frca the Director

of the Road. Bureau and the Director of the River Burea~ Tb8e notifications were deliver••

in April, 1970, and have been instituted by the office. controlling the faeilltiee in

which the stroll9-lIOtion accel.rographe were inatalled. Exaaination of the str0J\9-11Otlon

acceleroqrapha involve periodic checks and epeclal check. by the ataffa of reapective

offices. Alao t.ehnicel checks by special engineere, of the .-nufactllrers of the atrong

~tion acceleroqrephs, have been _de.

a) Periodic check

A check of the equi~nt has been conducted every 2 _elta, in order to contina

the preparedness of the equi~nt

b) Special check

When there ia an earthquake of II or IIOre on the .eiAlic intensity of JMA, in

the nelqhborhood of the observation at.tion, a special sheck is
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condlJC~ to collect a record.

c) Technical check

'!'h18 check 18 COIIduc~, by a apecial enqineer of the lIIUIufacturer of the atronq

.c»tion r,ccelerograph, once or twice a year.

5. Collection, .torag., aMlly.e. and public.tion of the record.

All the ..i.-1c recorda obtAined at the r.apectiv. ob.ervation .tAtion••re ..11114 to

the P\lblic Worlta .....arch Inatitute for arranq_ntuad "torage. '!'h••rrangalent and

analy.inq work of the ..i8a1c datA and recorda are perfo~ baaed on the flow.;hart ..

• hown in l'i9. 3-7. When the recordll are obtAine4, th~e with • .at- .cceler.tion of .50 gal.

or .ore are (!igiti.ed. '!'he digiti••tion 18 l...rfo~ by uee of ••eai-.utcaatic di9iti.er,

accordinq to the flowchart .. anwon in ~ig. 3-8. '!'he r ••olution of the diqiti••r i. 25

aicrona, and the over.ll preci.ion ia 0.125 _. '!'h. digitiaed recorda are eubjected to a

circular correction (in c••• of SMAC-B2), a .ero-line correction and a tt.e ba.e correction

by an .l.ctronic COIIIPut.r. Th. datA ia converted into n~ric.l v.lue. at 0.01 ••c. int.r

val., by linear interpol.tion. 1.1.0 dav.loped fra. the ",.vefora aMlly.e., are .utocorr.la

tion coeffici.nt., I'oulier .pectr., power .pectr. and varioue r ••ponae .pectr. which are

digiti&ad and ia further proce••ed for gr.phic outpUI: unit.

The public.tion of the ob••lVatlon data and the .trong-.otic>n .arthquake r.corda,

.r. p\lbli.had every y.ar. The recorded ",.v.forllll of the pr.vioua y.ar are copied in full

.c.le, and arranqed in order to 'live of the varioua contr..t ••iDic v.lue.. The tebl•• of

the n_rical value. are .lao p\lbli.hed, wh.n • predetera1ned vol~ of data ia .cclaUl.ted.

'!'h. data publi.hed to d.te are cont.ined in 12 booka (ref.r.nce. 3-1 to 3-6. 3-9, 3-11, 3-13,

3-16, 3-17) for atronq-.otion ear~~quake r.cord. and 5 book. (3-7, 3-8, 3-1. and 3-15) for

tabular n--.rical value••

StrOl!!j!-w.»tion Eartbquak. ~ervationa .t the Building Research Inatitute

1. H18tory of .trong-lIOtion .arthquake ob••rvation., concerned with building

In 1954, ••tronq-aIOtion aceeleroqr.ph Type SMAC-A, wa. inatAlled at the Building

....earch Institute by the Director of Houainq Bure.u, Mini.try of Conatruction. '!'he ob

.ervation network, clo•• to the nWlber of pre..nt .tronq-lIOtion aceel.roqraph., Val. -.he..

fonted in the 1960.. '!'he type. of .trong-aIOtion .cc.leroqr.ph. th.t _re in.talled, _r.

Type SIQC-A, Type IX: developed joilltly with the lIe.earch Inatitute, and Type. SMAC-Bl and

SIUIC-B2 , 1JIproved .,.nion of SIUIC-A. since the initially installed SMIle-A type becllr.l~

.uper.eded, the SM.~-M type w.. intended for COIIplete .utc.ation and digiti••tion by t,l-.•

2nd joint d.vel~ntwith the Research Institut.. 'l'hi. type h.. been uaed sine. 1973 .. a

.tronq-aIOtlon accelerogr.ph. In 1974, the .:IbU. ob.ervation network, ~rbinq ..veral

.tr0n9 .ation .ce.1.rographa ~ly called "caravan" w•• initiated for inatall.tion.

'!'hia ia to be pref.rably in.telled for a period of .ever.l yean in the place lIO.t lik.ly

to be .ubjected to .tronq-lIOtion earthquake. .ccording to the infor.ation relating to the

prediction of .arthqualr.... Alao, if the intended .tronq-aotion record can be obtained, it

ia to be IIOV4Id to the next place with high e.rthqll&lr.. occurrence probability. In the

!>uildinq field, the Earthquake Research IllIItitute of the ~iveraity of Toltyv h.. been

perforaill9 .trong-aIOtion .arthquak. ob••rv.tiona tog.ther with thia r ••••rch inatitute.



However, in order to ..intain the increased n~r of installed strong-motion acceleroqraphs,

the National ae.earch Center for Disaster Prevention and the Science and Technology Agency

have shared a part of the observation network. The strong-motion accelerographs related

to huUdinqs are prt-:i1y ilUltalled in the IllUltistory structures with 45 m or IIIOre

height these building. are constructed by special permission of the Minister of Construc

tion according to the atipulationc of Article 38 of the Building Standard Law. The nllllber

of installed strong-motion acceleroqraphs of this kind has sharply increased in accordance

with the increa.e of construction of multistorz buildings as shown in Fig. 4-1. However,

the maintenance and control capacity of the Building Research Institute Earthquake Rese&r~h

Institute of University of Tokyo, the Nationai Research Center for Disaste. Prevention, and

parts of private and public corporation, are beyond their capacity.

2. Present state of strong-motion earthquake orservation network rel~ted to buildinqs

The Building Research Institute installs strong-motion acceleroqraphs about every

100 km along the coasts throughout Japan. These installations are mainly i~ the neighbor

hood of the foundations of the buildings. As shown in Fig. 4-2, 31 strong-motion acceler

oqraphs are installed in 18 places. There are 8 sets of Type SMAC-A, 6 sets of Type SMAC-B

9 sets of Type SMAC-M and 8 sets of Type DC.

The numbers of strong-motion nccelerographs relating to buildin~s and the agencies in

charge of maintenance and control are shown in Table 4-1. In addition, the Building

Research Institute set up the afore-said "Caravan" at 2 places. Each Caravan has strong

motion acceleroqraphs on the foundations in the neighbol:hood of the vertexes of an equilat

eral triangle with about 1 km sideR. Recorded are the absolute time and common time in

order to allow accurate acquisition of the propagation direction of seismic waves, etc.

00& Caravan is insta~led in the Numuro Penninsula, which is said to have residual energy

in the sei..ic center, with the expected se1smic scale similar to that of the previous time,

and the other Ca.avan is installed in the neighborhood of "Omaezaki" facing the Sea of

Enshu since the next big earthquake is expected to occur in the Sea of Enshu trough with a

ugnitude of 8.

3. Maintenance and check of strong-motion accelerographs related to bUilding

The organization system of ..intenance and control in the Building Research Institute

is shown in Fig. 4-3. The Building Research Institute asks local engineers concerned with

Ule buildings at the observation points to perform maintenance and check at the observa

tion spots with due renumeration. The local staffs performed a monthly check, and when

they find any trouble and shortage of spare parts, etc. hey inform the Building Research

Institute. The Building Research Institute then dispatches a repairman or sends spare

parts to the location. When a strong-motion earthquake has occurred in the neighborhood

of any location. the local staff instantly checks the strong-motion acceleroqraph, and if

there is any record available, he enters the data and puts the recnrd in a metallic

cylinder. The cylinder is then sent by amil to the Building Research Institute, irrespec

':ive of the _gnitude of the record. Moreover, in order to improve the technique

knowledge of the .intenance and cbecbs perfoI'llk.>d by the staff cor,cerned with strong-motion

earthquake observat..ions, a short study cr)l1rse has been given every three years by
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Buildinq ....arch,Institut.. Th• .untenanc. aDd check of the .tr0D9-.otion acc.l.f'09r~

related to building. are vary in their .y.t_ aDd orqan1:saUClIlS, etc. In &/JeDC1e. other

than the Bu11dinq ....arch Institute consist. of thu followinql

An aq.ney i.n charq. of obs.rvations has one r ••ponaibl. technician COftcerne4 with,

.tronq-llOtion earthquake ob.ervations and he uintains, checkc,

..nt.

The actual _intenance, check. and repair. are perforMd by an external enqineerinq

contractor at an interval once or twic. a y.ar. 1b. .trong-llOtion .arthquake record.

are co11ected by the re.ponsible tecl".nician of the ageney or the external enqinHrinq

contractor. A c:c.IOn trouble with all the a9encie. i. obtainil19 the bud9.t for

...intenance, checks, and repair.. This ia becaus. the fund aust be rai.ed frca the

budget under another it., and doe. not appear .. an independ.nt budget.

4. Prnce••inq _thod of .trong-JDOtion earthquake record.

Since the rec_~_ ?roce.sing method i. about the .... aIlOng all agencie. related to

building., the proce"l.ing method 1IIIP1oyed by the Buildinq Re••arch In.titute w11l ther.fore

be introduced h.rein. The Buil.ding ....arch Institut. us•• rOUCJhly 3 type. of .tronq

IlOtion acceleroqraphs: (1) those obtained by 8IIIOked paper recordinq, (2) tho.. obtained

by .tylus paper recordinq, and (3) those obtained by _qnetic tape recordinq. In the

fOrlller two types, the original record i. capied by contact with the neqatiw plate, and is

digitized accordinq to the flowchart shown in Fiq. 4-2, the data is then analyzed by the

ca.puter, for generation of a li.t of digitized data. In case of the _qnetic tape, the

record i. directly digitized by a high .peed analoque-to-diqital converter, and then

analyzed a. described in Fig. 4-2. The uti1ization of strong-lIOtion earthquake record.

do not require ~diate evaluation. However, the publiahing of the analyzed re.ults,

before qeneral engineers and administrators 10.e their interest in the earthquake, i.

necessary in order to provide th_ with the significance of the .trong-SIOtion earthquake

observations. Therefore, the Building Research Institute has prepared a ea-pletely new

proc... for all records, thus permitting the data to be di.tributed within 4 day. after

collection.

5. Publication of records

'nIe strong-llOtion earthquake observation record. related to buildinq, which haw

acc~leration values exc.eding 40 gals, are sent to the Liaison co.aittee for Praaotion

of the Strol19-Notion Observation project. The.e record. are th.n publi.hed • .-i-annually

.. original records (analoque values) including the additional information relati.. to the

seismic center, .eismic scale, tt.e ..gnitude, and sei..ic scale di.tribution at varioQa

piece.. The Building ...earch Institute publi.hed the digitized tabl•• and analized re.ults

of the ..in strollCJ-llOtion earthquake records in Annual ....arch WOrk of the Bulldinq Re

.earch Institute, the B.R.I. "search Paper, the News of Japan Soci.ty for Earthquake

Engineerin9 Prc.otion, etc. In addition. about once a d.cade, the "Diqitized StrollCJ-Notion

Earthquake Acceleroqraa in Japan" is also pubUshed. 'nih data contains earthquake. loca

tion of each Observation point, ince••ant treDOr Fourier .pectra of the point, the external

view photo and sectional view of the buildinq in which each .trollCJ..ation acc.l.rograph i.
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ift8U11e4••tran9 -Uaa nocmI8 an4 their 4ivitbe4 tabl... r.aponae ape<:tra of dialoca

tion. apee4 an4 ICcel.rationa.

f. .....1•• of the ,dDClipal auonv ~1on~. recozda

'l'able 4-2 aholf8 t:Mt noor4a Rich ba.. a ...t.a acceleration exceeding 100 Val.. and

f~ liloae recorda obt..line4 on the !at floor of foUDdation of the building. A!ao f~ the..

reco~ l11uatrat.d ue the data of the .UOl19 _tion eart.hq\Iake record obtained at

XAwa9i8hi-cbo ~t. of the Gec..ion of the .HVata BaI'thqIIab (June 16. 1964).

'1'hia eartbqv..ke ... the _t ailJllificant in the hbtory of .trong~ion .erthquake ob••r

vationa in J~, an4 the record of the .UOI19__tion accelel'OlJraph of Hiroo Town offie.

on the occuion of the Hitaka 8an4ei BarthquUe (July 21, 1970) tlhich recorded the lug•• t

acceleration u of thi. date.
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Ft,. )-1 Site. of Stro~-Motionseismocraph Stations for SMAC-Type
Accelerocraph•• - Ob.erntion Network or GrouDd Motion.
aDd Earthquake Respon.e. of Highway Bridg•• , Tunnel.,
nalD. aDd Embankments - all or March, 1974

LegeDd

• Station operated a. or March, 1974

o Station ell:pected in future., ...... \ t-+---r-
1---,~~.~
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Fi,. '-2 Site. 0' Stl'oq-Motioa Sei_orrapb Statioa. '01' Eleetro
Mar-tic Type Sei.mograph•• - Ob.eI'Yatioa network 0'
Ground motions and Earthquake re.poDses or Hirhway bridp.,
Daml and Embankment. - AI of March, 1974

i.e.-lid
• Station operated all or March, 19H

-0 Station eltpected in future
I • , ...... \ '

I \
I 1------..
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Fir· )-) Acceleration recorda at the ltajima Bridre durinr tbfl
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Acceleration records on lhe ground surface nearby the
Itajim. bridg., during the Bungosuido Earthquake of
August 6, 1968
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Fig. 3-5 Diltribution of Strong-Motion Oblervation Stations of .Iapan,
a~.,fMarch,1974

C. _

, ...

Note:
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Fi,. )-6 Proposed netwnrkll of StroD6-Motion Ob.eJ'Yation Stations
of Ministry of Construction, aa or March, 197-4

. ..

\
48 atations
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40 fttations'
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/. .....
i

A. " I
• in.talled, P.W. R.I.
'/( installed f B. R •I.
41 instaUation expected in 1977 F. Y• f

41 in.taUation expected in 1Q78 F. Y• ,
A inatallation expected in 1979 F. Y••
o Number with circle Illeans expected

atations in isolated islands

.
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Fig. 4-3

SYSTEM.'; POR STRONG t«lTION OBSERVATION IN B.a.l •
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Tab. 4-2 MAIN LIST OP ACCELER0GfW4S

(MAX. ACC. EXCEEDS I«lRE THAN 100 GAL)

DATE AND NA1'£
MAX.

EPICENTER DEPTH STATION ACCElSATION
OP EARTHQUAKE km gal

--
iBAlUG1-011 140.9° E

,
60.0 nNTO 601 Genken NS 175.0

E.2· 36.3° N kisho-
F.b. 5, 1~ shitsu Eli 105.0

-

NIGATA E.Q. 139.2° E 40.0 NIGATA Kavagish i NS 155.0

May 16, 1964 38.4° }II'
701 cho

apartment Eli 159.0

roItACH1-oI1 143.6° E 0 III 006 Hiroo NS 182.0
1.0. 40.7° }II'

May 16, 1968 Eli 165.0
p.'.

HIGASHIMATSUYAMA. 1]9.4° E 50.0 TOnO I.R.I. NS 106.15
E.O. 101-2)6.0° }II' (m-Q24)J_uary I, 1968 Eli 103.68

.-
I

~to I.I.S.E.E. NS 79.45.. " .. 116-2
(mOO2)

Eli 111.65

HIDAU-8UIIEI

I
143.3° E 60 III 006 Hiroo NS 412.0

E.O.
42.30 lIT

Eli IJ_. 21, 1970 437.0
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'1'IIE UNITED STATES ST1lCHG-JII:lTIC* NE'l'WORJ(:
rIELD OPERATIONS

Richard P. Maley
u. s. Geological Surv.f

San rranci.co, CaUforia

The national atrong-~tion in.tru.entation network operated by the Sei.mic &,gineering

Branch of the u. S. Geological Survey ia the ay.t.. e.tablilhed to record the strong

~tion. of dulaging earthquAke. in the United Statea. FrOlll the original 50 C5GS Standard

inaeru..nta inatalled in the 1930'., the n.twork haa expanded to more than 1300 accel.ro

qrapha, with 9 diff.rent ~la, located in 3S .tate. and 9 Central and South A.aericen

countriea.

The network operationa .ection of SEa conduct. thr.e interrelat.d field proqr... :

in.t~nt inatallation, routine ..intenence, and earthquake record recovery. At the pre

••nt tt.. the large ..jcrity of inat~nt. being inatalled are .elf-contained three-com

ponent aceeleroqraph. that record on 70-_ fila. Some remote-.en.or acceleroqraph. a'ce

al80 being located on .tructure.. PJutine maintenance intervals have been lengthened from

2 ~nth•• few yeer. ago to 4 montha, with the exception of a trial area in Lol Angele.

where a 6 ~nth interval i. now in effect. The higher reliability of modern inltrumentation

haa ..de thi. flxtended ..intenanc. achedule po••ible. As the network expand., it may be

nee••••ry to develop a -..ete Interrogation Sy.telll to provide a method of determining ~he

criterion of the inat~nta' vital function. by t.18lletry. After ai9llificant. earthquAke.,

SEa personnel p~tly coll.ct and develop earthquAke recorda and attach permanont label.

providing eufficient data for moet analyee.. The record. are then tran.mitted to the data

aan&g...nt .ection for further proce••ing.

ley Worda: Ac:c.lerorr.pha; Earthquake Data; Earthquake Recorde. Field Statione;
Strona_tion Network.
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Introduction

In 1932 th& United States Coast ~ Geodetic Survey (C&GS) inaugurated a program of.
• trong-~tion geis~logical work desiqned to furnish the engineer and interested others

with data considered essential to the design of earthquake resistant structures (Cloud. 1964~

The re.ponsibility for organizing an instrumentation network to achieve this objective was

assiqned to the Seismological Field Survey (SFS; in San Francisco. California, the prede

ce.sor to the current operating unit, the Sgismic Engineering Branch (SEB) of the Office of

Earthquak~ Studies. U. S. Geologi~al Survey (USGS). The program was initiated with the

installation of nine low-sensitivity short-period seismographs (acceleroqraphb) in struc

ture••elected for special studies by local engineers. Less than 8 months later instruments

installed at Los Angeles. Vernon and LOng Beach recorded the disastrous 1933 Long Beach

earthquake. These first useful records of damaging earthquake motions showed amplitudes as

large as 0.25g, thus justifying the program and furnishing the impetus ,"or additional effort&

consequently, the network was rapidly expanded to 50 instruments located principally in the

San Francisco and LOs Angeles areas ~ut extending to other seismic regions of the western

United States as well. The principal instrument used in this network was the strong-motion

acceleroqraph designed by the C&GS in cooperation with the u. S. Bureau of Standards.

During the period 1936 to 1963 the program wa~ marked by a gradual improvement of

instrumentation and methodology and a slow increase in the total number of strong-motion

seismographs. Over this period SFS developed numerous innovations that were subsequently

incorporated into t-he existing instrumentation. These inclUded among others, the design of

a unifilar accel~rometer, a strong-motion nisplacement meter, and light-tight recording

assembly. Becau~e the original acce1erograph was relatively large and required extensive

..intenance at frequent intervals, the network was incre~led by only 28 units between 1~36

and 1963.

In 1963 the first commercially designe~ acceleroqraph fe~turing numerous engineering

and electronic improvements was marketed in California. This instrument overcame many of

the inadequacies of the earlier accelerograph and consequently ushered in an era of sub

stantial expansion in the stronq-~tion network. Wit,. the development of several newer and

le8s expensive instruments in recent years, the network has continued to enlarge at an

accelerating pace. Between 1963 ar~ the present time the number of acceleroqraphs increased

fro. 70 to approxiaately 1300. Instrumentation is now located in 35 states, including

Hawaii and Alaska, and in 9 Central and South American co~.tries (Figures 1 and 2). Because

of the expanded network, field offices have been established at Los Angeles, California, at

Las Vegas, Nevada, and at Columbia, South Carolina.

Fro. its inception, the program has received the cooperation of numerous outside

organizations and individuals. In the early years, housing and facilities were pro~ided by

private and public organizations, and in recent years, a large number of accelerographs pur

chased by other organizations have been incorporated into the network. In fact, more than

900 of the accelerographs installed since 1963 have been included through the cooperation of

two federal agencies (the Corps of Engineers and the Veterans Administration), two btate of
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California agencies (the Division of Mines and Geology and the Df'partment of ""tar Resourc_).

and the numerous building departments whose codes require instrum~ntation at various levels

of high-rise buildings. The building code requirements were initiate~ in 1965 when the

citi~s of Los Angeles and Beverly Hills passed ordinances requiring three accelerographs in

newly ccn~tructed buildings over six stories high with an aggregate floor area of 60,000

square feet.'r IlIOre, and every building over ten stories high, regardless of floor area.

This requirement became IlIOre wide-spread when it was adopted by numerous other cOGmnUlities

in California as a result of being included in the app~ndix of 1970 Uniform 3uilding Code

(Maley and Dielman, un~ublished data). At this time, approximately one-ha~f of the total

number vI accelerographs in the network are those in high-rise buildings.

Operation of to:.e Network

Instrumen,~;~n. The majority of accelerographs in the USGS National Netwr,rk are the photo

mechanical type. Each instrument contains accelerometers, 'trigger, timer andrecorderB all

housed in one instrument case. The typical accelerome~~· is a pendul~ wi~h a mirror de

signed to reflect a beam of light on to translating phol?9r~phi~ ~iim or paper. Although

there are six different llIOdels of this type in the network, only twe are stiL. in general

production, the Kinemetrics SMA-l and the Teledyne-Geotech RFT-350 (Table 1).

1) The Standard C&GS u~relerograph records on l52-mm (6 inch) or 304-mm (12 inch)

photographic paper. It is triggered by an 011 damped one"second horizontal pendulUIII that

makes an electrical ~ontact when displaced. The instrument has a fixed operating cycle of

approximately I minute and is capable of recording five or six separate events. several

disadvantages, other than its large size (33 x 50 x ll5cm] , include a relatively high

standby current, lack of an internal calibration system, and the need for a darkened room

to change the photographic paper. The instrUlllent has not been manufactured for several

years and is slowly being phased out of the network.

2) The AR-240, the first ~omparatively modern accelerograph, was designed and marketed

in the United States in 1963. It recorJs on 304-mm ph~toqraphic paper and is capable of

nUlllerous operations becanae th" supply magazine can acccmkXl.ate rolls of paper 23m (75 feet)

to 46m (150 feetl lung. The instrument is triggered by a magnetically damped one-second

electrical contact ~ndulum similar to that in ~he Standard C&FS accelerograph. The oper

ating cycle is electronically designed to allow continuous operation during an earthquake

and then for an addition~l 7 secon~~ after the last pen~ulum contact. There is an internal

calibration system that may be actirated by switches on the outside of the case thus

allowing the easy recording of period and damping at each inspection. Light-proof supply

and take-up ma~azines prOVide fur the retrieval of records in a lighted room.

3) The MO-2 acceleroqraph has a fixed 47 second operating cycle and is capable of

registering a maxUnum of nine distinct events. It records on 35-mm film and is triggered

by an electronic vertical star'~r that is nominally set to intiate operation a~ .Olg. The

instrument has no internal cal{bration system. Records ftre collected in a light-proof con

tainer, although with some difficulty ~cause the film mus~ be mechanically rewound after

recording an event.
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4) The RrT-250 operat.1 .imilar to the pr.viou.ly de.cribed AR-240 but i.~l

_ller and record. on 70-.. film. IlIIProv_nts includ. the elimination of .tandby current

drain and the incorporation of I.aled r.charg.able batteri.. into the ift8tru.8ntl baae

plate.

5) The RFT-350 is a re-engineered version of the RFT-250. It po••••••• belieally the

_ characteriatici except for the add1.tion of an electronic "OImitrigger" that feature•.

•a coabination of three triqqerinq tran~ucer., two horizontal and on. vertical. The

.tarting threlhold level i. adjustable but i. normally aet for .Olq.

6) The SMA-l, a relatively _11 acceleroqraph (20 x 20 x 31e-), r.corda on 70-_ filat.

It haa the uaual feature. of modern .tronq-motion in.trUDentation including light-proof

film supply containen capable of holding 23 III of fila. an operate cycle that continue.

6 to 20 second. after the la.t triggering pul.e, internal .ealed batterie. and a .t.ple

calibration lIy.t_. 'l'he in.trlDent ia tri'lgered by a vertical tranedl.\Cer calibrated to

.tart at .Olg between 1 and 10 Hz. An electrical contact l-.econd pendulWi ltarter il an

optional feAture. Approxilllately 30 SMA-l'. now in the field are equipped vith WWVB radio

receiver. that iJlpre•• real tta. .ilJDall (GMT) on the record. Becaun the identification

code appears on WWVB once each .inute, it il nece••ary to have a aint.um 70-aecond operating

cycle on the.e inatrumentl to .ssure recording of the coaplele code.

Recently aeveral acceleroqrapha utilizing remotely located unbounded-.train-qage or

force-balanced aecelerOllleterl have be~~ in.telled in the network (Table II). Tb& tranl

ducerl are encaled in _11 metal boxes ideally luited for lDOunting in relstively un-

aece••ible locations, ~uch as in the~t of earthfill daaa or on a particular fr...

~r of a building. The incOllling data are tranam.tted by vire to a centrally located

recorder for amplification and .igna! filtering. The lignall are thel' ..nt to a bank of

galvanometerl where the deflections of a light beam are r.gi.tered in the ulual manner on

tran.lating photographic fillll. Senaitivity of the ca.ponents, although adjustable, is

normally s.t to app~xilllately 1.9 Clll/g, limilar to the 70-.. fila recording acceleroqraph••

The adju.table triggering threlhold i. set for .Olg and il accoapli.hed by either uaing a

.ignal from the accelerometer. or by .eparate starterl •

..... an optional feature, a digital delay .emory (DIlM) may be incorporated into the

.ylt.., thus allowing the reco::ding of data frCllll to'le tranaduc.rl prior to actuation of the

r.cording unit. The DIlM continuouI17 .cniton the tranadueer output but recordl the data

only if the lignal prov•••tronq enough to trigger the in.t~nt. Since the data are

continuou.ly ltored for a .hort prelet i·,t.rval and di.car4e.1 if not aiqnifieane, it i.

poI.ibl. to r.cord the .ntir. earthquake froll a t1Jle .hortly before the P_av. arrival.

The pre_ne photo ...chanical acceleruqraph will mi•• the initial P_live .ation and fre

quently vill not trigger until the S-wave arrive.. The DDM functioned _11 during te.ein9,

and • aix-ehannel unit hal recently be.n incorporated in one of SD'I record.n for fi.ld

.valuation.
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Instrument In.tallation.

Prior to preparati~n ~f a site for installation of one or more accelero~raphs, the SED

consults with t:.n .l.'lstrwhent owner to see that proper facilities are available. Reco_nded

site crit.eria include the following: (1) housing tl.at provides ample room for routine

maintenance plus protectio~ from weather, flooding and human interference, (2) a concrete

pad or floor (well anchored to underlying soil or rock if at ground level), (3) an electrical

outlet for a trickle charger, and (4) the correct shielded interconnecting cable if more

than one accelerograph is to be inst;,Ued.

After station preparations h"v. ~l!en completed, the instrument is set in place by

.1riving a self drilll g anchor into tl:~ concrete and bolting the unit securely tv the floor.

Both the SMA-l and Rf~-'1Q. the only self-contained accelerographs currently av&ilable, are

mounted by a single ancho.l. that passes through the center of the base plate. Instruments

installed in a structure ~:e normally aligned with the horizontal accelerometers parallel

and transverse to the st:'ucture's axes. Those located along major fault zones AS free-field

instruments are sit'.,ated with the horizontal components parallel and transverse to the trace

of the faUlt.

A trickle charger is connected to the batteries to assure mainten~~ce of proper charge

level. When no electricity is available or it is not economically feasible to bring in

electrical lines, a solar panel is installed to supply the trickly charging function.

Although modern instruments have an event indicator that reveals whether t~iggering has

occurred. an external counter is also attached to show the number of operations between

inspections.

When all adjustments have been completed, a test is conducted to record the alignment

of traces and the period and damping of individual accelerometers. This record is returned

to the office for developing, calculation of instrumental co~stants, and permanent storage

in the station file. After the instrument cover has been replaced, a similar test record

is put on the film so that calibration data will always precede any earthquake record.

The final procedure at installation is to fill out an inspection form pr~viding both

information relevant to the instrument's functioning conditio~ (battery voltA?e, lamp

voltage, etc) and scfficient details to determine the station location, accelerograph

orientation, local contacts and access to the site (Figure 3). This information is ueed by

I;he technicians to fill out access sheet5 that "e Liter put in field notebooks 50 that any

SED member may independently enter the station to service the instrument or recover

~Arthquake records (Figure 4),

PhotographS are normally taken before leaVing the site to show the instrument in

place, it5 housing, and the major structure associated with it.

Routine Instrument Maint:.~~

At set intervals one of the SED techni-:ian·. ';'"l,ts each accelerograph station and in

sFects the instrument to see that all co~~ne)~~ are operating properly and to make any

adjust:lo1ents and changes required to keep t"" equipment functioning at its maximum effi

ciency. The following procedures are carried out 'luring an inspection:
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1) Check the event counter for poaaillle operation.. If it rude an~ing other

than oro, tha potential record i. recove;e4 a. thOugh it veta frca an earthquake.

2) If the ti~ .upply indicator .bov. that 1••• than balf of the filM r~in., it

i. rep1acr.d ~ith a new roll. In any .vant. the filM i. r.placad at interval. of ~ry two

yean or 1e.. ~penc!ing upon the heat and hlaidity in the in.nu.ent roe-.
II Manually diaplaca the triqq",r pendu1ua to __ that it .tart. C'" aCGl.1erOCJraptl.

41 Oba.rva the light trace. to ..a that they are on tha collilllatinq lena at the

correct leve;!. and that they are apaced at de.itn&ted locations aero.. the filM.

S) Vi.ually check the data txace. for duFing deUections and free periO'1 o.cillation••

6) Hot. wheth.r the tiM ..rlc.r .oleooi4. ar. deflectinq properlj'. Sinc. the advent

of cry.ta1 regulated tt.er., it i.e ..l~ n.c....ry to MIte regular te.ta of the tiJae rate

accuracy.

7) Mea.ur. the charg. currant with the in.eru-nt on .tandby and the batt.ry load

voltage Whil. the accel.rograph is running.

8) Mea.ure lup current for the IIOlIlinal -:.perating value.

9) Wher•••V8ral in.trument. are interQCJnnected. verity that tiJDinq and .tarting dg

nala are being tranaaitted between the variol:. unit••

10) Check inat~nt. with a WVB radio receiv.r for radio r.c.ption and an _re••ed

aiqnal on the tiJae ..ric sol.neida.

After the.. procedure. bave been COlIIPl.te4. an in.pection fora (1'1qure 3) 18 prepared.

The in.pection forJU con.ht of four copy NCR paper 110 thet one duplicate ..y be left with

the in.tnment, the .econd in the .eation f11e., the third with the inat~nt QIoIner, and

the fourth in a ...ter file at SIB'. main offIce in san Franci.co.

There are T large n.-ber of problllU that ..y be ob••rved during an inapection. but

BIO.t of the.. are aloor and incon.equential to the efficient acqulaition of .trong-lIOtion

data. SolIe of the -are .erioue ..lfunctiona th4t caus. total in.er-tal 'aUure or

jeopardize the recording .y.tea are .~ir.ed in the following paragraph".

11 Loo.e in.er-t -auntin.. • Frequently the anchors illbedded in concrete loo.en

after instaUation resulting in a 100.. instnment within the nut _veral IIOntbs. Ile

tightening the anchor nut eltainat.s this probl...

2) Blectronic brealc6ovn. 11 n.-bar of acHeS-state failure...y occur including thoa.

"ith1.n circuit br·uda regulatlnq the tri9qer and operate cycle. In the fint instance. the

in.tr~nt will not .taJ:t and in the HCOne! in.tance, the in.t~nt will not turn off

..fter havinq been triqqered. Other failure. haV8 occurred in circuit board. geveminq the

IIOtor drift, tiJae pul.e g.nera~r, and calibration .y.~. The in.pecting technician

carries a .upply of th... co-ponent. in the field and can readily replace the ..lfunctionin;

un!t. when th.y are diacoftred.

3) Power 10... P~r 10•• ba. ~n a ..jor lonq-.tandinq probl_ with stron9--aticn

a..:".!l.eroqraph. but of a diainishinq nature since _11 trickle charger. _re in.talled

on the batt.ri•• efter SitS'. experience. in the 1971 San Fernando earthquake (Mal.y, 1971).

SCleIe of the prob~ thet r_in are the occedonal breakdown of charqer., norMl battery

".



tailure, 10•• at electrical power and .ub~nt charge current, and the corrosion of

battsry terminal connectors.

4) Mechanical _ladjus~nts. The 1-..con4 horizontal pen4wlua starters _y be~

ottset and if this is sufficient to make the .lectrical contact, the instru.ent will trig

qer and not turn off until the batteri.s have qone dead. The electronic vertical starters

ae-th~s saq until they co-. to nst on their lower stops.

Other probl... in this cateqory include trace drift that _y result in total loss ot

one or _re channels of data, the loss at t~ mark eelenoid deflections rellultinq in the

~s.ion of tt.e siqnals on the recor4, and ea-plete or partial failure of the fila drive

meha.li•••

5) Enviro~ntal probl.... Exces.ive heat and hwaidity _y cause illlpairaent ot the

Do~l in.t~ntal operation. OCcasional floocUnq has occurred, re.",ltinq in total 41s

abl...nt a. well a. an expensive repair bill. Human interference is alee a probl..,

SOMtt.e...rely frOlll the curious but at other tiae. frca vandals bent on 4e.truction. In

one instance, a locked accelero<;raph build1nq was broken into and the inst~nt pried off

it. _unt nq and then thrown into an irriqation canal.

Mo.t of the.e proble.. can be handled ta.ed1ately 4urinq the inspection, but when

field repairs are not ~xpe4ient, the instruDent is r.-oved and taken to a SEB .hop for

renovation.

Until the ~d 1960's the national network con.isted chiefly of Coast and Geodetic

Survey Standard acceleroqraphs and a lesser number at AR-240's. At that time it was

particularly important to see that each instruannt wa. kept in qood operatinq condition

because there were relatively few station. to re~ord anyone earthquake. Since the exist

inq acceleroqraphs were slightly less reliable than those developed in recent years, a

~~ inspection interval of 2 months was considered nece.sary to obtain a hiqh data re

turn. As the n.twork was rapidly enlarqed by the influx of newer and more reliable in

.trument., the inspection period was lenqthened to 3 months. Even with this quarterly

schedulinq, it was impossible for the liaited SEB staff to keep up with the accelerating

nu.ber of new installations and inspections required.

After a 1974 study of Illaintenance procedure. in the network, that was by now heavily

wei7hted with highly reliable instrumentation, it was determined that the service interval

could be further lengthened to 4 months with nc significant decrease in operating effua.nc~

The entire network is now being _intained at 4-month intervals eT-cept where charqers have

not yet been installed and for more than 100 bUildinqs in the Los Angeles area a te.t

is being conducted using 6-month 1nspections. This excludes scae more critical or trouble

prone stations that are serviced more frequently. Should this test prove succe.sful, SEB

intends ultiaately to convert the entire network to a 6-month _intenance schedule. Be

cause a larqe part of technician time is expended in simply traveling to the stations, the

less frequent inspection interval provides for more tias to be used in servicing the

ins~nt, thus resulting in better performance. This trend wa. indicated by the 1974

study of _intenance proc~dure8.

IV-41

..



SEa is striving to achieve a 9~' success rate in keeping the instrumentation opera

tional. This se... to be a desirable goal vhen one considers the unpredictdble recurrence

interval for strong earthquake motion at any p5rticular location. An instrument may re-

..in virtually idle and not record impoctan~ data for 20 years, but vben an edrthquake does

occur, if the instrwDent is not operational, a unique opportunity for recording damaging

.ation at that site may be lost. The extremes in significant recording intervals are

shown by Long Beach, where an impor~ant record was obtianed 8 months after the instrument

vas installed (only several records of minor importance have been obtained subsequently),

and San Diego, where no significant record has been obtained in the 41 year history of the

station. The necessity of keeping instruments in good condition in the eastern United

States i~ nf even ~reater importance because the probability of a damaginq earthquake

occurring in any period of time is considerably less than in California.

A longer inspection interval will help keep pace with the maintenance of a rapidly

expanding network for some time, but if in the next several years the number of accelero

graphs doubles or triples, s~ alternative methods must be con.. ·.dered. One that perhaps

offers the most promise for the future is the development of a Remote Interrogation

System (RIS) to determin~ instrument operating capability by a telemetry link to a central

control unit.

The development of a RIS could allow maintenance personnel to remotely interrogate

any accelerograph for the condition of vital instrument functions such as proper triggering,

bAttery voltage under load, amount of film remaining, and the number of events recorded.

The interrogation could be preprogrammed to cover any set of stations or manually operated

to select an arbitrary 9roup of stations. SEB technicians may effectively inspect the

network at frequent intervals and yet D~ke actual on-site field maintenance visits only

vben serious malfunctions are observed. It is anticipated that other than such required

maintenance trips, each instrument would be thoroughly serviced annually.

A second function of the RIS would be to querey the event counter of any selected

group of instru-ents after a local earthquake. Although most felt earthquakes a~e not of

engineering significance, records at a particular site may be of. special value to some

enigneers, geologists, or seismologists. The event-counter interrogation would SImplify

the recovery of such recorda and wo'lld, to some extent, define the time of occurrer.ce of

minor earthquake records that are collected during routine servicing.

aesidos its obvious advantages, the RIS would pay for itself over a period of years

by reducing the mean annual maintenance costs, primarily that of travel and manpower. As

the system become operational, it would allow an increase in the network size whiie per

mitting more effective use of personnel.

Earthquake Record Recovery

fost earthquake procedures in the handling of records cover three broad phases:

1) the actual retrieval of records from individual instrument sites, 2) the photographic

development of records, and 3) the labeling of the records with sufficient data for most

routine analyses. Because of the large number of small earthquakes that occur in California,

tbiF is nearly a continual process although at a substantially lower level than after

IV-42

\.



a liqnificant event.

A calual r.vi.w of the nu.ber of recorda obtained 4uring _ ncent earthquakea above

the _gnitu41 of the recovery and c!oc:,..ntation that will be required during future larv

ahocka. In 1968, 114 recorda _re obtaine4 f~ a Mgnitude 6.S earthquak. that occurred

210 ka from Loa Angelea. DUring the 1971 San F.rnanco .arthquake, 241 accelero;r... and

at l.aat 100 afterahoc:k r.corda _re r.cord.d. Tha -9"itude 5.9 Point M\ICJIl earthquake in

1973 prod~c.d 318 acc.leroqraph recorda. Even the recovery of l ....r inter••t r.corda,

.uch a. from the Point Muqu .arthquake, pre.ent. a for-idable ta.k.

The interrOllation systelll proposed above will be of con.iderable a.ai.tance in record

recovery as it may be used to monitor in.trument operationa aft.r locally felt .arthquak••

that otherwise are not damaging and of relatively little aignificance. For in.tance, fre

quent .maller earthquake. are felt in the Loa Angele. area, but it ia t-po.aible to deter

Iline which in.trumenta have been tri'1gered without actually v1liting each lite.

Conaioecing the pre.ant aiz. of the network in lOuthern California, an .arthquak. in

the magnitude 6.5 range near Lo. Angele. would re.ult in 700 original recorda and at l.aat

200 after.hock record.. It i •••timat.d that aome 3,500 f ••t of data would be at.ultan.

oulay obtained on a vari.ty of recording media, i.e., 152-mm and 304-.. photoqraphic

paper and 35-mm and 70-mm film. To collect, develop, and label auch a large .et of recorda

from a single event is • project of .ta;qering proportion., particularly when a large

amount of time must be allotted to dealing with the inquiriea from engin••r., .ci.nti.t.,

and public officials. For .xample, it took nearly 4 _eks effort by the .ntire srs

ataff just to collect and develop all the recorda obtained during the Sanf.rnando .arth

quake.

After an earthquake, SEB fie14 per.onnel proc••d to the .picentral area aa rapi4ly

as po••ible to retrieve records and return the instrumenta to th.ir pr.-earthquake condi

tion. They carry sufficient provisions nee4ed for exten.iv. recovery, eapecially 1011514

film and paper magazinea to replace those that have subatantially r.duced .upplie. becau••

of the earthquake operations. Upon entering the .tation the technician will check the

si9~al counter, put calibration data on the record. and advanc. aufficient film into the

take-up magazine to assure protection from light when the instrument is opened. The re

cord 11 then removed and labeled (etche4 on rilJll or written on paper) with the station n_,

acceleroqraph serial number, date of record recovory. and date of earthquake. if knoWn.

Finally, the acceleroqraph is restored to its normal operating condition ~.~ the counter

r .... t to zero.

The records are returned to the local SEB office for photographic proceaaing. In the

pa.t, this has been accOlllPl1sh.d by light developing becau•• of the inltt_nta' variable

lamp intensity and the fOssibility of accidental fogging during record recovery. Conaid

ering the potentially large number of records from future earthquake., some effort il

being expended to provide automatic devJloping procedures. A paper accel.roqram proce.80r

is being tested that will develop, fix, and dry the records in one operation. A 70__ fila

dryer is now in operstion, and the use of complete film proc••aing syst... are beinq

investigated.
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Aftec a._los-en~. tIM nooZ'd8 ace tellp)r_Uy l...,led by affiaill9 a~ aticker

with tIM ata~ion _, tn.u--n~ nUilber. end elate of :'.. <oarthcr'.,... P.zwanen~ labela ar.

laur~ br typiftlJ tIM followint iafom.Uon on _U.-finiah 1IY1ar plaatic I nation

_. pe_t ateUon nWlber, ilwu-~ type an4 ..rial nu.ber, data or Ur1:bqU&ke in

both GIft' end local ti.., end the playaieal cona~ta of the individual ~.nta incluclin9

odenution......ith'ity. period aDd dMp1n9 (r19\11:_ 51. 'fheee l&1»la _. apliced direcUy

to the od9inal noon. no~lly juat in fEOll~ of the pn-ea~ calibration data. The

~r4a __ then Uanaf.r~ to "'. data ~;'lt Hetion for the production or db

tdbution copi.a end aubHquent proettaaing 1Ir.c1 ana1yaia.

ACltllClWlZIlGlIllft'S

'rh£ a~tion pEOCJl''' con4ucte4 by the ..i ....c Bn9inaedll9 Branch. U. s. GeolOClical

Survey 1& auppol"te4 by lIat10ftal 8ci_ roundation ¥&nt (1ISI'-c.u141. '!'he author 1& in

dat'te4 to the ataff of the "iaalc ~~dll9 kancb wtlo providacl n~1'OI1a valuable aU99••

tiona dudll9 the prepu-ation of tbi. PlIIIeI'.
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U. S. GEOlOGICAL SURVEY
SEISMIC ENGINEERING

STATION 11611 SaD Vicente Ihd.

GATF 6-S-74

STATION I ...:8~7S~_

CITf Lei Aplile.

PHONE 126-0889

AOOItESS

CONTACT

POSITION
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sin 1416 Ioof(11) T-

ORIENTATION VERIFIED

S 85 I

Yee

DESCRIPTION EIlter pIalf. fro. rur. GroUDd - enter ace. rooa fro.

drlwva, to 'fOUDd 11".1 PIal&. (San Vicente tide). 6th - en Clnual

core e.. t of ,I. Roof - ,I. to 10, RIl ltelrl to rOQf, 3rd door
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Vi ••

•••1

Figure 4. Typical accelerograph station access sheet.
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Strong-Motion ~~~a Management

by

Christopher Rojahn
u. S. Geological Survey

San Francisco, Calif~rnia

ABSTRACT

The Seismic Engineering Branch (SEa). of the Office of Earthquake Studies, U. S.

Geological survey, is funded by the National Science Foundation and is responsible for the

development and maintenance of a national network of strong-mocion instruments and for the

processing, management. and dissemination of data obtained from those instruments. oata

management is central to the entire strong-motion program, it serves as a focal point for

the functions of archiVing the records, processing the data. and disseminatjng both the

data andinformation about the program to the user community. In the archival phase, all

records are stored by station and cataloged both by event and by station. In data pro

cessing, all significant ground and basement level records ar~ digitized after which the

raw digitized data is used to generate the following. uncorrected acceleration time

histories, velocity and displacement time-histories, and various forms of frequency domain

spectra. Both SEa and the Environmental Data Service of the National OCeanic and

Atmospheric Administration are involved in the data and informati~n dissemination opera

tion. Each organization distributes data. whereas SEa is solely responsible for the

dissemination of information about the strong-motion program. Various u. S. Geological

Survey professional papers and circulars are the primary media through wh~~n the latter

function is accomplished.

Key Words: Accelerographs; Data Processing; Earthquake Records; £trong-motion Date
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:S:r-'~roduction

The Seismic Enqineering Branch (SEB) of the Offic. of Earthquak. Studi.s. U. S. Ge0

logical survey (Department of Interior), is r.sponsible for the d.velopDent and ..intenance

of a national n.twork of strong-.ation in.trument. and for the processing. storage. and

dis.em1nation of data obtained from those instruments. In ord.r to carry out thes.

r••~.n.ibiliti••• SEB concentrate. its .ffort. on the following activiti•• : progr..

management. n.twork d••ign. n.twork operation•• data management. and r ••••rch and Applic.

tion.. Dat. management. the .ubj.ct of this paper. i. c.ntral to SEB'••ntir••trong

motion program. It ••rvE••• a foc.l point for the functions of (1) .rchiving the records.

(2) proc.ssing the dat•• and (3) dis£eminating both the data and information about the pro-

gram to the engin.ering s.ismoloqy r.s.arch community, ~. »tructur.l d••iqn c~ity.

and r.gulatory .genci•• at the Feder.l. State. and loc.l level.. All three functions are

di.cus.ed in d.tail in subsequent portions of this p.per.

Background Information

SEB's data man.gement functions were first outlined in a proposal submitted to the

National Science Foundation (NSF) in July 1974. During the ye.r prior to th.t time. SEB

oper.ted under g.n.rsl NSF funding in a transitional stage during which its r.sponsi

biliti.s and functions w.ee formulated and defined in det.il. Befor. that, (i •••• up

until MAy 27. 1973. when SEB was foxmed as part of the u. s. Geological survey). the

office existed .s the SeiSllOloqical Field Survey (SFS) in the National OCeanic and At.os

pheric Admini.tration (NOAA) of the U. S. Department of Commerce. In gener.l. the SFS had

fewer responsibilities, a smaller .t.ff. and substanti.lly les. funds. In particul.r. the

data man.gement function WEl. the re.pon.ibility of NOAA I s Environmental Dat. Service (E05).

As. result of the Tuly 1974 propos.l, NSF awarded SEB a grant of $700.000 annually

to develop and .r,.uae "'·-LJ: sry respon.ibility for the U. S. strong-motion program. The

funding WI.. appIJved in principle for five years and will be increasdd arLnually in

accordanc. with. nominal inf1.tion f.ctor. Of the tot.1 annual amount. $240.000 h.. been

allocated for data managemer.t (FY 1975). This level of funding has enabled SEB to acquire

three additional staff members in d.t. man.gement. Consequently. in addition to the pro-

ject chief. there are now six person. working on data management--one geophysicist. one

mathematician. one comput.r specialist. two phy.ical sci.nc. technicians. and on. clerk

typist. In contr.st. there are 16 persons ...igned to other SEB project. (22 etaff ..-bers

in total).

In its pr•••nt fom the n.tional network of strong-motion instruments contains

approximately 1300 acceleroqraphs located primarily in california but also throughout the

remainder of the sei8lllic.lly active areas of the U. S. The instruments are owned by

Feder.l, State. and local agenci.s. univ.rsities. private firma and individuals, and other

ind.pendent groups. SEB .cts •• the prilllary coordinator for the d.v.lo~nt and mainten

ance of tr.e entire network and ..s~s over.ll r.sponsibility for record collection. record

archiving. d.ta analysis and data di.semination.

At pr.s.nt. the v.st majority of inslr~nt. in the network .re triaxi.l optic.l-
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..chanical acceleroqraphs that record three strong-motion traces per record. ~ng the new

installati~ns. however. are remote recording syst... that record ap to 12 .tr~ng-motion

traces per record. In addition. direct digital recording system. are also expected to be

inat.alled in the near future. The.e differences in the types of recordinq syst... and the

n~r of traCes per record have made it necessary to de&ign a data management system that

can handle a variety of data fonlS.

Archival Syst_

As of December 31, 1974 approximately 3200 stronq-motion record. had been obtained

frca the national network of strong-motion instruments. Although the first record was

generated in 1932, the vast majority have been obtained since the mid-1960's, when the

number of instruments in the network began to increase rapidly. MarlY of the records are

on 6-inch and l2-inch (lS2-mm and 30S-mm) paper. a few are on 3S-mm film. but most are on

70-mm film. It is expected that most of the records obtained in the near future will be

on 70-mm film, a substantial number of others will be on various sizes of paper and film

(12-inch, 3S-mm, and others), and a few will indoubtedly be on magnetic tape.

The records ~r- archived by station, which is defined as the geographic location

at which an instrument(s) is (are) located (e.g. a building housing three instruments con

stitutes one station). There .re one or more storage containers (depending on the number

of existing records) reserved for each station. The 35-mm and 70-mm film records are

stored in 2 7/8-inch (73-mm)-hiqh, 3 3/4-inch (95-mm) inner diameter light-weight metal

canisters; the larger film and paper records are stored in lS-inch (38l-mm)-10nq, 2 7/8

inch (73-mm) inner diameter medium-wall cardboard tubes. Each container is labeled with

the station name (address or structure title), assigned station number, and date of

event(s)t1 records stored therein. Measures have been taken to ensure that the archival

rooa 1s as fire-proof as poBsible.

Prior to permanent storage, the records are labeled, and high-quality diqit1zable

mylar copies ar~ made of all thoBe considered significant (in general, ground or basement

level~ having a maximum acceleration greater than, or. equal to 0.109).

Beginning 1n middle or late 1975, one mylar copy will be sent to each of the following.

the SEB ~ranch office in LoB Angeles; the California Institute of Technology in Pasadena;

~e Environmental Data Service, NOAA. in Boulder. COlorado; and the instrument owner. All

other records are archived without being copied unless there is a specific request to do

so.

One other important part of the archival process is the preparation of an "event and

station information ~ard" (fiCJUre 1) for each strong-motion record. The card is prepared

as soon as a record is received and contains all pertinent station and event information,

instruments constants, maximum accelerations and epi-central distance. One copy is

filed in a station file. and A duplicate is placed in an event file. Eventually, the

information from both files will be published in catalog form and will be made available

on a computerized data file that ~a~ be queried by remote t~rm1nal.
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~ Proce••ing Sy.t_

SEB'. data processing sy.tea is evolving tra. in-house devel~nts,but -uch of it is

patterned after the .ethcdology developed by the California Institute of Technology (CIT)

during the digitization and analysis of the February 9, 1971 San Fernando earthquake

stron'rlDOtion records (1). Prior to the _ard of the 1974 NSF grant, S£8's data preee..ing

syst8lll WI'S smaller in scope thouqh siJIilar in fora. Pre.ently. it is being expanded to

handle a large volume of record. in a relatively short time.

As a matter of cours., SEe plans routinely to process all significant ground and baae

_nt level recorda. The proces.ing of each record can be subdivided into several pha.es.

record digitization; conversion of raw digitiZed data to uncorrected datal conversion of

uncorrected data to corrected data and the generation of velocity and di.placement time

histories I and the generation of various forma of frequency domain spectra. Ph.... two

through four are aCCOlllPlished through the use of three cOlllPuters. a CDC 6400. CDC 6600, and

a CDC 7600. all of which are located in Berkeley, Californi& All cOlIlPutec programs are

submitted in batch or time-.hare mode either at Berkeley or via one of the r.-ote terainal

systems at the U. S. Geoloqical S~ey (USGS) computer center i~ Menlo Perk, California.

The first phase of data proce.sing (i.e. record digitization) i. not carried out in

house. Inlte~, digitization services are being procured from the following external

organizations: Dynamic Graphics of Berkeley, californial I/O Metrics of Sunnyvale, Cali

fornial and EDS/NOAA of Boulder, COlorado. Dynaauc Graphics uses a manual film-plane digi

tizer and is presently &ble to digitize both enlarged film and normal-sized paper recorda

on a routine basis. The system is partiCUlarly appropriate for tho.e records that cannot

be digitized automatically, that is, those records that are not well defined, are non

continuous, and have overlal'Pin9 tr'lces. Normally, the firm is requested to digitize all

peaks, valleys, and infleetior points at a minimum rate of 50 points per .econd. I/O

Metrics has developed an automatic, laser-beam. trace-following, fi~plane digitizer

and has .atisfactorily demonstrated its ~apabilities in a limited trial. Fil~ records

may be digitized directly, whereae PAper records Iftust be reproduced on 70-_ fibl before

digitization. The sy.teDI is Ec:Jl'ecially appropriate for well defined, continuous, non

overlapping traces, and is notable for it. high processing speed potential (the firm

estimates that it can accurately digitize an average-sized strong-.ction record in half

an hour). Normally, records are digitized in inere_nts ranging in width frOlll 25 to

50 micros. EOS uses an auta.atic faster-scanning, equal-increment digitizing sy.tem

(VISICON) which is capable of .canning a 12 x 25-inch (305 x 635-_) record at a aaxiaua

rate of 200 sample. per inch (approximately 79 samples per centimeter). Records digi

tized on the _ysteJll are currently being evaluated by SEB. It is anticiPAted, however,

the system will be satif'factory for processing bOth paper and enlarged film records. In

total, the three external organizations collectively provide SEe with the c~ility for

digitizing a large volume of records in a relatively short time.

SEB requires that each external organization submit its digitized data on ..goetic

tape or punched cards in a pre.elected format, and that it be accompanied by e full-.cale

plot of the data (e plot at 3x'. scale i_ al.o frequently required for film record.). Each

IV-56



plot then undergoes a quality control check whereby it 18 visually COIIIPArad to the original

record (or ]x's .eale copy) with t.he aid of a l __power _CJftifyinq lene. If the plot. of

the 4i9itiRd elata appeara to be truly repre.entative of its analog COWIUrpart the

cl1qit1&ecS data are .ccepted for sub.equent pt.aae. of procesdnq. It not, the original rec

ord 1:1 rediqiti&ad.

In the second phue of data proc•••ing, the r_ digitized data are converted to whet

18 referre4 to as -uncorrected data· (2). At this tiM, all paper or fila distortiona are

reeoved, and acceleration and tt.. are cro••-correlated in order ~o expre.. acceleration a.

II function of tt... 'l'tle final product i. pe~ently retained on either _qnetic tape or

punc~ carda (in the npar futurc. such data will also be stored on lIlicrotila ), on a

digital li.ting, and a. a tl8e-history plot.

tl\;.r1ng the third ph..e, uncorrected data are conv.rted to ·corr.cted elata- (3), and

velocit~ and d!.plac...nt curv.s are g.n.rated. InstruDP.ntal and baseline corrections are

first an-lied to obtain true ground acc.leration (corrected data). Si '91. and double

integration proc••••• are th.n used to gen.rate velocity and displacement time-hi.tori••.

Tbe data are peraan.ntly retained on either _gnetic t~ or punched cards (in the near

future, such elata will also be stored on microfil.), on di'1ital listings, and in plot

fora.

During ~ie fourth and final phase of data processing, various foras of frequency

doaain spectra are generated. Alon'1 these are the spectra routinely calculated and

plot.ted by CIT (4, 5) during the processing of the San Fernando earthquake strong-action

records. aaxt- relative v.locity response .pectra (figure 2); relative di.plac_nt,

pseudo velocity response, and pseudo acceleration spectra plot.ted on tripartite paper

(figur. 3); and Fourier .-plitude spec~ra (figur. 4). In addition, SEB has developed two

other fo~ of plots (6) that gbe .ubstantially more in.ight into the nature of .tronq

action I r.lative velocity reSpO:l3e enveloPf' spectra (fi'1ure 5), and t1Jle-duration spectra

of the response envelope (figure 15). All U"e foras of spectra are perll&nently retained

on digital l18tinq. and in plot fora.

~,~ Inforaation Diss.-J.nation System

Inforaation about the SEB stron'1-lIlOtion prograJll is disseminated solely by SO, where..

1:118 actual stronq-.otlon data are disseminated both by SEB IlJld EDS. EDS 18 the d18tribu

tinlJ agency for the uncorrected and corrected data generated by SO. Such data are lIl&de

available in punched card fo~ and on _gnetic tape (7 or 9-traclt). EDS also provid.s

analog copi.s of strong-action record. on 70__ film clip. (approxiaately ex' s reduction)

and Oft 35-_ fU. r.e18 (12'. reduction) and is being requested to develop the capability

to produce blue-line full-.cale analog copie.. Beginning in lIliddle or late 1975, SEB

will publish routine data reduction and analy.is results in a series of U. S. GeOl09ical

Survey prof.s.lonal paper.. It 1. expected that each profes.ional paper wl1l cover one

calendar year and will contal~ the following data for all .ignificant ground and ba....nt

level recorda generated in th",t year. uncorrected and corrected acceleration time

hi.tories, velocity ADd di.plac...nt time-hi.tories/ and the five fOraB of .pectra d••-
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eribed in the a.ction on data proceaaing. In Addition, sa al.e diatributea, upon request,

blue-line analO9 copies of all records not IMde available throUllh EDS.

Information about the stroft9--et1on pr~.. h diaa.-inatecS pr~ily thrOlll)b the

following publicationa, the "sei..tc EngineeriR9 Pr~r.. aeport,- a USGS circular pub

lished quarterly I "Strong-Motion Acceler09raph Station Locations LiatiR9,- a USGS circular

publiahed annuallYI ·StrOft9-Motion Acceleroqraph Station oeacriptiona- (tentative title),

a aeriea ~f uses prof.asional papera, and -Catalog of Strong-Motion Recorda,- tentatively

planned .. a joint USGS!NOAA publication (to be iasued as a USGS profesdonal paper). All

circulara are iaaued free of charge on requeat (the current mailing list contaLna ~a and

addroasea of approximately 2300 recipi.nta). The prof.asional papers receive a liaited

free distribution but can be purch..ed for a noainal fee.

The fint baue of the ·S8isaic EngineeriftC) Pr09r.. Mport- (7) waa publ1ahed in

Dece-ber 1974 a. u. S. Geological Survey Circular 713. It contains a listing of 1972 and

1973 accelerograph records and a deacription of the then-current atatua of the SEB atronq·

IIIOtion progr_. The second isaue, scheduled for publication in the spring of 1974, con

t~ina a liating of 1974 acceleroqraph recorda, two articlea by SED staff ..-bers (one on

the Latin American and Caribbean strong-action proqrama and one on recent developaents

in strong-motion instruaentation),and notea on record corrections and the availability of

strong-lIIOtion data. Future issuea will contain aiailar information with all liated data aa

current .. practicable.

The first iSSUB of the ·Strong-Motion Accelerograph Station Leeationa Liating" ia

scheduled for publication in mid-1975. It will contain the following data for all atationa

installed in the national network prior to January 1, 1975. atation nu.ber, location,

country, structure type/size, instr~nt location(s), coordinatea, and aaurce(a) for data.

The lilt will be routinely updated in the ·Seiamic F.1~ineering Proqr.. Report.· The

aecond iaaue of the liating will contain the a_ information for all atationa installed

prior to January I, 1976 and will be publiahed in early 1977. Siailar liatings will be

published annually thereafter.

The content and format for "Strong-Motion Accelerograph Station Descriptions- have not

yet been firmly eatablished, It ia probable, however, that the deacriptiona will contain

the following: location data including the geoqraphic coordinatea, road and topographic

_ps, and an exterior photograph, geologic data including a brief .ei..ic hiatory of the

uea, t!':e proximity of faultd, if any, a verbal description of ".he regional and local geol

ogy, cro.a-section(s), formation descriptions, and depth to water tablel and aoila data,

when available, including boring lO9a and _asur_nta of denaity, .tandard penetration

valuea, &na P- and S-wave velocitie.. If there i. " stnmture at the aite, each atation

description will (tentatively) include: typical plsn view(a. indicating lateral force

resi~ting elements, orientation, dimensions, and tbr cen~r of .... •~ center of rigidity

of each floor or 11I&•• ele_ntl typical aection (a) of '.he full atr'Jeture ahowing dt.an-

Bions; general design information (e.g., IIOJ( shapea and frequencie,,); and the aouree

where additional information may be obtained (e.g., the de.ign engineer).

It i. planned that the "Catalog of Strong-Motion Recorda- contain a liating at all
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acceleE'09Z'aph recordl Obtained frc- the national network of Itronq-.ction ineu-nte liDee

itl inception in 1932. R8c0rde wUl be Ulted both by event and by .tation abovint epi

cantral di.t&nce, aax~ acceleration whenever available, and varioue data .ource.. The

fr~ncy of publication hu not yet been eltabliehe4, but ie expected to be unU&11y,

biannually, or even Ie•• frequ.ntly.

The S&iaa1c EDgin..rinq Branch (Office of EarthquAke Studie., u. s. Geological

Survey) i. funded by the Rational Science Foundation and i. re.poneible for the develo~t

and ..intenance of a n.tional network of .tronq-.ction in.tr~ta and for the proce••i""

II&n&q_nt, and di.._inaUon of data Obtained frO&l tho.e inatr_nta. Data aan&q_nt i.

central to the entire Itronq-lIOtion progru, it .arve. u a focal point for the funct10na

of archivi", the recordtl, proce••inq the data, and di..eai.natinq both tne data and infor-

..tion about the prograa to the uaer ~unity. In the archival pha.e, aU reeord. are

.tond by .tati':)n and cataloged both by event and by ltation. In data proce.linq, All

.iqnificant qround and ba.e..nt level record. are diqit1l:ed after which the raw diqiti&ed

data il uled to ~enerate the followinql uncorrected and corrected acceleration tiM

hiltorie., velocity and di.plac...nt tUDe-hiltoriel' and varioue forae of frequency daaain

lpectra. Both SEa and EDS are involv~ in the d~ta and info~tion dil• .-ination operation.

Each organi.ation d1ltribute. data, wher.... SD 11 .olely re.ponaible for the d1l.eaination

of info~tion about the Itronq-lIOtion progr_. Variou. U. s. Geological Survey profel

lional paper. and circularl are the primary -.dia through which the latter function i.

aCCClIIpli.hed.

The author qratefully acknowledqel Chuck J:nudlon, Dick Maley, and Prits MlltthielOn

for their help in reviewi", and editinq thi• .aRuecript.
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BRIEP REVIEW OH LIQUEFACTICtI
DUUltG l::ARTHQUAlCES IN JAPAN

Eiichi Xuribayashi
Chief of Earthquake Enqineerinq Reeearch section

Public WOrke ....arch In.titute

and

Fuaio Tat.uoJta
Reeearch Engineer

Earthquake Enqineerinq Reeearch Section
Public WOrks Re.earch Institute

ABSTRACT

To correlate :''le actual liquefaction phenClllll'la and site conditions, a literature .urvey

~ut the liqIMfaction ph~na caused by earthquakes durinq the last century in Japan

vas perfo~d. A Uquefaction distribution .ap of Japan aM the reqional _pe of Xanto,

Hob! and Hokuriku are pre.ented and the factor. related to liquefaction are di.cuas.d.

Durinq the last century liqIMfaction in egb-soils have been observed at some hundred eite.

durinq ... earthquakes where the .ites _re liaited to alluvial deposita and reclaimed lands.

FurtheZW)re, it vas found that liqIMfaetion occurred repeatedly in different earthquake

&one.. The eetiJljated JMA intenaity eeale factor, at the liquefied site. vas· IIDre thar. five

which ..ana a~ acceleration of 80 to 250 q&ls. The extent of the liquefied &ones are

liaited. depend1nq on the _gnitude of the earthquake.

ley WOrd.: Alluvial Deposit.; Earthquake.; Bpicentral Distance; Liquefaction; settl...nt;
SoUs.
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Intnlduction

Most structural ~ge, caused by settl...nt or inclination due to liquefaction of

saturated aandy subsoil, has inevitably occurr4dduring major earthquakes. In accordance

with the prediction of liquefaction potential of subsoils, a nu.ber of research efforts

have been expended by _an. of laboratozy te.ts and in-situ testa. Meanwhile, cOl'relations

between the actual liquefaction phena.ena and the site conditions has rarely been investi

gated. Recently. case reviews on the correlation of liquefaction have been perfo~d at

several sites in Japan (Miyabe, 19]], Kishida, 1969, Ishihara, 1974 and Iida, 1974). Be

cause .any interesting facts have been obtained from these reviews, more reviews un this

subject are expected. This report contains the results ot a literature survey about

liquefaction phena.ena caused by earthquakes during the last century in Japan.

Liquefaction distribution maps since 1972 are presented first and the factors related

to liquefaction are then discussed. In the literature on earthquakes, which caused d&lll&ge,

there contains much d~scription of the liquefactir~ of the sub-soil. However, most of the

descriptions before 1868, the identification of liquefaction and its characteri_tics,

have been scientifically qualified. In the de9Cription, evidences of liquefaction in the

sub-soil ace given from i) water spouting with land or mud from wells or cra~ks in the

ground, ii) sand boils or land volcanoes, iii) excessive ,,,,ttle_nts of heavy structures

placed on sand layersJand iv) uplifting of wooden piles from rice paddy, or of caissons

under construction from river beds. About 150 papers or reports have provid~d information

on liquefaction during 44 earthquakes, al listed in Table-l.

Liquefaction Distribution Map.

Forty-four earthquakes have caused liquefaction of the sub-soil in Japan during the

past century. The epicenters of the earthquakes and locations where liquefaction has

occurred is shown in Fig. 1. The characteristics of the earthquakes, which include date,

magnitude, focal depth, epicenter location and the number of the deaths are also listed in

Table 1. Large earthquake magnitudes cause liquefactions in wide areas except for several

ca.es, a. Ihown in Fig. 1. Among the large scale earthquakes were No. 4 (Nobi), No. 12

(Gone), No. 15 (Kanto), No. 22 (Nishi-Saitama), No. ]4 (Fukui) and NO. 42 (Niigata) as

shown in Table 1 which caused wide distribution and violent liquefaction of the sub-soil.

Moderate scale earthquake., No. 6 (Shonai), No. 8 (Rikuu), No. 16 (Tajima), No. II (Tonan

kai), and No. 44 (Tokachi-oki) caused local violent spouting of water or a number of large

sand volcanoes.

Microscopic features of the regions of liquefaction are closely distributed as Ihown

in Figs. 2, ] and 4 which depict Kanto, Nobi and Hokuriku regions, respectively.

Xanto lle<Jion

In the Kanto region during the earthquake No. 5 (Tokyo), spouting of water with dark

blue or black fine sand from cracks of subground were observed in many place.. In Fig. 2

the sites of liquefaction are denoted by solid circles with numeral charactors of 1 to 18,

which are distributed only in alluvial areas and close to the epicenter. About 30 years

after this _rthquake, the Kanto region was subjected to earthqlWke No. 15 (Kanto), which
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was one of the ~st disasteroua earthquakes in Japanese history. Sites of liauefaction,

during this earthquake, as denotod by hollow triangles in Fig. 2 are very wide:' scattered

in tne alluvial plains in the Kanto region. It is interesting to note that many liquefied

sites are concentrated on the original winding river course of the existing Tone rivkr 10

cafed in the north east of Tokyo. About three hundred and fifty years ago, the estl1&ry

of the Tone River was linlted by man to the Pacific OCean. 'ftte original Tone River had

flowed into Tokyo Bay, depositing a very deep and soft sanll layers. Because the river'

course was modified, a higher potential of liquefaction was retained in the original sit.

in cOIIIp&rison with the ordinary site in Kanto plain. In addition to the earthquake. des

cribed above, earthquakes No. 7 and No. 22 (Nishi Sait...) during this century has

ca~eJ liquefaction of sub-soil in this area. In addition ~ the Kanto area, sand boils,

sand volcanoes, uplifting of wooden plles and caissons during the .arthquake No. 15

(Kantol were reported as shown in Fig. 2, where representative liquefied sites are denoted

by characters a, b, ••• k. For example, the site a is the reclaillled land in Kawasaki City,

where water with dark blue and grey fine sane ejected frOll'. many cracks. At site b near the

epic~nter, seven wooden piles uplifted about 60 em from the rice paddy during the quake.

,",ese piles were used as briodge piles about 800 years ago over the original Sagami River.

At site c many caissons for a bridge foundations under ,onstruction uplifted from the

river bed of the Sagami River. More details of liquefaction situaticns are reported in

another paper (Kuriba9ashi, Tatsuoka and Yoshida, 1974).

Earthquake No. 22 (Nishi Saitama) in 1931 also induced liquefaction at many locations

along the original llnd existing coursas of the Tone River. The liquefaction sites during

this eartl',')U&Ite, are denoted by hollow circles as shown in Fig. 2. Severe water spouting

conditions were observed at sites around Fukiaqe City, located about 20 km eut frOlll the

epicenter. Large amounts of water, with da~k blue and grey fine sand, were ejected about

30 em high from several hundred of these sand volcanoes. Furthel1llOre, the ground surface

of these liquefied Bites settled about lS em and the spouted water covered the ground to a

depth of about 15 CIIl.

Hobi (Mino-owari) Reqion

The Nobi Reqion has been inflicted by four violent earthqukaes during the past century,

which induced liquefaction at many sites as shown in Pig. 3. The IbOst violent was No.4

(at Nobi) in 1891 which caused wide spread and violent liquefaction of the NObi Plain and

Fukui Plain. These locations are shown by solid trianqles in Fig- 1 and by hollow tri

angles in Fig. 3, respectively. The liquefied sites were lillDited to the alluvial soft

deposits along the Kiso, Nagara and Ibi Rivers in Nobi Plain and to the sites alonCJ the

river in the Fukui Plain ",hich is to the north of the epicenter. It should also be -.0

tioned that the earthquake No. 34 in 1948 (Pultuil alao induced liquefaction in the entire

Pultui Plain as shown in Fig. 1. one of the ~st ,';'olent water spouting conditions occurred

during earthquake No.4 and is denoted by a character "a" in Fiq. 3. During this earth

quake near the Shonai River, water with aand ejected over 2 m hi~h from wells and deposited

sand on the roofs of nearby houses. Also at the site "b", on the right bank of the Shonai

River to the south of the site "a", twelve hundred sand boils were observed. The extent
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of liquefaction can be .valuated in th&t 40 lea2 of dee ~i.. ani! field. in the

Prefectur•• of Aichi and Gifu, wer. 1IIpo••ihle to cultivate due to .and boih, nece••ita

tinq repair. and recon.truction.

Eiqhteen y.ar. after thi. earthquak., earthquake No. 12 (Gono) caused liqu.faction at

.any location. in the nortb!e.tern pet of the Nobi Plain where liquefaction w.. previously

caused by earUlquake No.4. Many area. liquefied durinq thb earthquake, and are denoted

by hollow circle... ,hewn in Fi9. 3. '1'!le.e are.. are t1qhtly d1atrihuted ani! are .ur

rounded by the rbi, Naqara and Ki.o River••

Earthquake No. 31 (Tonanlt&l}, durinCj the end of World War II cauaad liquefacHon in

the coa.tal region which ha••oft alluvial deposit.. The.e loeationa are between the

cape QIlaeWki and the Lake IIaIaana and in the .outh coa.tal part of Nagoya City, which had

been r.clat.ed durinq the pa.t hundred and fifty year. before thia earthquake. Th.

liquefied sitas deacrihed abo~e are expressed Dy hollow triangl.....hown in FiCj. 1 and

lO11d triangl.... ahown in Fig. 3. In the .outh coa.tal region ot Nagoya City daIIIlg. to

wooden houae••uch a•••ttl_nt and inclination wa. cauaed by a very larCje quantity of

ej.cted .and end wat.r. Al.o.JIIlInY .and boi18 and water apouting. _re ob.erved at the

.ite. ot .everely cta-ged aeroFlllne fectori...t Nbhi-inaei town, denoted aI character

·c· in Fig. J. During earthquake No. 32 (Mikawa), violent boiling of .and sod water Wal

aqain ob.erved at the .ite. of the.e .... t.ctori•••

In gen~ral the characteri.tic. ~f earthquake. of large ..qnitude, but with offshore

epicenter••uch .. the earthquake. No. 31 (Tonankai), No. JJ (Mankai) and No ..... (Tokachi

oki), will cause liquefaction at 80ft deDOsites in the coastal 1'eoion.. e8 .hown in

riCJUre 1.

Hokuriku Region

Fiq. 4 .howI the liquefaction history of Prefecture. of r ...qata and Niiqata during

the peat century. Earthquake No. 6 (Sbonal), c.uaed liquefaction at many .ite., wh1.ch

are denoted by hollow tdanqles a. shown in Fig. 4(b). In Sakata City, loeated at the

river DIOUth of MocJaai River, n_roue send boila _re observed with the large.t .and

volcano reported having a height of 60 ''Ill and about 3 m in di_tlilr. The area where the

.and boiled lID.t violently wal5 covered by .and depo.it., similar to aftuhore area.. s1ai

lar violent.and boil. were ob.erved at .ite 2, .hown in rig. 4(b), where the large.t

one wa. about 9 III in di...ter. The liq,-~faction .ite i. at the .... location a. caused by

earthquake No. 42 (Nliqatal, •• ~hown in ri9. 4 (b).

Earthquake NO. 42 (Niiqata) i. very t-.oUl for it. wid••pread liquefaetion, and the

allb.equant dulaqe to lIIOdern buildinCj' and civil engineerinCj .tructure.. Beeau.e the

detaU. of this earthquake have been reported in detail Dy .any other., only a .~

will be 9iven in ebb paper. Liquefied zone. durinq thia earthquake are denoted by hatched

1I000e., with nudler. ot 1 to 13, a••hewn in riCj. c. It 18 iJnportant to note that the.e

acne. are 11111ted to the oriqinal riverbed. of the river. of Shinanao, A9&nO etc. !'or

eX8IIIFle, the &One expre••ed by the character "a· in I'iq. 4 Ca), 18 the original r1verbeA

of the Anaqo River which waa connected to the Shinano River at the river lIOuth about thr..
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hundred years ago. This zone was then reclaimed about fifty years ago by depositing sand.

The national highway No. 7 passes through this zone, and its low bank composed of I m of

sand settled down &bou~ I m and moved laterally 4 m during the earthquake. This was

caused by liquefaction of the sandy bank and sandy ground, because boiled sand covered the

road surface and one truck on the bank sank intu the ground.

Discussions and Remarks

The study of the Lquefaction phenomena caused by different earthquakes indicated the

following.

(i) Re-liquefaction i.,s observed in 7 zones. shown by symbols "an tn "g" in Fig. I

and as listed in Table 2. This suggests that re-liquefaction will occur if the

proper 80il conditions are oresent.

(ii) One of the causes of liquefaction in sub-soils is the intensity of the quake.

Earthquake intensity, at the liquefied site, were estimated by comparing the

liquefaction distributio~ map and the intensity scale distribution map. From this

procedure, it was found that the estimated earthquake intensity in JKA (Japan Meteoro

logical Agency) scale at the liquefied sites was greater than five, which means that

accelerations of 80 gals to 250 gals occur

(iii\ As is well known, liquefaction zones increase durinq the larger earthquakes. F~y.

5 shows the maximum epicentrical distance of the liquefied sites R (km) and the magni

tude of the earthquake M. Using the nrJce.ure ~resented by Fukuoka (1971), the following

is obtained;

M-5.7 (1)

where Eq. (1) is based on the data obtained from earthquakes NO. 33 (Nankai) and No.

42 (NUgata). It should also be noted that examinc:.tLm of Fig. S indicates the follow

ing

0.87 M-4.5

where the lower bound for ~ > 6.0 is expressed by

0.77 M-3.6

(2)

( 3)

F=om the data obtained on q4 earthquakes, a lower bound of the liquefaction R-M

relationship can be anticipated by Eq. (3) or Fig. 5. On the basis of this relation

liquefaction may not occur at any site when the distant site exceeds that value

expressed by Eq. (3). For 11 ~ 70, for example, liquefaction may not occur at

dist~nce greater than 60 km from the epicenter.
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Conclusions

A .urvey of lIUly r.port. on earthquake. durinq the l ..t century,.howe ttwlt liquefaction

1n .ub-..oll. are induced at Nny dte.. In Japan during 44 earthquake., liquefied .iu3

_re liaited to alluvial depo.it. and recla~ land.. Liquefaction generally occurred at

ori9ina1 riwr I:leda vhich wa. reclaiMd durinq the paat .everaL hundred yeara and in re

claiMd Land. al0ll9 .... or Lake.. Such liquefaction incre.... as the e~uake. with

llAqnitude inor.... have an off.~. e epicenter. rurtheZ'W)re, it could be noted that lique

faction baa occurrecl repeatedly durinq different earthCJ,ue. in .evenl zone.. An ••ti

_ted JMA lnt....1ty .cale factor at the liquefi.d .ite., wa. qr.at"r ~n fiv.. A lowwr

bound of liquefaction potential can be d.fined a. a relationship betwe.n epicentral di.

tanc. an'5 _CJ"itude of earthquaJc:. on the buia of thb di.cuadon.

Acknowl!d911W\tI

The wri.ters would like to .xpre•• appreciation to prof•••or T. ND9Uli, Prof•••or II.

Fukuoka, Dr. T. Okubo, As.istant Prof...or K. I.hihara and Mr. T. Iilla.aIti for the1r

h.lpful .uq9.lItions. 'l'hb r •••arch wa. perfor.ed w1th an ...btanc. of Mr. S. Yoahida,

Earthquak. En9ineerin9 Re.earch Section, P.W.R.I. The writer. wish to acknowLedqe hi.

he~pful cooperations.

V-6



1. Pukuoka, M., (1971), -~rie. of E&rtb7u&k•• and Foundation.-, Bridg•• and Poundationa,
VOl. 5. 110. 10. (in Japane••) •

:2. Uda,~., (1974). -Put Earthq\lak•• Me oa-qe. in Nagoya City-, Rapc.rt of C~tt..
for Di.uter Prevention of Hagoya City (in Japana.e).

3. Iahihara, It., (1974). "Liqlalfaction of Sub.urfac. Soil. During Earthquak••". Technocrat,
VOl. 7, 110. 5.

4. Itilhida, H., (1969), -Cl,uactar1.ticl of I.1q1a1fie4 Sanda During Kino-Oweri, Tohnanltai
and Fukui Earthquake.-, So11. and PoundatiOrll, Vol. IX, NO. 1.

5. Jturibayaahi, E., Tat.uoka, F. and Yo.hida, 5., (1974), -Liquefaction Hiltory in Japan
Durill9 the LIlt century-, Bull. ot Public WOrki ".earch Inatitute, NO. 30. (in Japane•• )

6. Miyabe, 110., (1933), -On the Abno~l1ty of Graund .ater Durill9 ltarthqualt••-, Earth
quake., Vol. S. (in Japane••).

V-7

,.



T
a
b

l.
I.

L
p

t
or

£
a
rt

h
q

u
a
k
•
•

_
h

ic
h

in
du

c.
-.

d
li

q
u

.'
a
e
ti

a
n

.
(1

1
'2

-
IN

'.

I

__
,
'
i
f
~
i
;
;
'
3
i
t
a
m
3

)1
9

:1
1

.
9

.2
1

I
7

.0

20
,

t-:
a.

..a
-"

an
..

.'
h

u
!

1
9

3
0

.1
0

.1
7

4
.
~
o
h
i

t\
U

I'
IO

a
O

w
a

ri
)

5.
T

ok
yo

2
; 28 4
921

99
8

1
.1

1
0

3
,8

9
5

1
.9

1
1

1
.0

1
3

.'f
lJ

m
b-

!-
r

o
f

tM
d

e
-.

th

ll
'l

.'
N

.1
3

1
1
S

.'
E

3
r4

4
'N

.1
4

1
·O

I'
£
I

,r
2

J
'N

,
u

r
tJ

'E
I

n
·O

I'
N

.
(3

0
'4

3
'£

I
C

o-
44

'N
,

.U
-3

5
'!

:
I

'S
o

!·
S

.
14

1'
.
~
£

H
,
tr.

'.1
31

.•
·E

3
4

,5
"N

.1
3

5
,7

"E

3
5

.
S

·N
.

1
3

4
,

:r
-E

E
p
"
:
e
n
t
~
r

34
.7

"1
01

,1
37

.0
':

:

J7
-Z

7
'N

.
t
3
8
"
'
~
O
'
E

3
7

.
1

-N
,1

3
7

,
r
E

39
.9

5"
1'

1.
1

l9
,1

·E

1
3

.7
"1

'
1

3
1

.2
"E

!i
s.

S
'N

.U
4

,
~
E

!t
.

T
"N

.l
!8

.
~
!
:

!3
O

'N
U

S
,

l!I
"'E

11t
1

I-N
:1

3'
2"

'F
.

42
.

U
-N

,
1

4
3

.8
5

-£

31
.

45
"1

'1
,
I
l
~

2
0

'£

"
.I

O
'N

,U
4

.3
0

'E

40
.

3'
1'

1.
14

0.
2

"£

...ID 202
0

2
0 1
0

3
D 1
0

20101
5

0
·1

0

5-
21

)

2
0

.2
0 o

0
'0

,1
0

7.
I

5
.2

7
.0

B.
I

7
.3

5
.7

8
.5

1
.8

7
.0

S
.

I

8
.0

I.
I.

1
.1 '.47.
7

1
.2

1
,1

1
.0

1
.3

19
1

••
8.1

81'
7

.5

19
11

,
2

.2
1

5
,7

.
I,

I
2

.2
2

/
5

.1
1

5
,7

.
3

.2
5
I

5
.4

lN
I
.

S
.
I
I

7
.9

19
41

.
7

.1
5

19
38

.
II

.
,

19
39

.
5.

1

Y
.a

r
I

M
on

th
,
o.

t~
",

."
,n

u
d

e
IFO

t'
al

ch
!p

th
h

tm
l

E
a

l'1
h

q
u

a
ke

4
4

.
T

o
k

at
!t

1
t-

n
k

t

29
.

T
o
t
l
o
r
n
l
.
f
~
"

..o
Ic

.l

43
.

E
b

tn
o

31
.

D
al

lh
o

jt
-D

k
i

32
,

M
ik
•
•

a

:3
0.

T
o

tt
o

ri

2f
t.

N
•
•a

n
o

.9
n

.
3

.4
,

3
,5

1
9

U
.

9
.1

0

19
44

.
n

.
7

i1
04

5.
I.

13
I :

19
48

.
n

.2
1

1
.9

4
8

.
1

.2
1

I19
S

2
.

J.
•

l,o
n.

3
.

7

3
7

,
T

O
li

lu
a
h

im
a
-n

.n
b

u
lI

9
$

S
.

1
.2

7

38
.

F
u

ta
t.

u
i

!U
$

S
.I

O
.I

'

39
.

N
'I

'o
k

.
119

...
2

.
2

4
0

.
H

y
ll

,a
n

.d
a

I19
':

I.
2

.2
7

41
.

M
I,

..
,U

to
n

.
!

1
9

t2
.

4
.3

0
h

o
k
u

b
u

4
2

.
N

u,
.t

a

27
.

<>
ca

2
'.

K
•
•

a
e
h

l,
.a

m
a
to

I
19

!1
1.

Z.
21

33
.

N
a

n
k
a

i

2
3

.
N

o
to

I1
.1

3
.

e
.2

1

3
4

.
F

u
k

u
i

28
.

K
in

k
••

a
n

-o
k

,

31
.

T
o

n
a
n

k
.'

3
5

.
T

o
k

a
t!

h
i-

_
I

24
.

S
ht
.
.o

Ic
a

I1
9

'5
.

7.
II

oo 2
0 31 944155
2

20
912.
·

35
.

1·
11

,
13

9.
O

'E
I

27
2

31
.

1·
11

.
1

1
9

,2
"£

I
II

37
.

S
'I

I,
I3

I.
S

·E
I

0

!N
um

be
or

o
f

£p
1e

..
'o

,
~.

'h
O

do
."

3
4

.
8

·N
.

1
3

2
.0

-£
I

1
3

7
.7

"1
'1

,1
3

9
,0

'£

32
,

S
·N

,
13

0.
7"

E
I

15
.1

·1
'1

.
13

1.
I·

E
'

7
.2

1
3

15
.

7"
1'1

.
13

9.
go

E
I

n
.r

H
.

11
9.

~
'
p
.

lS
.

g
-N

.
1

4
0

.
41

E

3
9

.
S

IN
,

.4
0

.
71

£

U
.I

·N
.

1
3

1
.2

·E

31
,"

1
1

,1
3

8
."

£

1
3

.5
·1

1
.1

1
0

.2
"£

35
.4

'1
'1

,
13

1.
3

·E

3
9

.S
'N

.l
.0

.•
·E

12
.7

·1
'1

••
3

0
.

I·
E

1
0

3
5

.2
"N

.1
3

9
.3

·E
9

9
.3

3
1

3
5

.
7·

1'
1.

13
4.

ir
E

42
8

3
5

.
sa

N
1
~
5
.

la
t:

2
.
q
2
~

0
-5

0
·1

010

1
0

-2
0

"
o

c
a
'd

f'
p

tt
l

(l
im

'

7
.0

7
.5

S
.3

7
.0

7
.8

1
°]

0
.

II
,

2e

1
9

2
7

.
J.

7

'9
2

7
.

8.
I

1
9

2
7

.
JO

.
2

7

1
9

2
3

.
9•

•

I
19

25
.

5
.2

1

I
V

o
".

I
M

o
n

th
,

D
a

te
M

a
",

U
y
d

e

+
-
-
-
-
-
-
r
-
-
-
-

IIr
72

.
3,

14
/

7
.'

!l
8

7
.

7.
n

8
.

I

1
8

8
9

,
7

.:
rS

1
e,

:J

1
0

'1
.

'0
.

28
18

.
tn

.~
)

18
94

.
C

.2
0
I

7
.5

1
8

')
4

.1
0

.2
2

I
1

.:
J

I
18

95
.

1.1
81

7
.1

1
8

9
8

.
8

.3
1

I
7

.5

1
0

9
7
.
•
•

1
7

,1
1

,3
.1

.3
4

.1
0

;
11

1'9
8.

5
.2

8
I

8
.7

18
98

.
::

:~
.
il.

5,
1

.5

1
9

0
9

,
8

.
I
f

I
e
.9

1
9

1
4

.
3

.
IS

I
flo

4

1
9

2
2

.1
2

.
8

1
1

.5
.

5
.9

I
I I

E
a
r
t
~
q
u
a
k
e
-

7.
T
o
n
~
-
k
.
r
y
u

It
,

H
tk

u
u

8
.

S
h

o
n

a
i

I.
I
f
~
m
.
d

...

[)
~
a
m
i
t
a
k
a
i

2.
t
o
:
o
.
h
i
~
n

1
,

K
u

m
a

m
o

to

I!
,

C
O

on
o

f
.
J
,
"
~
l
a
w
a
)

1
1

.
('

Io
U

'"

::
),

"\
:O

J
lZ

~

1
0

~
i
n
a
m
i

('
o

n
ll

m
•
•

u
n

11
.

F
u

ku
o

ka

1
".

S
h
i
m
3
h
~
r
a

1
'1

.
S

t"
k
ih

a
ra

1
5

.
"
a
n

to

I"
.

I
~
h
i
n
o
m
a
.
k
i

1
7

,
K

it
at

an
g

o

1
6

,
T

a
Ji

m
a

1 :l
l

."

•
in

V
am

a
..

.l
a

P
rr

rr
c
tu

rr
o

n
ly



Table 2. Zones where re-liquefactions were obsl'rved

a. b, .••.. g correspond to those in Fig. 1.

Z0nes Earthquakes

a: the narrow zone along the No.8 (Rikuu) and

Omono River in the No. 13 (Ugosen)

northwest of Oomagari city

in Ak :t2 Prefecture
_.

b: on the left side at the river No.6 (Shonai) and

mouth of Mogami river No. 42 (Niigata)

c: in the o;'iginal river course No.5 (Tokyo).

of Tone river in the No.7 (Tonekaryu).

notheast of Tokyo No. 15 O<anto) and

No. 22 (Nishi-SaUama)

d: on ',he bot:l 5iJes of No.9 (Kamitakaf) and

Chikuma rivel' near No. 28 (Nagano)

Nagano city

e: in the southern part of No.4 (Nobi) and

Fukui plain No. 24 (Fukui)

f: in the nott'western part of No.4 (Nobi) and

Nobi plain No. 12 (Gono)

g: in the southern part of No. 31 (Tonankaf) and

Nobi plain No. 32 (Mlkawa)
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VIBRATIaf TEST OM SETTLEMENT
OF SUBMERGED SAND LAYER

K. Sawada
Chief, SOH Dy~Ulics Section

Public WOrks Research Institute
Ministry of COnstruction

and

Y. Koqa
Res.arch Engineer

SOil Dynamics Section
Public WOrks Research Institute

Ministry of COnstruction

ABSTRACT

A series of vibration testa on submerged sand layer model, using a large shaker table,

was performed in order to establish a _thod which can predict the liquefaction and settle

ment phenoaenon of Bandy ground during earthquakes. As a result of these tests, information

concerning the vibration behaviour during the liquefaction phenomenon and subsequent

settlement beh.viour wa. obtained. Examinin~ these test reSUlts and assuming that

the vibration and settlement behaviour of a sand layer in the sand container is one-d~n

sional, it nas been found that the test and analysis results agree quite favorably. There

fore, if the shear stress in the ground can be reasonably estimated, the lIIIIOunt of settle

.ant of the sand due to earthquak£8 can be estimated by this analysis method proposed

herein.

Key Words: Earthquakes; Liquefaction; Sand Layer; Shake Table; Vibration Tests; Void Ratios,
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Pref_

The building of a Itructure on a aandy ground, Vhere 11quefaction il 11kely to occur at

the time of an earthquake, requires the following lequence of stepl in order to perfor- a

ueiaaic delign.,
(1) Det&raine whether or not a liquefaction phellOlllllnon will occur in the qround which is

to lupport the building and then establilh the degree of red'Jetion of the bearing capa

city and the .-aunt of lettl_nt which _y be generated. Then estimate whet.~er or not

certain _uuree are required to IIlinilllize the effectl.

(2) If dedgn revilionl are required, then illlprov_nts to the foundation or the type of

Itructure, or illfro_ntl to the groWld are neceasary so that a liquefaction phen~non

be either pr.vented or reduced.

The _thode of determining or eltillating liquefaction phen~naam baled on a method

fraa land element teltl (1-]).

At a previoUi ..eting, a method eBPkr.~ blalting vibrationa to predict liquefaction,

WAI prelented. The relultl to be presented herein, however, ",111 involve the mlalYlil of

experimentl with a lI04el land layer ulillCJ a l&rqe Ihake table. 'ntis experiment ",AI per

fo~ jointly by the Public WOrkl Relearch Inltitute, Miniltry of COnstruction, the ICanto

Engineering and Mechanical Laboratory, Ministry of COnltruction and the National Relearch

center for Diluter Prevention, Science and Technoloqy Agency.

Method of Experiment

The oontainer Uled for the experiment il a steel box having inner dimensions of 8 II

(1811CJth) x 5 II (height) x 2 II (depth) _ shown in Photo 1. In the expert_nt, the box wal

inet&lled with ite longitudinal direction aliqned with the horizontal vibrating direction

of the Ilab table and the sand layer of thickness of 4 m, was submerged in water up to the

lurface. 'nte land uled ib the experiment is mountain sand taken frOlll Sengen-Y_ in Chiba

prefecture, Japan, which has physical preperties as shown in Table 1. A belt conveyor and

bucket _re uled to place the sand into the box for forllling the sand layer. The sand was

COlllPacted by Iteppinq or a vibro-'r_r for every sand layer thicknesl of :to or SO CII. A

quality control telt, including __ure_nt of density, was perfor1lllld for each of land

layer. Upon fo~tion of each land layer, the layer was then sublllerged in water. After

inducing leries of vibrations and lubsequent measurements, the water and aand vere 411

ctwIrqed fro- the sand box and a n_ sand layer was formed for the nut experiNnt. Thil

type of experi_nt vu conducted thre" times with respect to a hc.ogenoUi sand layer.

Three additional tele. _re conducted with respflct to a ca.e where a mo4el abject WPIa

1lur1ed in the sand layer.

The followinq typel of vibratinq ..thods were uled in each experiment;

(1) Relonance Test

This telt had a table acceleration equal to 20 qal, and a step .ine frequency of 1 to

20 cIa. 'l'he vibratione _re applied for II fixed period of 20 to 30 sec. This telt w••

intended t~ exaaine the dyn&llic properties, including lIodulus of elasticity and dampinq

factor.

V-l?



(2) Liquefaction Test

The test level of acceleration of the table was changed by means of sine waves near the

1st resonant frequency and were applied for a fixed period of 60 to 100 sec. This experi

ment was intended to examine the effects of excess pore water pressure and the result1ng

settlea.nt in the sand layer. In this experiment, where the excess pore water pressure was

developed, the sand layer was allowed to stand for about 1 hour after completion of the

vibration test sequence. The application of next vibration stage was initiated after the

excess pore water pressure was dissipated.

Table 2 describes the conditions for each model experiment, including the number of

times the sand layer has formed the vibrating conditions.

Illustrated in Fig. 1 is an example of the arrangement of the instruments buried in

the ..and layer.

Results of E!periment

(1) Characteristics of the Sand Layer

The density of sand layer varied considex'ably with each model, as affected '>y the

method of coq>action. For example, in the case of the 1st experiment, the dry der.s::'ty (Yd )

was 1.41-1.52 g/om3, the average value was 1.48 9/cm
3

, void ratio (e) was 0.77-0.91

and the average value was about 0.82.

(2) Resonance Test

Examples of the resonance curve obtained from resonance tests are illustrated in

Fig. 2(a) through (c). Illustrated in Fig. 2(a) and (b) are the response characteristics

of the sand layer for experiment 1-1, relative to distance from the end face. ~or this

experiment, the freque~cies at the 1st and 2nd resonances are 10 and 17 cis respectively.

This shows that there is little difference relative to distance from the end face, but it

can be seen that the magnification of acceleration varies with the distance from the end

face. For example, with respect to 10 cis which can be thought of a 1st resdnance frequency

Fig. 3 shows the distribution of the magnification of the acceleration which indicates that

the farther from the end face, the lar the magnification of the acceleration. Experiment

3-1, as illustrated in Fig. 2(e), is different from the experiment 1-1 as illustrated in

Fig. 2(a) and (b) with respect to density and table acceleration level.

(3) Liquefaction Test

The characteristics of the behaviour of the sand layer during liquefaction can be

represented by the pore water pressure, set~lement amount and acceleration of the sand layer.

Examples of the time-course changes of the,e factors are illustrated in Fig. 4 through

Fig. 6. Illustrated in Fig. 4 is an example in which both the excess pore water pressure

and the settlement are small due to the small table acceleration. In this case, the

acceleration of the sand layer except the upper part of the S~l~ layer shows almost a steady

state where the table acceleration is constant. The acceleration of the upper part of the

sand layer shows a trend in which it continues to increase even after the table acceleration

has become steady and then suddenly decreases after it has reached a peak value. This

phenonmena is caused by first an increase of the excess pore t'ater pressure in the upper
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part of the sand layer. This in-::rease i,l the excess po: ~ wat"r pressure over a certain value

causes the rigidity of the sand layer to lower (or causes the deformation characteristics to

incre.se) due to a reduction of the effective confining pressure. This resulting phenomenon

causes an increase in acceleration of the Band layer, and if the excess pore water pressure

further increases. the shear :Jtrength of that layer and the lower layer will reduce. :!'his

will result in a condition in that the vibration from the lower part cannot be trans~itted

to the upper part and the accp.leration of the sand layer wi~l suddenly decrease.

In the case of experiJllent ,:0. 1-4 (Fig. 5), the table acceleration is lar,er than

that of experiment No. 1-3 (Fig. 4), and both the excess pore water pressure and the settle

ment amount are comparatively ~arger than those in the experiment No. 1-3.

In experiment No. 1-4, the excess pore water pressure increases starting from the

upper part of the sand layer, with a maximum value nearly equalto the effective overburden

pressure in each layer. This conditions shows that all layers have reached complete

liquefaction. The range in which the phenomenon of a suddeDdecrease in acceleration of the

sand layer occurs is deeper than that sand layer in the experiment No. 1-3, and researched

a depth of 3 meters.

Experiment NO. 3-4 (Fig. 6), is the case where the void ratio of sand layer is less

than that of experiment No. 1-4. However, despite the fact that the table acceleration

and vibrating period was larger than those generated experiment No. 1-4, the excess pore

watE'r pressure and the amolUlt of settlement generated was smaller.

Fig. 7 shows the vertical distribution of the acceleration and excess pore water pres

sure previously given by Fig. 5. The precess in which a sudd~n decrease of acceleration on

the upper part of the sand layer progresses to a deeper part with the passing of time can

readily be seen. One thing of inte~est in comparing the verical distrib'ltion of excess

pore water pressure, as illustrated in (b) and the corresponding experiment period versus

the amount of settlement (Fig. S(c». is that for the period between 0 to 40 sec, the water

pressure gradient at a position 1 m from the bottom is downward and the pore water tends to

flow into the lower layer, so that at the position 1 ffi {,om the bott~. uplift must occur

rather than settlement, as illustrated in Fig. S(c), during th~ period, a considerably

amount of settlement is observed. This condition is caused by Qir bubbles in the pores

which have been coapressed due ~o the q@neration of e~cess pore water pressure, since the

Band layer had not been completely saturated. This mechanism can also be concerned by no

ticing first that the water level, on the sand layer surface. after vibration is lower by

several em compared to the level before vibration is applied. In addition, since the de

gree of sat\~ation of the pore water of the sand layer can not be measured directly, an

unsaturated sand layer was formed se~arately ill a small container, similar to that of the

experimental sand layer. Then the unsaturated sand layer was gradually submerged in water

from the bott~~. The initial degree of saturation of the 8&ld layers formed by the method,

was then estima':ed at 75 to 85\ by the weight measurement method and by means of an air

meter used to ~a8ure the air volume in concrete.
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DilCllalion

:.- .r1hecl earlier, the prt.ary d .. of the reRn&nce telt b to c.lculate the vibra-

tion Mhaviour of the land layer .ubjected to larg" jnpl.1lt vibration., and U. cClllPU'e ~e

relult. wi~ analytical lialue.. In this paper, however the analytical re.ults w11l be

oadtted and we will di.cua. ~e ..~od of analyzing the liquefaction and .ettl...nt pro

ces••• of the expert.ental land layer.

(1) Ono-dt.en.ional .ettl.-ent of the .and layer

'!'he vibration behavior of the land layer in the .and box, and the .ub.equent deforM

tiona are three-d1lllensional. However, .ince the exc••• pore v.ter pre••ure, that i •

....ured .how. almost the .ame behavior regardle•• of the di.tance fraa the end f.ce at the

.... depth, the amount of settlement can be pre.umed to.be one-dimen.ional. Purthe~re, it

1. generally difficult to analyze multidimensional defomations, therefore, if a one-dt.en

.10nal .ettle..nts can be est~mated, the re.ults can be adequately applied to actual pro

bl_. 'ftlua for the expert-ntal lIand layer, such a'.UlllPtion. _re _de conaiderineJ the

horizontal 9round expanding indefinitely and then analyzing the proce•• of liquefaction and

.ettle1.'lent.

(a) In tblnonlill theory of consolidation, the deformations of a sand l.yer are generated

as a result of the outflow of pore water. In these tests, however the sand layer

is assumed to be in an un••turated .tate with air remaining in the pore. end

that the air 18 cO'llbined with the pore water and flows tocjether. 'ftlis ...~. that

the por_ater i. cOIIlpressible.

(b) It i. thought that the exce.s pore vater pressure, generating a pore water flow, ls

generated lnternally by cyclic shear.

(c) It is usuaed that the ordinary Darey's law can be applied to ~e pore water flow.

Praa the.e assumptions, the excess pore water pressure and the vold ratio in the .and

layer can be represented a. follows I

Ju
4tK ). (/' ._-

e. 0 va T
+...!L.i..

c Tw
(1)

fd ). 4t
4e • (I-B) (1+e)' C·f( --;--. e, Ko • (lvo • T

(lye

k 81
U

+ B (l+e)' -- •~ • 11 t
TQ/ 0 z·
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where,

B Pore pressure coefficient ~~~l~~~
l+eCr/(l+e)C

( 3)

C co.pressibility of sar~

Cf Ce-pressibility of pore water (including air)

pl + lIu

(4)

H Henry's coefficient of solubility

SrI Degree of saturation

pl Absolute pore pressure (added value by atmospheric pressure and static water
pressure, considered to be equal to poLe water pressure and pore air pressure)

f Pore water pressure qeneration function due to cyclic shear (described later)

l d Cyclic shear stress

0v~ Effective overburden pressure used for pore water pressure qeneration function

e void ratio

K
O

Coefficient of horizontal earth pressure at rest

o~ Initial effective overburden pressure

T A period of vibration

k Coefficient of permeability

Yw Unit weigl.t of water

Z Depth frOlll the surface of sand l;:-yer

The _aning of the pore water pressure genetatian function f by cyclic shear shall be

defined as follows. In the instance of saturated ~nd undrained conditions, it one cycle is

applied, the following ~uation can be obtained, where Cf-o, B-1, k-O and t-T, in Eq. (1)

(5)

Conaequently, f·o· YO represents the pore water pressure generated per cycle under said

conditions. This is based on results of undrained, cyclic, simple shear tests which have

been reported. This pore water pressure generation function f was obtained based on the

following assUBptions and ..thod.

(a) The increase in the excess pore water pressure, sand subjected to cyclic shear,

is the sum of the increments due to cyclic shear and the increments due to an in

crease in lateral pressure due to the lateral displacement being confined 4)
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Con.equently, the .xe••• pore water pre••ure Au generated per cycl. of cyclic

shear the .and is given by the following equation,

4u 3
4J'va a '1 (-Y-"T+:'2r-t'lk"o- (6)

Hence, f l can be obtained by the isotropic cyclic triaxial te.t .. !ollove,

(7)

0'10 The initial .ffective later.l pre••ure

0d Cyclic axial .tre••

(b) The ~~re water pr•••ur. generation function '1 i. Obtained from a conventional

cyclic triaxial te.t. The.e test. yield the .tte.. and the qan.rated pore

water pre.sure. However, then i. g.nerally a wide variance in the telt re.ults.

Consequently, by plottinq the relationship of od/20'toWnt) obtianed fraa the li~

faction telt, an average r.lation i ••stimated from the following equationS),

4u

7;- (8)

Where (JR.' Angle of internal friction .obiliaed when the initial liquefaction i.
generated.

nR. : Cycle. of loUinq for generating the initial liquefaction

For the te.t. reported her.in, 04/20'10 va nt i. plotted ...hoWn in Pi9. 8.

(c) A relationship for general density can be Obtained from the following ~t1on

with reapect to the stre•• ratio at which liquefaction is I)_nerated,

(91

....d on these ...u.ptiolUl, the function of the generation of pore wat.r pre••ure in

land 11 e.tilllated a. Uluattated in Pig. 9. Thi. function b usad a. f in the previous

equation (1) and (2).

The increa.nt. A u and A e, the exce•• pore wa~er pr••sur. and void ratio re-

spectively frca equation (1) and (2), are closely related to .ach othfor a. shown in rig. 10.

Thi. diagru can be interpreted a. follows, 1... path AS r.presents the entire proc... that
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occur.. wbich _ana fir.t reduction of the eff.ctive .tre•• due to an exce•• po>:. water pre.

.ure generated when the .and layet i. Vibrated. 'lb. pore watar then flowa Ollt and .. a

re.ult the void ratio i. chanqe4. Then the exce•• pore water pre••ure 1a entirely de••ipa

ted and...~ility la attained. Path a repre.ent. the changed path which occur. in a ahOrt

tiM tntarval At. If thla path 1a divided into a • CE + EF, CE corre.pond. to the l.t

terM of equationa (1) and (2) 1:e.pectively. Thua the 2nd tera

deforaation path in thla c..e of the undrained cundition. An alternate path occur. when the

aaDd layer la placed under a drained condition .. Ilhewn in path EF. That 1a the deforaation

under the drained condition of an Ilft.aturated .and layer in a .hort t1M interval can be

obtained .. the .ua of the deforaation under the IllIdrained condition of an Ilftaaturated aand

arA the deforaation under the drained condition qiv.n ther.aft.r.

The coefficient of ee-pre••ibility C in equations (1) and (2) w.. obtained in the

followinq -.rul.r. As .hown for path EF, the .xc••• pore wat.r pr...ur. wa. q.Mrated by

the undrained cyclic .hear and then by draininq of the .and. The coefficient of cc.pr•••i

bility in the reee-pre••ion proce•• i. th.n obtained. An • ..-pl. of thi. exper1Mnt i.

illuatrated in Piq. 11.

Alao illutrated in the .... diaqr_ b the static virqin cc.pre••ion curve of thi•

• and. ~the•• result. the following can b~ stated,

(a) Until the initial liquefaction point i ••xceeded, the coeffici.nt of ca.pr•••ibility

in the reea-pre••ion proc••• i ....ller than the coefficient of cc.pr•••1bility under the

virgin cc.pre••ion proc•••.

(b) When the .and i. reca.pre••ed, exc••ding the initi.l liquefaction point, the 00-

p~••1bility i ... nearly ...... the virgin compre••ibility curve.

(2) ~rical analy.i. of liquefaction and ••ttlement proc.ss

eon.iderinq the aboYe, th. following •••umptions were ..de in the nu.erical analy••• of

the liquefaction and ••ttl nt proc will be de.cribed lat.r.

(a) When an exc••• pore watJar pr•••ur. b gen.rated and exc••de the initial liquefaction

point, thua cauain9 cc.pr.....ion of the land, a virgin ea-pre..ion curve la uaed.

(b) During the proce•• , in which the d.natty ihe hiqh.r than that of the put

ainta. void ratio, a virqin COIIIPr•••ion Cllrve i. uaed.

(c) In the deforaation path. oth.r than the above (.) and (b), an IllIloat'ling or r.cOll""

pre••ion curve i. uaed.

(d) Th. generation of an exce•• pore wat.r pre••ure f\DICtion f doe. not occur Wltil the

tiM the .xc••• pore water pr•••ur. r.ach•• the initial liqu.faction point, O've • 0'11'0'

when the initial liquefaction point baa be.n .xceeded, 0v~ • 0v' (Ov' repr•••nt. th.

eff.ctive overburden pre••ur. at that time), and the working .hear Itr••• allo decr.a.el in

the fora of contacting with the failure envelope 11ne.

Since a vibration analy.ia and .ubsequent .valuatior. cf the .hear .tre•• of a .and layer,

which h.. change. in it. phy.ical properti•••Ilb.eqt'l'nt to an incr...e in th. exce•• pore

water pre••ure, i. difficult to d.teraine, the following method w.. .-ployed.
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(al The vibration mode of the sand layer. for liquefaction test, was assu.ed a. the l.t

~e. Th. displac.ment amplitude was Obtain.d from the amplitude of the ....ured accelera

tion and the di.tribution of the .hear .tres. is then eltt-Ated from the.e re.ult.. During

this time, when the table .cceleration level incre••••• a••••n in ~ig. 5(.) on the upper

part of the sand layer. the acceleration decreases due to generation of the exce•• pore

water pre.sure thus making it difficult to estimate the .hear strain. Th.r.fore. a••uming

that the she~r str.ngth does not decrease. the standard shear strain distribution corres

ponding to the individual table acceleration level is e.timated from this study.

(bl Now by multiplying the standard shear strain distribution by the shear modulus, in

which the reduction effect 7) of the strain level is introduced from Richart's experimental

equation 6) for the she.r modulus in an infinitesimal strain level of sand. a she.r stress

distribution is calculated. When the excess pore water pressure exceeds the initial lique

faction point, this sh~.r stress is decreased to a form which contacts the failure envelope.

Examples of changes of the excess pore water pressure and the settlement amount with time

have been calculated for the experiments and are illUstrated in Figs. 12 and 13. Figs. 12

and 13 correspond to experiment No. 1-3, experiment No. 1-4 as illustrated in Fig. 4 and 5.

According to the calculated results for the experiment No. 1-3. the excess pore water

pressures in the upper layer (Z • 0.5. 1.0 m) increases considerably, consequently in the

earlier stage of vibration the settlement amount is a little larger than that of the

experiment. Also the excess pore water pressure is l.rger than ...sured in middle part of

the sand layer and the final calculated settlement amount is larger than that measured.

According to the calculated values for experiment No. 1-4, the excess pore pressures in the

lower l.yer (Z • 3.0. 4.0 ml increases slowly, but the settlerent b~havior agrees approxi

mately with the measured results. The cause for these differences. apart from the assump

tions in the calculations. are the large errors in estimating the shear strain in the sand

layer and compaction due to the preceding vibration. The settlement beh.viour of t~e sand

layer shows that the calculated results agre. comparatively well with the ..asured value••

From the aforementioned. the nethod for liquefaction and settl..ent analysis introduced

herein is rather effective to the analysis for this vibration te.t of lIIOdel sand layer.

Conclusion

The following conclusions can be derived from the results of the experiments and analy

ses as described previously:

(1) In the liequfaction test\ when the excess pore water pre.sure increases to a

certain value. the magnification of the acceleration increa.es and then suddenly de-

creases.

(2) The higher the table acceleration and the larger the void ratio. the larger i. the

excess pore water pressure and the amount of settlement that is generated.

(31 The compression phenomenon of the air in the pores increas· 5 the settlement of the

solnd layer.

(41 From examination of the experimental results in line with the analyticalllll!thod proposed

herein, it has been found that there is excellent correspondence between the experillll!nt
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data and the analysls.

If th1a _thad ls lUIed tn estl_te the ...ount of a.ttl_nt of the sand at a ecnat.rue

tion site, it ls iBpOrtant to properly .att.ate the shear stress in the aand. Also, at the

construction alte, the qrOWld below the water level ls saturated and the duration

of an earthquake 11 relatively shorter than that which occ:=ed in the expert.ent d.scribed in

th1l paper. consequently, a ablplified _thad, has b_n d.vel~. 'ntia _thad 11 baaed

on the aasUllllltion that the UIOunt of settlement durinq an ••rth~e 11 _11, and there-

fore the qround 18 nearly ln an undralned condition. 'nte exceas pore water pres.ure then

generated is estimAted, and the settlement UIOunt ls determlned a. a atatic defo~tlon due

to the outflow of the pore water after the earthquake.
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Table 1 Index properties of the test sand

Properties Value.

Specific lI'avity Gs 2.71

Optimum water content ·opt",) 13.4

Maximum dry density Td max (,/cm;') 1.742

Maximum void ratio e max 1.02

Minimum void ratio e min 0.57

100

i 80
I::

I 60

It 40

20

0
0.01 0.1 1.0 10.0

Particle diameter (mm)

Table 2 Test Condition

~
Resonance Liqueraction teet

Method test

Model I 2 3 4 5

8 -13 gal 37 .,a1 81 gal 138 gal 2741a1

I 1 - 20 cIs 12 cIs 11 cIs 10 cIs 9 cIs

eo : 0.82 'l4··see 76 sec 84 Bee 92 sec

57 .a1 100 ,al 132 .al 283 gal

2 12 cIs 11 cIs 10 cIs 9 ell

eo • 0.73 69 sec 72 lee 81 sec 78 lee
~

7 - 19 gal 88 .al 99,al 219,al 385,al

3 1-20e/s 12 cIs 11 cIs 10 ell 9 ell

eo • 0.88 93 sec 88 Bee 103 sec 85 lee

• Stationary value of table acc.

•• Total duration or vibration
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STUDY 011: EARrHQUAKE RESPONSE OF
STRUCTURES BY CONSIDERING NON-DETERMINISTIC

VARIABLES

by

Yutaki Yamazaki
Structures Divi~ion

and

'iasunori Koizwni
Director

Building Research Institute
Ministry of Construction

ABSTRACT

The seismic design coefficient has been widely used because of its simplicity. This

design technique provides a ~afeguard against earthquakes but contains many problems when

replacing the dynamic forces with static forces. In addition, the earthquake resistant pro~

erties of high-rises or buildings can be investigated by a simulation analysis, using many

past earthquake records as input excitation. This type of dynamic analysis of a structure

has been m~de possible by use of electronic computers. In this analysis, an actual st.~c

ture is transf.·;.,rmed :..nto a vibration model, then the structure is subjected to earthquake

ground motions, whiC'h are simu:i.ated by an el",ctronic cOlllputer. As an alternate scheme,

from a stochastic point of view, vibrational properties of structures subjected to earthquake

ground motions have been investigated by utilizing the concept of random vibrations. The

theory of random vibration, fordynadc response of structures, considers that earthquake

ground motions can be essentially predicted as deterministic pnenamena and that the vibra

tional behaviour of structures during these earthquakes can be predicted stochastically.

Studi~s on devel0ping a more reasonable design method have been conducted using the experi

ences obtaine· fro:ll earthquake disasters and the analyses of earthquake phenomena. The non

deterministic ?henomena of earthquake ground motions will be treated essentially by the

application of t.'l,~ theory of random vibration to the earthquake engineerin9' lIowever, it

i3 also true that a structure cannot be handled as a deterministic system, because ~~e

dynamic property variables, of an actual structure, such as the masses, sprin9 constants and

dampinq constants , cannot be evaluated deterministically when the structure is dp.singed.

Hence, a structure must be designed by considering the nondeterministic properties of the

structure as veIl as those of earthquake ground motions. In this thesis, a theoretical

treatment of the earthquake response problems of a structure with nondeterministic variables

have been discussed and a reasonable design technique of a structure with appropriate safe~y

haa been suggested.

Key Words: Probability, deterministic, earthquake, structures, random vibrations,
safety, dynamics.
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Introduction

VibrationAl properti.1 of .tructur.l, lubjectecl to .arthquake qrowad -atiana, have

been inve.tiqaUd by utlli&inq the canc.pt of ran&. vibrationa. The theory of randoa

vibrationa for the dynui.c r ••pon••• of Itructur.. 18 ~ 1ed on the ltochutic point of

vi.. that earthquake qrOW\d -ationa cannot be predicUd u a detenliniatic ph~ne and

that the vibrational behaviour of Itructure. 4urinq earthquake. IIU ,t be inve.tiqated Ito

chutically. However, it i. al.o trlM to"",!: a IUl.lcture C'UlDOt be exeained u a det.rII1n

i.tic IIY.~, becauae the dynaa!c property variabl.. of an actual Itructure, .l.ICh a•

....., aprinq con.tentl and dulpinq conatentl. cannot ~e .valuated 4etera1niltica11y when

the Itructure il deaiqned. Hence, a Itructure Ja11lt be deliqned by conaioJ.rinq the non

d.t.rm.niaHe properti.1 of the .tructur. al _11 u thoae of the earth'~e qrOl.lnd .oHona.

'!'here baa been MIly paperl conceminq the dynaaic r.lponl. of a Itruetur. lubj.cUd to

earthquak. qroun4 .otionl by application of the theory of randc. vibrationl lince E.

IlDlenblueth (1) and H. Taj1ai (2). '!'h. theory for a .tationery randoa re.pon.e of a linear

l~-"I .Ylu. baa been .tl.ldi.d by one of the author. (3). Expanl10n of tbi. theory

i. explained in this paper, in which all variable. are reqaraud .. non-dete~ni.tic. '!'h.

fundaMntal fol'llU1a obtained by Taylor'l .erie. at a function f (1'), of the vector of ran

00. variablel 1', ia appli.d to thia expanaion. There are papera (4) (6) in which the proper

tiel af ltochutic variation of the eigen valuel and earthquaJte r ••ponael of a atruct;ure

an inve.tiqaUd which ~n.trate application of thia fOnlUla. In thil paper, the theor.t

ical expan.ion 18 conducted in ord.r to obtain a q_ral and -*';ful lolution of the

earthquake rel~nae of a Itructure. The theory af the earthqualte re.ponee of a Itrl.lcture

de.cribed here1n h.. the followinq char&cteri.tic.,

(1) 'Dl& Itructure il a on_dilMnlional linear Jml.ti-deqr..-of-fr.edoa .Ylt_ with

...... , apringl and dalhpotl.

(2) The .tructure il .ubjected to a .tationary randoa excitation, havinq any di.tri

bution of power lpectral denli ty

(3) '!'he Itructural relpon.e can be ltocbaatical1y predicted in conaideration of the

interaction effect between the Itructure and the qroun4.

Be.ponee of a Structure Subjected to a Ilandoa Dilt'u-bance

The earthquake relponae of o~d1Mnl1onal linear 1IU1ti-deqr..-af-fr~ IIYlt- with

....., Ipring., and dalhpotl u Ihewn in Piq. 1 i. anely&ed a. followal The interacHon

eff.ct between a Itructure and the qround il canaieSered by application of away and rockinq

Iprinql. The earthquake qround .otion, which aftecta the Itructur•• is UI~ to be •

ltationary ranoo. procell with an a.plitud. di.uibut;'on of GaUlli• ., ord.r with. zero

_an value.

The equationl of IIOtion of the .y.t_ .ubj.cted to an earthquake qround acc.l.ration

xq il qenerally r.pre.ented by

l'1I..J(ZI+(Cltzl+rKJIZI--lllllzl
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w-r.

(2)

111.1 ~ 1111, _••... IIlH 111,0 IT

I ... ZH Z. e ITtz I" z, z.

rK) ..

r--- ------ -- -- --- -_ .. ----- -------- --- ..
I It -I< 0 0 o· .... 0 '0
t I • :

I -It, 1<, + kl -ka 0 : 0
I ,
: 0 -I<. kt+k. : 0

: 0 0 -Ill :
I '
I '
I
I

-k,1t
kIlt -klR.

kllr. - ItoII;
(3)

kIl-.R;:"rkIl-a R;:;
kIl-.JIj;", - WI;

....a;;

o
o

o

o

I
I
I
I
I,
I
I

L~ !> ~ ~!!:!~Il_. -kll

o 0 0 0 -ItII 1tw+k8

a, 110 and I: _ •••• of .ach .tory and the foundatlon and the .-Dt of In.rtia about

the cent.r of the foundation, re.pectiv.ly

k, k. and kR. .prinq con.tanta of each .tory, _ay and rockinq .prinqe, re.pectively

HI .tory heiqht

The ~inq ..trix leI ie preecribed here by

(4)

w-r. WI and hi 18 the fund_nul circular frequency an4 csa.ping conetant of the ey.t_,

re.pectiwly.
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The vector of the relative floor displacement {Z} is expressed in te~ of the noraal

80de ..trix I,J and the vector of normal coordinate {n}, n_ly

{Z} • (~){n} (5)

Substituting Eq. 5 into Eq. 1, the equations of motion of the system are expressed into

.ach .ade a. foUava.

where

ij I I 2 (, It I Ii, .... " " ~ - r, III (6)

(. ,-
h,

(7).~- "i'
It,

'1 =' ,I'i IT tMI I (8)

In the above expre.sior, the 80de matrix I'J is no~lized. In this case, a generaliZed

......trix M* ,given by Eq. 9, corresponds to a unit matrix E

(9)

The aut.ocorrelat.ion function of the normal coordinate n' is represented by
J

where Snj (p) i. the power spectral densiLy function of n
j

,

the functic>n of the frequency response of the system iUld the

of a ground acceleration xq, respectively, it fo11_s that,

(10)

Defining "j(iP) and Sxg(p) as

power spectral dens~ty function

(11)

RtI(f)=,r;oJ:'IHJliP)11 •••• S:.(,).tII
(12)

Utilicing the relation . ,I
RfJ (t) =- -,;0 atl (r)

the autocorrelation function of n
j

is represented by

(13)
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Reprelentinq the power spectral den,ity function of the qround acceleration iq .. a sua of

the power Ipectral density function. of the single-deqree-of-freedom IYlt... excited by

white noise accelerationa, the function ls expreaaed by

L L
S~.(P) = I S.~.(P) = I

,-, I-I

(14)

where wq ' t and s are the natural circular frequency and the ~inq oonatant of the sinqle

deqree-of-fr~edomsystem and the constant power spectral density of the white noile acceler

ation, respectivelf' In general, the following relationlhip exlsts between the response

Zi of i-th story and Z. of the ,-th one.

(lS)

.
From the above relationship, the mean square values of the respon.el Zi and Zi ~

Zf = E "J Rlr, (0)
J

~~ = E 'L R'J (0)
J

(16)

(17)

Subltltuting Eqs. 12 to 14 into Eqs. 16 and 17, the followinq equationl are finally obtained.

(18)

where

and

r.' s.
"J=Jr~

C" = .A...AoJ-' A., .Ao, + ,Ao, .~

D., =. A.J ( .Ao, .AoJ -, AoJ .Ao, ) - ,A.,'
E.,=,A., +.Ao, .~

I A.J = '''1 T,Ao

1
.A.•• = 01••1 6IJI
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.Ao-~... (20)

!he _an .quare valua. of the relative cU.plac_nt and velocity at .ach .tory are given

by .t.dlar ezpre••ion8 na.e1YI

(21)

ThaI _an aquar. value. of the relative &~ory dilplac_nt and velocity. lub.tracting the

rocking effect, are allo 9iven by

i i -I' ..!!L( 1- ,+I -HIZIt+,)' - II ('I,-"+I,-}l"W+l1 1., 0• I .j

(22)

The _an .quare. of the re.ponae. are givan by Eq.. 18, 21 and 22. 'l'tIe uxima diaplace

-.Bta can be e.tiNted by ~lication of Eq. 23, d.rived by 5.0. Rice, to the•• -.an

aquare., providing the proce•• i. a .tationary randoa and a Gau••ian di.tribution with zero

Man value.

(23)

.
where ax' a; and T repre.ent the .tandard deviation of u.e r ••po.lI.' x and x and the

duration tiM of t.h. re.pon... , re.pectively. The _an .quare., obtf\ined by Eq•• 18, 21

and 22, cerre.pond to the .tandard deviation of the re.pon••• which have zero _an value•.

a.nce, the ux~ n.ponae. can be e.tmated by .ubetitut1nq Iq•• 18, 21 and 22 into Eq.

23, re.pectively.

Mean Value and Variance of I! Function CCl!fO!ed ')f 5tocha.tic Variable.

eon.ideriIUJ f(r) being a functiOll of the v~,':tor of ra~ variable. r, thi. function

can be expanded in Taylor' ••erie. about the _an value. of r. TruncatinCj the .erie••fter

the third tam, the folloving equations are otltain~•

• f(i) - I ( -). ). r=)f(r)-Hr)+Z---(r,-r,)+- I,(r,-r, -._ hr
"l .r, Z r,
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aaa.cs on the ".lIIIPtion thilt the variable. rare .tocha.tically independent of each other,

_ly the covariance of r
k

and r .. i. equal to zero for the ca.e of Jt,Il, the _an value of

the function f(r) b directly obtain.cs frca thb equation,which give.,

1 ,ll(r)
efCi) + Z ~ --';;-Var (r,) (25)

where var(r.. ) _an. the variance of the variable r... The variance of the function,

Var(f(r», i. given by

Sub.tituting Eq•• 24 and 25 into the av'~e equation, th~ following relation i. finally

obtained:

'I(r) )" I " fir) IVar(f(r» -Z, (-'r, \'ar(r,) +-~, (---) Var(r~)Var(r,)
2 'r.'r, (26)

Eq•• 15 and 26 are the fund_ntal formulas concerning the _an value and variance of the

func~ion f(r), re.pectively. Neglecting the third term of the right hand side of Eq. 24.

the following fOXlaUla. are obtained, in.tead of Eqs. 2S and 261

(27)

If (r) •
Va. ( fI r) ) = ~ (---.r;--) Va. (.,)

(28)

The pair of Eqs. 25 - 26 and Eq•• 27 - 2B are called the formula. of " the Second Expan.ion

of probability Variance" and " the firat Expansion of probability Variance ", respectively,

in this paper.

EarthqUake Re.ponse of Structure. by ~nsiderinq No~eteraini.ticVariable.

The theoretical approach, concerning ~n earthquake re.pon.e of a structure subjected

to a r ... :.. di.turbance, has been givfln in part 2. The fund_ntal stocha.tic variable. r,

con.idered in this application, .re ....e. m, .pr~n9 constant. k, a fund...ntal damping

con.tant of the par_tera concerning power .•pectral properties of the qround .ction.,

_ly Ill
g

' ( and.. All the variabl.s are ."!\QIIo'n in ','abh. 1. Con.equently, the nlllllber of

fund_ntal ato,":haatic variabl•• ar., 2N+3L+6, where II and L are the n~r of .torie. of

the .tructure and the n-.ber of paak. on the sp"'ctr'" of h. ground IIOtion., respectively.
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Applyift9 the to~l.. of "the First Expanaion- Eqs. 27 and 28 ir:to the 1llaX18IuIb response

Ixlmax given by £q. ;3, the followift9 equation~ are obtained.

1&1_ (r) - 1&1_ (i> (29)

(30)

The fo~r equation can b-' directly evaluated. H':Never in order to solve the 1l!ltter equation,

the following is required. First Differentiate Eq. 23 with respect to variable rR.-which

qives the following fquations for each condition of tho subscript 2..

for t-l (rt correspond£ to duration time T)

for ""1

_":-'-
T

.1_1 - [T •• )(-!!L)..!l.!l•• (r) = -;:===:::::::::==== 2•• Ie. (-; -;;- 'r,
h, _I (T -!.L)'V 2_; 101. -; _.

+ -!!... I_(!!i.) - •• (h. ) I]_. . 'r, 'r,

(31)

(32)

The variance a 2 and 0. 2 correspond to mean squares Z2 and Z2, reRpectively, for relat.ve
x x

d1splac_nts to the ground, namely

-:1 .. "if
-.1 - Zf

(33)

The following equations are directly obtainf~ by differentiatinq Eqs. 33 and 18 with respect

to rt"

~"._1_ (17:1)
Ir, 2 .., Ir,

..!!iL 1 IjL
~~, - 2_.. (-'r, )
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+'';'OJ ( ~ <*> -~<~> 11
(35)

Por relative .tory displacements and thoae .ubstracting the rocking effect, Eqs. 21 and 22

are ~lied instead of Sq. 18. The unknowns in the above equations are differential of

X.j , C.
J

, O.j' £sj' alld ~ij" Th••• are derived in the following

Differentiatinq Sq. lA-l with respect to c t ' the differential of Xsj is repr~sented by

where arj/arl i. Obtained by Sq. 8, or:

'Ij - (....!!LI' ("I + ( fs I' (~I"1 '" 'r,
Ie" IQ" 'E."
",' '" and iii

(36)

(37)

The differential of C. j , 0sj' and ESj ' refering to Eqs. 19-2 to 19-4 are represented as

follows,

VI-9
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~ __ .L (~) +.A.,{~)+( .Ao.I+.~) ( ';~)'rt .... 'r, 'r, ,
'.1. ( '.11. )-,Aol (~) + 2.A•••Ao -'r-Ir, ,

D (~) + aA (.!!.S..)~=(IAIl.AIl-Z,A.,+A'I) '" ,All" h,
Ir,

I.~) • (~)
+(,AaJIA.J-ZaA.J)('ti -,A;.t Ir,

.-!!!L _ AI (~) + ( '.1.01 ) + :0 ,Aoj ,A, ( ~:A, )
Ir, " 'r, ", ,

(38)

(39)

(40)

The unknowna, C1i Aa lClr2. in th... above equations are derived fr_ Bqa. 20-1 to 20-6,

respectively I

~ _ (~) + ( ',A.) (II
Ir, 'r, Ir,

(41)

••"', = __2_ (~) __2_ (~) (~J
Ir, ., ~ Ir, ~ .~ Ir,

........................ (Ill

·.Ao _ 2 1-1- (....!!!..) _..!..L (~) I (61-.r;- .....:. .... I r,
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(42)

'1'bII other IUlluIovns in the above equations, n_ly a'il art and Clwlar.r are obtained by an

application of the fOl'llUlas of "the Pirst Expandon" to an eigen value probl_. (4) (6)

Therefore, the right hand lide in Eq. 3- can be calculated with the above equations, which

ara represented by the differential of the fund_ntal variables shown in Table 1. There

for., the _an value and variance of the aaxi.a\a response Ixl- of a structure can be

theoretically ••t1uted by Eqs. 29 and 30, if the ..an value and variance uf the fundamental

variables are detenained. The abOve-..ntioned relationship, used to obtain the mean value

and variance of the aaxiaa response of a structure subjected to earthquAke ground motions,

are based on 01. fOl'l\ulu of "the rirst Expanlion", n_ly Eqa. 27 and 28. Applying the

fo~lu of "the second Expansion" repre••nted by Eql. 25 and 26 instead ot "the Firat

Expandon" to this probl.., instead of Eqa. 29 and 30, the following equations Me obtainedl

(43)

(44)

a2
The r ...ini"9 unknown ter- is ~ a <Ixlaax<r)), in the above equations as the first

r k 1'1

ten18 of the right band lide in the abOve both equations have been deriv~. Thiel term can

be euily derived in the s_ w.. as describ3d ~ve. The derivatior. of the theoretical

relationship concerning .. the second Expandon· is ~itted in this paper.

su!:tlg'U!!le Relponee of a Thr_-Storied Structure

In this section, ~Ie theory concerning the .arthquake response of a structure, descr~

in the previous section, is applied to a 3-story reinforced concrete struct~re with sway

and roc:kinq springs under the foundation. The dy~ic behaViour of the structure shown in

Fig. 2 is analyzed as follows. The ::onstants of the structure, su,.,h as _sses and spring

COIl8t.ants, are shown in Table 2, where roO' I, k s and k~ are the masa of the foundation, the

...nt of inertia about the center of the foundation, away and rocking spring consc.anta,

r ••pt"Ctivel.y. The sw.y and rocking spring constants, k
s

and k
R

, Me cbtained by the
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relationship, in which kH and kv are the dynamic coefficients of subqrade reaction in

horizontal and vertical directions, respectively.

"

B and L: breadth and longitude of the foundation, respectively

k
H

• Jc.lg.cm3

ky • 4k9/C11
3

spring constant k is estimate~ on the following considerations;

Tulll 'ar_ten of 3-,tort" Structure aMlyzed

MI" Spring

"'11 Value
toefftc tent El_nt Mlan Value Coefftdltnt

[l...t of Vartation of Vlrlltlon

.SIL
177.8 ton,....

~
a.no tAlllIsac2 0.17 kl 'J.l

liz 0.1. 0.17 k2 418.6 0.1

~ 1.2M 0.17 k3 363.0 0.1

.. 0.400 a." kS 1300 0.2

I .mUll.CII·uc2 0.17 kR 2. 166al08ton•C11 0.2

Considering a structure having 3 relatively rigid horizontal members, spring constants of

each story of the structure, k, are represented by

(45)

where k i are the values of horizontal rigidity of each \eltical member at a cor~espc.ndin9

story a,.d these can be obtained by the met.10i of D-value. Applying the formulas of "the

First Expansion" to Eq. 45, the mean value 2'nd variance of the spring constant It i,re

l·epresented by
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i - ~ I,
I-I

•Var(ll) - Z Var (I.)
I-I

(46)

Therefore, the coefficient of variation ok of ~e spring constant It is represented by

... - (47)

COnliderinq that the _an value and variance of all vertical melIlbers ha''''

the s_ valu., Sq. 47 beCOM.

(48)

where n
k

i. the coefficient of variation for the horizontal rJgidity of .ach v.rtical

.eaber at a .tory. ..••d on the ltatistical arrangement of materials, the coefficient of

variation a
k

for the horizontal rigidity of reinforced CQncr.te columns i. estimated as 0.3.

Th. value. of the coefficients of variation, shown in Table 2, vere obtained by application

of Sq. 48 in which 0k-O.3. The values of the coefficients of variation for .",ay ant'! rock

ing spring constants, k
s

and k
R

, a:a:e 0.2. Thes. values vere estimated from the varia.i.n

of the natu','al period lIIIlOng many standard 5-.tory apartment houses constructed by th'!l

.-rapan HO'ls:..r.g COrporation. The values of the coefficients of variation for _ss werl'

deterai"ed ~y the relationship which is obtained by application of the for.ulas of "the

Fir.t ZXO&r f ion" to the equation of eigen value on a singl.-degree-of-freeda. syst... III

this ca.e, ~he coefficient of variation for the natural period of the system i. assumed tc

be 0T-el.l. T;~e _an value and coefficient of variation of the d~ing constant, for a

f~ntal -ode uled in this example, are h
l
-0.06 and 0hl-O.3, respectively. These ~re

dete~ined by a statistical analysis of the _terials concerning damping constants of

uny actual .tructures. Finally, the properties of the earthquake ground IIlOtions _ust be

detaraine4. In this exa.pLe, it is a.suaed that the structure is con.tructed in Muroran,

wher.! lI&lIy stronq earthquake. bave been observed. Fig.:- .hovs the paver spectra of a

9'roWld accIl.~ation. ob.erved in Mln:oran Harbor. However, a s1lllulated power spectra

corre.pondillCJ to those of the observed earthquakes can be obtained by use of Ilq. 14, where

par_tlr. III'l' t and a in Bq. 14 are as.lIIIled as stochastic variablea. Fig. 4 shows the

.s.ulated power spectre. These two figures, Fig•. 3 and 4, are quite silllilar to each other.

Therefore, the simulated paver spectra shown in Fi'l' 4 vere utilized in the following

n~rical calculation. The prescribed ..an value and variance of parameters 111
9

, ( and s on

the sir-lUleted power P1pectra are Ihown in Table 3. The standard deviation of the qround
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Table 3 Constlnts for Si~l.ted Power Spectr.l Density fwnction
of Earthquake Ground !'lotlon It Murorln Harbor

....n Vallie toefftcllnt of
Variltion

Precso.lll4nt frequency
15.57rld/sec

"'t 0.16

OMIplng
( 0.235 0.08

-
Power Level

38.559'12/~S 0.17

moti~ns, having this si~ulated pc~er spectra, Gig' is 70 gals. The maximum acceleration ia

abr,ut 3 times dS grelt as the standard deviation in this cas~, namely 210 gals. The mean

value and ~oefficient of variation for a time duration of the ground motions are assumed to

be T-30 seconds and 0T-O.2.

Fig. 5 shows the stochastic distr~bution of the maximum responses. The solid lines in

the figure show the mean values of the maximum displacements. The broken chain lines show

the confidence ban" l~cated on eith~r side of the mean value at a distance of the standard

deviation and the ma~imum displacements corresponding to 95\ probability. The probability

distribution of the maximum respon&es is assumed to be Gumbel's First Asymptotic Distribu

tion. The coefficient of variation of the maximum displac~ments and the ratios of the

mean maximum displacements, corresponding to 95\ probability to the maximum displacements,

are 3hown in Fig. 6. The coeffiCients of variation of the maximum displacements are about

0.3 to 0.4 and the maximum displacemen1;s, corresponding to 95\ probability, are about 1.8

times as much as the mean maximum displacements. This fact shows that the stochastic vari

ation of the earthquake response of a structure is extremely important in designing a

structure with proper safety against earthquake ground motions.

Effect of StOChastic Variables to Variation of EarthqUake Response of a Structure

The structure model used in the previous section is examined again in this section.

The c0efficients of variation of the stochastic variables, used in the previous section,

are employed as the sta~dard values of these coefficients of variation. Varying indepen

dently all the coefficients of variation 0; each one of all stochastic variables, in the

rang' of 0.05 to 0.4, gives the results shown in Fig.s 7 to 9. The significant features

in these fiqures are a~ follows:
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(1) The -oat influential factor in the variation of the ~imqm displacements is the

variation of the predominant frequency ~q of the earthqu~e ground motions.

(2) The variation of the sprinq constants k of the structure is the must influential

factor. as veIl as the predor~nant frequency w of the earthquake ground motions.9 .
to the variation of the lllAXimUlll story displacePlent.

(3) The variation of _ss II. funcS&laental damping constant hI of the structure and the

damping constants ~ in the power spectra of the earthquake ground motions are not

a;'qnificant.

(4) The variation of the spring constants of the structare is not influential in the

variation of the lII&Xim\llll response of the foundation. SiJnilarly, the variation of

the sway and rocking constants is noe influential in the variation of the

max'm\llll responae of the structure. except for the foundation.

(5) The variation of the duration of tilDe of the earthquake ground motion is not an

t.port~t factor.

In this example. the predominant period of t~e earthquake ground motions is 0.4 sp.conds.

while the fund.-ental period of the structure is 0.38 seconds. Therefore. it is natural

that the variation of the predominant frequency of the earthquake ground motion is an

important influential factor with respect to the variati.on of the l1lllXim\v.\ response. Hence,

it lIust be recoqnized that the feature described in (1) is not general. It is expected that

the variation of the predominant frequency of such earthquake ground motions as white noise

excitations are not effective with respect to the variation of the maximum response.

Conclusion

A study of the stochastic earthquake response of a structure. which consists of a

nondeterministic stochastic variables, is explaired in this paper. If the stati9tic

properties of the nondeterministic variables relating to the problem of earthquake

reaponses of structures can be Obtainedwith sufficient accuracy, then the response

properties of a structure subjected to earthquake qrOlnd motions can be reasonably evaluated

by the stochastic theory described herein.

VI-15



Raterence.

1. Eailio Rosenblueth: ~sc- Application. of Probability Theory in bei..ic oea!cp,,,,
Proceeding. of the l.t World Conference on Earthquake Engineering, 1956.

2. Hiro.hi Tajimil ~Eartbquake Ra.pon.e. of Structures E.tt.&ted by Statiatical Method-,
Tran.action. of the Architectuza1 Institute of Japan, No. 603, 1958.

3. M. Ozaki, M. watabe, M. Hiro.awa, Y. Matsu.hi_ and Y. Y....zaki: ~Eartbt1uaJte Ra.pon.e
Prediction of Reinforced Concrete Building.-, Transactions of the Arch: teclural
In.titute of Jepan, No. 171, 1970.

4. T.K. Ha••elman and G.C. Hart: -Modal Analy.ie of Random Structural Sy.ter~~, Journal
of the Engineering Mechanic. Divi.ion, Proceedings of the American Society of civil
Engineera, June, 1972.

5. M. Ho.hiya and H.C. Shah I -Fr.e Vibration of Stoch••tic BeUl-Column-, Journal of the
Engineering Mechanic. Divi.ioL, Proceeding. of the American Society of Civil Engineer.,
Auqu.t, 1971.

6. Yutaka Matsuahima: ~Perturbation of Earthquake ".pon.e. for Sy.t_ CoaIpo.ed of
Stochaatic Variable.-, Tran.actions of the Architectural Institute of Japan, No. 210,
1973.

VI-16



"
IIlIraUlIl\

'&
ta~ r. '-'1111 '& MI" '. Sprl..

ft. PropIrtr

" 1 ~ tl ......2 111 r3t,+: "1 rJL+5'" kl

" "tl '1.4 Rz 'JL+'''' 1;2
,.. $1 . • ·
1'5 tz , • •, , I

r, "'IZ I
I

I I·
"

.~. .
I I I

I. ,
I • • •, • 'JL+z.Jl Il'll "JL+4+211 ,.. • .....J+tl "0 "JL+5+211 -is, ,

'lL-l '" f'JL.... I rJL+6+211 '.
'1L '"'1l+1 st.

Fie!. Id<aIiZ::lioll 01 S!f\Itt.- IUIiIeded 10 EarthQl.-k.
Ground Motion

VI-I?



'"'§
! F/1.3 "- SpeetnI DoIoIilr IliIIriIIuIiaD " ....... Gnl.-d ... :M_ a.tIor"CI

$

2 4 • • 10

FREQUENCY (CPS)

VI-IS



I....
..

o.
o'-----r---......

J. Co. t. '0
FAEQt.ENCY (CPS)

10·

...
,~

/

~ ... .., _ ••••n'
.-...0 -.01

CClIIlI

a I
-- _ 5Ier,

~.E_II Ie••

•

.........

......'..aw"'.......,1....._ ..- .........C_I

VI-19



.) for ~•. bl for ~•. Story c) for ~.. Story
Displ.CerftMt Displ.c~ =IOIC.,,*,t IYbtrKting

ing EffKt

3F , 31= I 3F
,

II I ,
, j I

,
~t:f

, ,
II I ,

I ,
2F I , 2F 2F , \I

51
I

I \ ,
I \I \

" I ~p 1F \ 1F
J ~,,
-=- 1

2 2

FiI.' eo.tficiettla of Variation ~1- aDd RallO of Mall__~

~...... Proballility ~"lo ................. __
cIY I-)O.~I jYj;;

.. .. •• .1

I)
«.i ct! Ce' (.,

.. • •• L'I
I, . I

!i ~''''. :wy;G'{, .• ' , I If'
.4

I If' • ::::::f:.•' .71 ~. •r I
I I •,

I
.J I .1 I ~

,
.1 II I I

... ., r.-.1 .1 .1 .," ., .I .z ..- ., .J •• ,4~ .' •1 .... .. ..
______~ eI I_

I • ......_lIIl...
~ ---"""""" .,
~ ...

I
I
I

II'

L...o.I~.I"""'.•__., lIIi

I c., ClI

,:: --+--i:y~
i .1 .1:.1

.1 .1 .• .10 t., .......~,.....I~.•~.' "

F;'.? llelatian _ Coefficient 01 V...... of Mea-. ,..,..

....... IItII~

... fill v.......

VI-20



~i: :/w:
~JI ,.,. ,

: .1: .1

• ..
1

ta,

• ..
Ie:. : "

.4 :?:.~!
II .1 , .1.' 0

...

..
hI

.•
It)

.1

(l) I,)"y:'d;.;, e'- .......--.""J.:7 .,~ i
-"'--1: :

I,

.- - .. - .. \MWiC_ .. _ .........._..

.1 1 I .• ~

l'iI.' Relation llet_ Cooffieionl of Variation of Maxim-. Story ~ll. Ol

Vanablea on IllfUl and S)'OleIIl

.. .. .. ..
.• " .. ..

: IF l/§ ,, ·,
, ~2'

~ .4

, ·:,,'*"'. , .4 I· "~ --"- i;,. ~2'."
.1 .1 .1

.1 .1 .J .4 i: L-"!'.,---l.-~.4 J; ., oJ .J .4~ .' .1 .• ::'«'
~ . ..

•• •
j/: I~.• :

I , ~... : ...~ ...
=::::j:==~ • ."..: :

: .2 :

----- e-....... .. _lion....'--
., .J .1 .4 ~ .1.2 J '''~ .1.1 J.4ir,

FiI.' Relalioa '*_ Coefficlonl 01. Variation 01 Maaimwn Swry Oiaf_
_ lICblll ........ Effect , .... 01 Variallloot .. IIlIIUl and 5)......

VI-21



LEAST WEIGHT STRUC'l'URES FOR
THRESHOLD FREQUENCIES

by

R. D. McConnell
Graduate Student

Catholic Univer.ity
Washington, D.C.

ABSTRACT

Thi. p&per d.-onatrate. a ..thod for de.igning le..t-veiqht, or optiaized, .tructure.

when a thre.hold frequency (within appropriate force factor.) i. known. The proce•• i.

highly ...naJ)le to a jab-by-job application due to ita .ilIplic:ity. s.&U _th_tical

model. of a .tructure can be analYZed by a hand-calculator while .tandard .tatic-load

finite el...nt proqr... can be used for larqe structure••

Key WOrd.: Least weight, optiaization, .tructur•• , frequency re.pon.e.
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Introduction

Aero.pace de.i9fters have long been de.igning c~nent .tructure. to • ainLaal-funda

mental, or "thre.hold", frequency specification. In general, dyn..tc rorce level. u-posed

in .uch desi9ft. are determined by the principel inertial force excitations to which the

.tructure ~er desi9ft will be .ubjected at frequencies known to be below the .pecified

·threshold de.ign frequsrcy". Undoubtedly .uch concepts _y have been used in varic.us

earthquake-related analy.e. and designs. More formalized procedures ...pecified by vari

oue codes, however, fall into two categorie.: a table of ca.ponent forces (~hich often

re.ult in gros.ly con.ervative or gro.sly underdesigned .tructuresll or .ophisticated

cc.puter analy.es using detailed models which undergo dynamic time-hi.tory force simulation~

Suco sophistication is well known to be expensive, time-consuming and .omewhat arvitrary ~n

earthquake analy.es due to the approxLaation. u.ed as the forcing fur.ctiona. Such large

programs often have the hazard. of inadequacies in the _theaatical algorithms and error

conditioning problems with large model••

Although it may not appear a. generally applicable for ground-supported .tructure., the

design of sub.tructures for earthquake induced forces could u.e .uch aerospace _thods.

By ".ubstructure." here is _ant any ccaponent structure for which the predoainant fre

quency to which it may be subjected is known to a rea.onable degree of accuracy. For ex

.-pIe, radio towers, watertank., electrical gear, etc. which are .upported by larger

.tructures will be subjected to the natural frequencies of the "base structure· regardless

of the earthquake .pectrum. (Technically, "larger" structure would t.ply considerably

higher dynamic modal-..s.l By knowing the approximate amplification factor. for the

principal contributing frequencies (and corr.sponding base-excitation levels I of the

"ba.e .tructure," a substructure .pecific.tion for the 1) dynamic a.plification factor,

2) arbitrary .afety-factor and 3) thre.hold de.ign frequency can be determined. (This has

"SUEd consideration, where nece.sary, for an a.s~ ....-.pring representing the sub

structure as pert of the "base .tructure" \DOdel.) The amitrary factor-of-safety would

take into con.ideration the .pread between the .pecified threshold de.i9ft frequency and

the funeS.-ntal (or ..jor contributing) frequency of the "base .truct.ure" , in addit.ion to

the assumed possible accrued errors in the particular analyses.

For these reasons, this paper deeonstrates a ..thad for de.igning least-weight, or

opt.imized, structures when a threshold frequency (with appropriate force factors) is

known. The process is highly ...nable to a jOb-by-jOb application due to it. simplicity.

S..ll mathematical model. of a .turcture can be analyzed by a hand-calculator while

stati-:-load finite-el...nt prograae can be used for lUger structure.. De.ign (-.her

selection) _thod., whether by hand or by special proqraa algoritlmle, becomes the ._

c~n .et of procedure. a. would be introduced in any optilllm-de.J gn _thods.

Structural Optimization Met1~.

With the increa.ing availability and intricity of finite-ele.ent ..trix programs for

structural analy.is, there has been a qrowiR9 inter.st in, and develo~nt of .tructural

optimization procedure. to augment tho.e progr.... They generally optimize by IIinilliz1ng

weight and/or cost or a .imilar objective function. rinite-el...nt progr... use matrix
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cepre8en~ations, or idealiza~ions, of real s~ruc~ures for the purposE of behavioral analyses

under various loading conditions and constraints_

Most methods and applicatlons inv01ving optimi,atlon of dynamic propertles and behavior

of structures have, in general, incorporated the basic procedures of prior studies in opti

mization under static load conditions.

'n\e goal in structura~ optimizatiC'n is to minimize a prescrlued ment function. This

aerit function ~ould be weight, cost, fabrication criteria, or a combination of these (7).

Active constraints on the .ninimization of the merit function (or "optimality critErion")

would be the analysis equations for the set of design variables, such as stress solutions

for the desi..n of the melf"'ers. Side-constraints would be limits on disl'lacemf'nts, miniml\lTl

IlIelIlber lizes, etc. 'n\ese constraints must not be violated wl.en optimlzing the mat.hematical

representation o~ the structure to a particular merit-function. In those cases where the

geoa.etry is to be optimized, volume or space constraints Inay be imposed.

Structural optimization methods can be divided into two general categGries: matr.emati

cal progclUIIIIing i.'vo 1ving search techn ~u ue s, snd opt Hna litY proc",dc; ,es . TliP pr inc i p" ] , y

identified methods in the first category are feasihle-usable direction (lb), gradient

projection (17), optim\lll\ vect,)r (8,9), linear prog} amming (15) and allocat.ion (11). all

being defined as explicit minimizat.ion processes. Implicit minimizatlon methods in the

same general mathematical search category are st.eepest descents (18), adaptive granients

(19), variable metric (20) and conJugate gradients (21). Tl.ese identities are indicative of

the redesign search routine algorithm. "Implicit" m.. chod" use penalty funct.ions (14) to

transform a constrained minimization problem to an unconstrained one. Conceptually, these

can also transform discrete values of the de~ign variables into general uncc>nstrained

functions.

The optimality procedures include ful y-stressed deisgn (22, 23, 24, 25, 26, 27, 41, uni

form strain-energy density (28, 29, 27), :;imultaneous buckling (30, 6), and limit design

(10,12,3).

Most examples d'monstrated in the mathematical search technique group have been small,

simple models of strIctures, generatly involnng static loading conditions. These proc.ed

Ul'es are verv time-consuming, may n0t mono~onical]y converge and involve much ;'rogramming

.affort (8, 9, 16).

Virtually all practical applications illvolving larger monel representations of real.

structures have employed one of the optlmallty methods. Conceptually, the optimali~v

methods require solution of first derivatives of the merit f Inetion, or a s'JL,titute function

in which case the method is classified as a substitute optimality process. (F >r eX'U!lPle,

the use of fully-stressed convergence is substltuted for minimum w .. iqht.) Ir the actual

iterative procedures, derivative:; are not calculat.ed sp",clfieally, hence the r"deslgn calc.u

lations are relatively few. In the mathematical search techniclue, howe·,,,,r, second deri va

tives must be extracted or approxilM.ted at each ~teration tu detl-nrine "ensiti /ity coeffl

cients for redesign toward II minimum of t.he merit function.
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The two substitute optimal1ty methods which have been u3ed with success are fu11y

stressed design and uniform strain-energy de~sity design. These have been usp~ for 1inear

elastic design structures. Wlth the exception of such techniques as penalty functions (14)

in themathematical search procedures, 1n general, wlth tha exception of specific side

cunstraints, must have equivalent linearized functional representation. Such linear repre

sentation of discrete values are generdlly approximate and cannot always be so expressed.

In the realm of optlnizatlo~ uf structures, the penalty function, or unconstrained

optimization, techniques havc' not been very .~·fficient. Such penalty functions introduce

near-singularities in the search process with consequent instabilities (7).

Most literature on applicatlons and comparative review~ conclude that th~ more effi

cient and successful methods nav.· bef'n those of toe optimality, or substitute C'ptimaJ.ity

cllteqory.

It has long been known that simple structure" optimized under a one-load condition will

converge to a determinate structure in the absence of side-constraints which maintain mini

D111111 sizes for all member~ in the original structure (25). (One frequency constraint is

considered the dynamic equivalent of a one load-condition.) That determinate st"ucture

will have member sizes determined only by th~ forces in the members. The allowable stress

could be prescribed by strength, yield or buckllng criteria, ~nd may be different for each

DIl!IIIber.

The two methods used today for practical size problems under dynamic constraints or

loading conditions are, as in the case of stati;; loads, the substitute optimality approa.:he·;

of fully-stressed design and uniform strain-energy density "esign. 'These two produce the

same optimum structure when the ~tructure is made of only one material.

In the case of resonant fr~quency optimization by fully-stressed ~thods, t~e allowable

stress is uniform for all members in the structure. This is to say that if strength

criteria do not preclude the adjusted stress-level, fully-stressed methods in the dynamic

resonance case will reduce the stresses uniformly (thereby increasing sizes) .to provide the

stiffne r _ -"'ugnt. This step is often called ·proportioning". Re-analysis is then necessary

as the mode-shape, and consequently the effective force-distribution, changes. As noted

earlier, side-constraints may be introduced to preserve strength in particular members.

The prilllllry use of ·;tructural optimizati ~n procedures in dynamics problems has been

to optiDllllly adjust the fundamental frequency of t:,e structure while assuring all additional

strength requirements.

One reference (25), is of particular not~ here in that it is a representative practical

application of optimizing a real stI'.cture to a funda.ment,,~l frequency threshold level by the

fully-stressed substitute optimality ill,proach. The authors, Young and Chri stiansen, point

out that they do not find an absolute, or global, optimum, but they do produce a "good,

efficient structure.·

Their procedure was essentially: 1) produce an original design: 2\ analyze for

resonant frequencies in the reduced models, mode shapes and corresponding modal forces in

the detailed model: and 3) redesign (or proportioning). These three steps, basic design,

analysis and redesign, a.re the fundamental steps common to all iterative optimization metp~
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This paper describes a st.ple, stahle method for adjustment of the entirb frequency set

to a ainUlual level. 'I1le structure IIdjusted by this efficient method ... ill be silllultaneously

optta1zed to a le~st weight criterion without requi~ing the use of eigenvalue/eigenv~ctor

extraction routines, or algoritruas to transpose mode shapes to forces. 'I1lis procedure con

verges rapidly and require. only .tandard fini~element programs for static-l~d conditions.

Procer...re

For those cases where the entire set of eigenvalues is s~.ifted to provide a fun~ntal

frequency aJ:)ove a prescribed IllinilauJn level, proportioning of the structure is possible.

Methods for total adjustmen~ with proportioning have been presented in the literature as

described earlier. It i. often possible, however, to Obtain such results by a rapidly

converging, stable process using finite-element proqrams w.itten for static-load analyses.

The economy so realized, as contrasted to the use ~f eignevalue extraction routines, permits

the use of larger, more detailed models in these instances. The element of instability of

comparable ..thods in the literature is principally inherent in the algorithms used to

transpose mode-shapes to relative forces ir. the structura' eleme.. ~s (25, 4). Modal extrac

tion and tra~sition are not explicity required in the familiar Rayleigh energy method to

obtain the f',:-adamental frequency of a st.ructure. Also, by using the IIOre detailed lIIOdel

of a structure, rotary inertiae generally become insignificant. Their exclusion in a

Rayleigh approximation, ~ons~quently, does not seriously affect t~e results.

static £.,I1~... ,"ent loads which can be factored by any arbitrary constant, are illlpOsed

by ratio an~ direction in accordance with the Assumed (approximate) fundamental moUe-shape.

Res,.iting fOlces aroa then extracted by the routine stiffness matrix procedures for :.-tatic

loads. The force set is then linearly proportioned to Achieve a fully-strssed state in

that ..mber which experiences the numerically largest force using the prevailing size of

that ...oar. All members are then simultaneously proportioned to the forces and scaled

by the ratio of Af/AE where Ar is the desired eigenvalue level And \ is ~e currently ex

tracted approximation. The process is repeated using applied forces proportional to the

latest mode-.hape. The iteration is complete in the Rayleigh method when the A
E

extracted

approximates Ar desired.

This modif.ed Rayleigh method is simultaneously converging to the true-mode shape of

the fundaDental mode ~mile being proportioned accorJingly.

In IIOst case'. an -'r,roxi,nte mode-shape is known. When this is not the case, it would

be advisable t ~e a procedure such as the "inverse power method with shifts" to extract

the fundaeental frequency and It'! corresponding mode-shape for only the first ste~(lll

Following adj''''''lIlents, the routine Rayleigh method. as modified above, may then be used.

Convergence can be assured by checking the total structural wejqht upon each succe.sive

redesiqn step. If there is a diverqence due t~ a poor est:mated mode-shape, it is only

nece.sary to carry the Rayleig~ iteration to successive steps (without propcrtioning) until

convergence is assured. Ttl.. advantages of this method, in contrast to those in the

literature, are 1. since Ol'~y ~he fundamental frequency is of concern, the Rayleigh ~thod

is efficient And ec~n0micall and 2. the element forces are already known during each step

to the process.
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'n\e followinq 15 'I .t.t_nt of the basic Rayl.igh iterative atep•.

j
r F

ri ~-
r-I

r
w2 •

j
A- r M (t J 2

reI r

Where Fd are the inertia force. c:>rr••ponding to an a.,'aed (or p'!'ior calculated)

.cde .hape.

A- ""r are the detlectiol.~ due tc 'ri where~· 11 the noraalized vector, (5).

Ex!!Ple

A .iJlllle 3x3 ..trix .cdel 11 .htNn in Fi~e 1. 'l'tle acnematie aprin'} ~clel correapending

to the atruetural model i. identic, 1 to on. uaed in Raferenc. (5). The fir.t iteration

cycle 1e identical. Th. al.lbaequenc ItepI toward weiqht/frequer.::y optlalzatlon can De CQlll

par.d with the el_ntary _thad, in that referenre, whereby onl} tl,;: extraction of the

origina' fund...ntal frequency WAI required.

'ipr.l

~ ~ ~- - -~ := :=
§ §

t~
N.....
~

1--

~.2 Ib-sec2/in
~ (772 lb)

1 It.__ac2/iA
--- 086 1'"
HI-

to.)-

,
"""

.,
) Decree-of-Freede. ba.,1. of OpUlUl AcSjult_nt

of Fund....tal Frequency .y R4y1eiSh Method

Table I illuatratea the stepa in a .t.ultaneoys Rayleigh extraction of the f~ntal

frequency of thi. rt.ructure wnile proportioninq ...~ be,. to optiaized it. _ight. It con

currently shift. the fund..-ntal frequency to a pre~=rtbed threahold level of w • 30 rad/••c.

The ....~ lI04e lhape 11 obtained by a lq. force on each _n. The fint cycle pro

duce•• frequency of 2H.2 radl.ec, and a lI04e .hape of 1, 2.02 and 3.22. The .prinq .tiff-

n...... (uaed in the F1q. l.ch_tic to illuatr.te the ..thod) .re then adjuated to 6QOO,

4340, and 2670 lb/in to x.ault in • un1ton .t.... Th1l i. obt.intld in this cue by a••UIIlinq

the eff.ctiv@ .prinq Ienqth. equal and .pring .tiffn••••• proportional to area. If a .prinq,

therefore, has twice the area, it hal twice the weight (for the .... lenqth.l and will take

twice the rorce at the ._ .trea.. 'l'tle~. lhape to which thi• .xsel INIt coverie can be

recogniSed to be 1, 2, 3 for the•• ecnd1t.1on.. That "COIIPuted lI04e .hape" is achieved 1n
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second cycle foll~ing proportioning of the springs. That cycle produced a frequency

w • 29.5 (incre4sed aue to the basis of the spring proportioning].

The third cycle is exact, in this instance, as the assumed and computed mode-shapes are

identical. !'he r ..':~lting frequency is 29.3. An adjustment by W~/ult of the stiffnesses to

produce 30. rad/sec results in the minimum total weight springs as shown.

Conclusion

In conclusion, the above example has dpmonstrated "fully-stressed" optimization con

cu~rent with thr~shold-frequencyadjustment by a procedure so simple as to permit the

solution, in this instance, by the use of a hand calculator. 7he use of a model used

earlier in texts (to demonstrate the Rayleigh method) was to permit comparison with this

paper's augmented method. In addition, the particular model was thought to be of an

"optimal" variation in member sizes (for first-mode stresses) at the beginning of ~he pro

cess. Further efficiency in weight was obtained.

The possible applications to earthquake design of sub-structures become most apparent

upon rev~ewing the reasons for such requirements and applications in the design of aero

space structures.
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DUCTILE SHEAR WALLS IN EARTHQUAKE-RESISTANT MULTISTORV BUILDINGS

by

Mark Fintel
Director. Engineering Services Department

Portland Cement Association
Skokie, Illinois 60076

ABSTRACT

slender shear walls in multistory buildings are discussed in this paper and answers are

given to such questions as "Why do we need them?" and "What do we know about their design?".

Also discussed are the historical development of the use of shear walls, theLr performance

in earthqua~es ~f the past 10 years (both good and bad). and finally, the available design

information and o~r future needs in the area of design of shear walls for strength. stiffneRs

and ductility. as ~>!l as needs in the area of ar.alysis for the dynamic response of shea.

wall structures.

Key Words: Buildings; Damage: Dynamic Response: Earthquakes: Safety; Shear Wall: St~ffness.
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Slender Ihear wall ~ can be defined as verUcal cantilevers, with vario'u cross .ection,.

such aB: rectangular (a vertical pl.te), I, box, and other elevator walls. The shear walls

luPport the vertical load. in addition to their function to stiffen the frames in their re

si.tance to l.teral load. due to winds, earthquake or blast. Although interior and exterior

co~crete walls have been uBed to stiffen structures as long as reinforced concrete it~elf

has been 11. '.1.e, the IIlOC ", concept of shear walls designed as verUcal slender cantilevers

wer-" first ltiUzed in 1-. E' in housing projects in New York City and in Chicago in buildings

designed for wind ~~rces, ~o augment the lateral re.i.tance of the frames.

I: • ~nearthquake areas of the United States and Canada concrete buildings with more

tnan 15 to 20 stories ar~ usually designed with shear wall., primarily to improve their

.tiffne... £~onomically, the inclu.ion of .hear wall. seems to be the lea.t expensive way

tc> increase .:.he overr-ll rigidity of concrete building., .ince they lerva the triple functio",

to suppo~t gravity i,ads, to provide lateral resistance, and to function as a wall.

Analysis for lateral loads of buildings containing shear walls waf carried out initiall~

in the 1950s, by •••igning all the l.teral loads to the .hear walls, .ince it was felt that

the very big difference in Btiffness between the shear walls and the frame ~uld cause thp.

shear walls to accept the total lateral loads. This inaccurate assumption may have been

conserv.tiv. for the cc.putation of shear wall moments; it is, however, not conservative for

the frame. and particularly in the upper parts of the building.

Formal procedures for shear wall-frame interaction were first introduced in the early

sixties. Fig. 1 show. the concept of the interaction, with the resulting internal forces,

which substantially increase the overall stiffness a! the combined system.

Most of the recent prominent ultra-hiqh-ris~ reinforced concrete buildingE were built

without any additional cost for the lateral resistance, which was mostly accommodated within

the 33 percent iUCI ....S€ in the allowabl·~ .tre•••• when lateral loads are co"sidered. The

high lateral rigidJlV was achieved as a result of the shear wall-frame interaction.

Performance in Earthquakes

TO judge the merits of shear walls for earthqu~ ') resista~ce, an examination of their

performance in earthquakes should be made, and particularlY the comparative behavior of

frame buildings and buildings containing shear walls during the earthquak... of the last 10

ye.rs. starting with the earthquake of ManagUA, and going back in chronological order to the

other earthquake••

Managua Earthquake, 1972

The earthquake of Managua of r!le. 23. 1972 seema to be the DOst si9nificant of the re

cent earthquakes. l since side by si·... 'J8re two 1". -ldir.;& (F!". 21 representing the two

different structural .y.tellS. .1~ b'.Uding on the left is the IS-story Banco Central which

is pri~cipally a frame building, v~~le the building on the right is the Banco De America, an

lB-story .hear wallframe interactive .ystem.

The Banco Central was designed in the early 1960s/ the structural system of the tower

(Fi9. 3) i. a one-bay frame with two ...11 reinforced concrete cores and an infilled wall at

the end of the building. Thes. stiff element. _y llave done the structure more harm than
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900d by tntroducing toraion due to their ~ff-center location.

The building was s\~jected to violelt shaking, al rould be Observed fra. the damage of

the llOnstructural .. lel!lE!nta, both inside and outside (Fig. 4). EXC4pt for the 4th flOOl

steel roof ovrl the auditorium ",,"'.ch fell off its s~port, the onl." structural d_ge ob

lerved in the building was some ripping between the off-center core and the ~15b. The struc

tursl fr.-e of the tower itself 5hovec lit+l .. distress. There was evidenr.e ~f yielding at

80IIII junctions between the colUllllls and the be... ; however, the struct:ure !lsd Enouqh ductility

(whether designed for it or not) to fustain the large distortions. lna1'e, however, the

bUilding was in shambles over DOst of the stories, due to the ~x+remely violent shaking ex

perienced by the building.

In contrast, the building across the corner, the lS-story Banco De America, (Fig. 2)

exhibited an entirely different perfmance, both inside and outside. The plan of the bu~ld

i09 contains four centrally located cores, arranged symmetrically within the peripheral

col_ sYltea as shown in Fig. 5. The cores are intercolUlected by two rows of stocky be.... ,

uny of which are penetrated by ducts. A general cc_nt: the number of shear walll in

this building is substantially higher than 1s usually provided in wind-resisting buildings

of comparable height and pla~ size.

The interconnectin~ ~eaas between the cores suffered repairable shear damage through

.ast of the height of the building. Observing the large amount of flexural reinforcement

in the beams, it should be recoqnized that it is almost impossible to provide enough shear

capacity (whether the beams are penetrated by ducts or not) to be able to develop flexural

hinginq at the ends of the be....

There was very little evidence throughout the height of the building of any violent

Ihaking. All the furniture was in place, and there was no discernible nonstructural

e_ge.

A comparison of the above two buildings shows that both ve~e well designed and well

constructed, within several years of each other. Both buildings were designed according to

the United states west coast standards in force at the time of thei~ design. Although both

buildings were subjected to the same earthquake motion, one had very se~ere architectural

damage, the other could be reoccupied immediately while the repairs proceeded. There was

only one difference between the two buildings - a healthy system of shear walls which re

stricted the interstory di, '~rtions, thus providing damage control.

Figs. 6 and 7 show another pair of comparative buildings from the Managua earthquake.

Both ~f these 5-story buildings were located in areas of high damage. The S-story Insuxance

Buildin~ (Fig. 6) outwardly appeared so badly damaged that people did not trust themselves

to enter it for ~eve~al days. Later inspection showed that, although the exterior masonry

walll and the interior partitions were badly damaged, there uas little structural damage to

the building's moment-resistant frame.

In contrast. the 5-story Enaluf Ruilding (Fig_ 7) which has a relatively large rein

forced concrete core in addition ot the frame, went through the earthquake exceptionally

well. The only structural distress was slight horizontal cracking in several of the exterior

first story columns. and a shear vall on the ground floor had some damage adjacent to a duct

VI-35



penetration. Otherwise. neither structural nor serious nonstructural distress appeared in

the building.

Performance of Other Modern Frame Buildings in Managua

There were also a number of oth~r well-designed ~ment-resisting frame buildings in the

6-8 story range. They were all subjected to intense shaking and large distortions as e~i

denced by the severe damage to their nonstructural components and finishes. All of them

exhibited sufficient ductility. since there was almost no structural distress. They all

performed according to the present code philosophy - little ',r no structural distress, how

ever, quite a bit of nonstructur~l damage.

The a-story Supreme Justice !lui IdiOt; h...d l;1il 1II1d1 struct ~rdl distress. but the insi ie

was in shambles.

The a-story Social Security BULlding (Fi~. 8) outwardly showed no distress except for

the collapsed roof over the elevator machine room, and little structural distress on the

inside. However, the nonstructural damage was considerable and the staircases were full of

partition debris and could not have been used to evacuate people had the earthquake occurred

during the daytime.

The a-story ~lecommunicationsBuilding had post-tensioned beams on the column lines

spanning across the entire building. There was on off-center c~re at the far en~ of the

building was in evidence; however, the post-tensioned ~~ams of the tower showed (wlth one

exception) no substantial structural damage.

Summarizing the behavior of this group of frame build1tlys, it is evident that the

buildings had enough ductility, whether intentionally designed taL it or not, to sustain the

large distortions to which they were subjected during the earthquake. The high degree of

economic damage these buildings suffered was apparently not so much from the ground shaking

as from an inadequate design pl1ilosophy - a ~hiJosophy in which we design the structure for

large distortions, but we do not detail the res~ of the building (which in many cases com

prises up to 80 percent of the value) to accommodate the large distortions without damage.

Of particular interest was the performance of the National Theatre, built several yeats

ago in the style of the Lincoln Center in New York. The structure contains a U-shaped rein

forced concrete shear wall around the auditorium within another V-shaped shear wall of

columns and beams infilled with l8-in. thick solid masonry around the l~bby and stage. Ex

cept for a few marble statues which were thrown off their pedestals, there was nO evidence

that the building had just gone through an earthquake. Neither structural nor nonstructural

damage conld b'! found.

san Fernando Earthquake, 1971

The Indian Hill Medical Center is an exam~le of an acceptable earthquaY~ performance of

a shear wall-frame type building. The building was restored and put back into operation

within a short period after the earthquake. The structure of the Indian Hill Medical Center

consists of beam column frames supplemented by shear walls. The shear walls exhibited some

diagonal crackin~ and other local distress; the~ were repaired by increasing their thickness.

On the compound of the Veteran's Administration Hospital, where some buildings of 1920

vintage collapsed, several auxiliary buildings built as reinforced concrete boxes went
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through the earthquake wit~out structural damage; even the chimney of the central boiler

plant had only some sliding ~t a cola jo:~~. untortunately, these CQ~~~ 0_ ~~cellent be

havior 30mehow escaped the .,Lte~tion of the profession, which was bUsy eKamining the col

lapses.

Caracas, Venezuela Earthquake, 1967

Fig. 9 show'; a multistory building with a very flexible skeleton of the type prevalent

in caracas. 2 Th~r~ were no shear wallS used in the Caracas buildings. The skeletons were

filled with ~rittle and weak hollow clay tile infill walls. During the earthquake the

bUlldlngs were sU~Jected tn large distortions and the weak partitions exploded, as shown in

Fig. 10. It is ObV10US that such damage should have been expected from buildings with

fleKible skel~tons undergoing large distortions and filled with brittle partitiona.

The 17-sto.y Plaza One Building was the only complete shear wall building in Caracas.

It was located within an area of extremely high damage. As seen in Fig. ~l, one of its

neighbors. a IO-story buildlng. collapsed while the other surrounding structures suffered

severe damage. The Plaza One Building went through the earthquake without any damage what

soever. The building has shear walls in both directions.

SkOPJe. Yugoslavia Earthquake, 1963

Many of the residential buildings in Skopje up ~o 10 stories high had two shear walls.

all across the width, flanking the central stairway. The shear walls were usually no~-rein

forced of I~or quality concrete. Nevertheless, the rigidity of the shear walls did not per

mit interstory distortions, and consequentlY. there was no damage. In some instances slip

~f the cold joints between successive story lifts was observed.

Flg. 12 shows the 14-story Party Headquarters, which was the only building in Skopje

with a structu~e similar to our shear wall-frame syst~ms. Being the party headquarters, it

was designed more carefUlly and constructed with gr~ater attention to quality. Three non

reinforced she~r walls in the center were of good quallty concrete. Although it is known

that the building underwent Severe shaking durin~ the earthquake (according to witnesses

who were thrown from one end of the room to the other), there was neither structural nor

nonstructu:al damage in the building, with the exception of the elevators which did not

function aftEr the earthquak~.

Misb~havior of Srear Walls

The preceding description of performance iPo past earthquakes showed many examples of

good behavior of buildings containing shear walls. On the opposite side of the spectrum

there are two distinct categories of misbehavior of shear wall buildings dllring earthquakes:

(a) interrupted shear walls, and (b) brittle linkage between coupled shear walls.

The Olive View Hospital (San Fernando) shown in Fig. 13 is an example of interrupted

shear walls. The upper four stories contained shear walls; however. they were undesirable

in the ground floor due to the architectural layout, and were. therefore, omitted. The

building distorted during the earthquake by more than 2 feet within the ground story. In

retrospect. it seems that in this building the ductility available in the upper stories

was of little benefit because the presence of shear walls oid not allow any distortions:

while the extremely high amount of ductility available in the columns of the ground story
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4id not really do very auch qood in k••ping the building intact, exce~t possibly Freventing

total collapse of the qround story.

Dilcua.ion

It _ look back and revi_ what .. have l.arned from the prev.LOUS earthquakes, I be

li.ve that _ weI'. extr...ly .ager during the last decade to verity the viability of the

concept of the ductil. ~t-r.sistant fr.... con.equenely, after each of the past earth

quake., we have introduced .~ iJlpro....-nt to the ductile _nt-re..btant fra:M, i.e ••

after Caraca. _ incre..ed substantially the overturning .a.ent; after other earthquakes,

other details were -edified. However, I believe that ve have not thoroughly examined the

basic concept of our earthquake desi9ft philosophy as related to reinforced concrete. For,

I believe if we _re to -.lte a thorouqh exaaination, ve would probably find that the duc

tile .ceent-resistinq tr... without .hear wall. i. a relatively poor .tructural system for

residential and office buildings which contain a lot of nonstructural elements that are not

designed and detailed to .c~te the large earthquake distortions of th~ moment-resist

ant frame.

A brier look at the history .hows that the ductile moment-resistant fr~ evolved in

the 1950. out of themoment-re.i.tant frame vhich, at that time, vas the only system for

sulti-slary building. for both eteel and concrete. By adding ductility to the then avail

able .y.t.., we created a convenient .olution to the problem of earthquake resistanc~.

However, in the meantille, better and IIOre efticient structural syst_s for Illultistory

.tructure. (both in .teel and concrete) _re developed for vidn resistance. Actually, the

lAlt ~nt-re.i.tant frame utilized in the east for a very tall building vas the 60-story

.teel fr..ed Cha.e Manhattan Bank in New York, built in the early 19608. At tha~ time,

this 60-.tory building utilized about 45 1b of steel per square foot of floor arull (220

~g/.2). TOday, 60-atory buildings are ~uilt with about 20 1b of steel per square foot

(98 kg/.2), while buildings in the lOO-.tory range are built with slightly over 30 lb of

structural steel per square foot ot floor area (146 kQ/.2).

The .-phasi. on ductility as the key to survival of moment-resisting open frames led

to the adoption of concrete .tructures reflecting characteristics more common to steel

buildings, rather than taking advantage of the strength, atiffness. and ductility inherent

in the natural io~ to which concrete lends itself, such as .hear valls. Recent experi

ence ha. demon.trated that the twin requirements of safety and damage COntrol can be better

..t by structures po•••••ing adequate .tiffness, such as shear walls can most economically

provide, wh.n coupled vith .ufficient ductility or energy-absol"ption .::apacity. This is

.specially ~sirabl. for apartment and office buildings, where ~naiderable nonstructural

daaaQe can result frca exce•• iva interstory displacements during an earthquake. When

.ufficient lateral .tiffne•• i. built into a structure by the introduction of ductile

.hear wall., .0 that large lateral di.placaments are prevented, it is doubtful if the

connected !rale in a fr...-.h.ar .all building will ever undergo the distorticns which

would call tor the ductility which we now design into them.

It .... that for use. like parking qarag•• , .tadi.... , bridges, and the lilte, the

ductile ~nt-re.lstant fr... without sh.ar wall. is an excellent earthquake resistant
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.,s~. HoweVWk. for apar~nt and office buildings in which 80 percent of the value is

nonstructural, we should haw -are d...ge control thlUl the ductile IIIOIIIent-resistant fr_

can provide.

Shear Walls As Ele88nts

Shear valls can be classified as (a) short shear walls (hid, less than about 1/2), and

(b) slender shear walls (hid, IIlOre tl.an 2). l'hort spe.lr walls are IIIOstly governed by their

shear strer.~' while slender ahel' walls ..re canti.levee beams contr'~lled by flexure. If

special details aI ~ ·.til.:.. , in slender walls ,:'i,~y can be detailed to have SUfficient

ductility.

Another po.sible classification of shear walls is according to the geometry of the

section: re~tangular sections, and I-sections representing both I and box sections a.

used in cores. An important difference between plain rectangular section. and flanged

sections is the degree to which shear (i.e •• diagon~l tension) contributes to the total

distortion.

The current state-of-the-art shear wall ~c~lgn consists of individual developments on

a nu.ber of aspects-only bits and pi~ces-"ith a r ..tion..l ..ppro..ch slowly emerging.

Test1nq of Shear Walls

Tests of infilled on..- and two-story conrrete frames were conducted in the fifties.

After a period of nearly 20 years, testing of shear walls was initiated several years ago.

and sa.. of the new studies have already been reported in the technical journals. There

have been a n~r of eXPerimental investigations of short shear walls to determine their

shear strength at the PCA laboratories with both monotonic and cyclic 10adinq.3,4,5

Results of Sa.<! of these studies have formed the background for the shear provisions for

shear walls in the 1971 ACI Oode. 6 Also. a test series of long shear walls with IIIOnotonic

loading has been c ..rried out at PCA. 1 Investig..tions on coupled sh....r w..lls were c..rried

out very successfully in New Zealand. 8 A series of dynamic tests on shear wall assemblies

on the shaking table has been intitated and is underway at the University of 1111noi8. In

addition, several universities are preparing test series on various ..spects of slender shear

~lytical Investigation of Shear Wall Sections

A series of analytical Dtudies to investigate the strength, stiffness, and ductility

of sbear wall s.ctions was carried out recently at the PCA. 9 The aathe.atical DIOdel used

for the de'Jel~nt of the interaction diagrams of shear wall sections is based en the non

linear be.. theory. The _thematical lIIOdel for the "cOlllPuter test series" has the obvious

shOrtcoa1nq of at.ulating only ~notonic loading, since no model of possible effects on

concrete due to cyclic loading has yet been developed.

oespite this shortcoming, this series of cOlllPuter studies gives us a better lInderstand

inq of the influence of the variables affecting strength, stiffness, and ductility of shear

valls. In addition, the ..thematical model has the capability to consider confin...nt in

any part of the section.
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The nonlinear baa. theory •••U8eS the strain. to vary linearly across the section.

while the .tr••••• in bOth the concrete and the reinforcement vary non-linearly according

to their actual stre.s-str.in relation.hips, a. shown in Fig. 14.

Two principal .ection. vere inv••tigated: a rectangular section with unifor~ly dis

tributed r.inforc...nt and r~inforc...nt bunched at the ends. and an I-section with concen

trations of reinforc...nt in the flanges. The latter section rep.esents bOx or I-sections

.. uaed in .l.vator cores.

Sinc. we ar. interested in the properties at maximum capacity, rather than at the cod~

·ult~t.· (which i. at the first yielding) it is important to model the properties of the

..terials, particularly after yielding. as accurately as possible. For the steel reinforce

..nt there is good stress-strain information available. for the stress-strain ~haracteristics

of concr.te • ca.pl.x equation was developed based on all tests reported in the literature.

The cc.plexity of the expr.s.ion is no~ objectionable, since it is intended for computer

applic.tion, accurate pre.entation of bOth the ascending and descending branches of the

str•••-.train curv. '·'as the .-ost iq)ortant consideration.

Th. load-~nt int.raction diagram shown in Fig. 15 is the envelope of maximum

capacity, at whatever strain this may occur, rather than for the customary concrete strain

of 0.003. It i. found that the strain of the concrete at which maximum caoacity occurs

incr••••• as the .ccentricity increas.s, from abOut 0.002 for the compression controlled

branch of the int.r.ction diagram to three to four times as much for the tension controlled

branch (Ke~o axial luad). The reason for this increase: as the steel stretches in yielding,

the cqncret••train increa.e. progres.ing along the descending branch~ the strain hardening

of the .teel caua•• an increase of the strength of the Aectior.. Computation of design

.tr.ngth bas.'d on concr.t. strain of 0.003 for all eccentricities is conservative. The

d.fo~tion capacity of the .ection from the onset of yielding of reinforcement until its

final rapture, or until the c~res.ion failure of the concrete, is the section ductility.

Al.o, the available section ductility was investigated as related to the axi~l load

level. Th. plot in Fig. 16 of sectional duc~ility against axial loads shows t~t the I

.ection with confined flange. ha. a substantial ductility even at balanced load level.

Obviously, all the.e analytical finding. will have to be confirmed by laboratory tests.

IIee4ed Studi••

l'1u'th.r work is needed in both the analytical and eXPEf imental areas to Ilupplement the

pr.eent knowledge for a complete procedure for earthquake reslstant shear wall type build

ing.. bUMive .hear t ••ts have been carried out for monotonic and cyclic loading on

.bort shear w.ll.. Expert.ental testing for cyclic reversed loading is needed to further

investigat. the .ffect of the aany variables and to perfect the reinforcing details to

..sur. an optiaua .tr.ngth, .tiffness, and ductility of slender shear walls. Important

variabl•• to be considered are the arrangement of reinforcement, details for confinement.

detail. for splice., errect. of Itrength of concrete, influence of floor level construction

joints, and other.. Alao, the extent of the yiel~ing region needs to be investigated

.xpert-entally. The .tudie••hould encompass rectangular, d~bell. I-aecti~ns, and walls

with ~nings. Experi..ntal .tudi.~ would provide momant-rotation and shear-deflection
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ch.rac~.rititics needed to develop a ..thematical model to be used for dynamic response

studie" of str". "tures containing shear walls. Also dynamic experimental studies on V,e

shaking table rre desirable to ascertain the reproducibility of the general response chdr

acteristics us_ng aatheaatical .cdels.

In the area of analytical ~ynam1c response studies, work is needed on shear wall and

shear wall-fra.e type structures to determine the ductility demands on shear walls. Also,

~e required stiffness of the structure to respond to various categories of earthquake

ground ~tions shuuld be investigated to determine the eventual n~r of shear walls needed

in a buildinq to control its earthquake response.

Conclusion

In conclusion, it should be pointed out that until now safety aqainst collapse has

been ~e major preoccupation of earthquake engineerinq. However, we now should enter a

second stage of our development in which, in addition to safety, damaqe control should be

our ..jor qoal. Judqinq from the behavior of multistory reinforced concrete buildings in

earthquakes, it se... that to achieve damaqe control the ductile shear wall may be the most

logical solution. Actually, from observations in earthquakes, it seems that we can no

lonqer afford to build our multistory buildinqs without shear walls.
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SURVEILLANCE OF CORPS OF ENGINEERS STRUCTURES
IN EARTHQUAKE-PRONE AREAS

by

Keith O. O'Donnell
Office, Chief of Engineers

washington, D.C.

ABSTRACT

This paper explains the p~ogram which the Corps of Engineers has adopted to assess the

effects of e.rthq,~e activity concerning the structural behavior of Civil Works hyd~aulic

structures. The program encompas~es r~porting earthquake effects and an instrumentation

system on dams and appurtenant ~tructures for monitoring. Post-earthquake inspections will

be conducted to detect significant structural distress and provide information for the

necessary remedial measures for damaged structures. The strong motion instrumentation will

provide a record of ground and structure motion during earthquakes. Data provided from

this program should be an aid in selecting design earthquakes and may provide preliminary

guidance in design procedures for use in predicting, from small earthquakes, the behavior

structures subjected to larger design eartl.quakes. The accumulated information from the

entire program should help in improving the design criteria for future designs.

Key Words: Earthquakes, Hydraulic Structures; Inspection; Instrumentation; Strong-motion
Accelerographs.
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Reporting Earthquake BffecU

~.-!!!.

In 1969 the Corps of Engineer. e.tabU.hed a proqrUl for ...uring the .tr\ICtural integ-

rity and operational adequacy of _jor Civil WOrk••trllcture. following the occurrence of

I1gnifLcant earthquake.. '11\i. progru 11 priaarily concerned wit.h dlmage .urvey. following

the occurrence. of earthquake. great.er than Richt.er Magnitude 5. The evaluat.ion of .truc

ture. following an earthquake i. of paramount concern to in.ure .tructural .tability, .afety

and operational adequacy for .tructure. who.e failure or partial failure would .{~nqer

lives or caUle .Ilb.tantial property ~ge. Structure. included in the progr.. are de_.
navigation lock., pow.rhoUle. and appurtenant .tructure. which are operated by the Corp.

of Engineera. Other facilitie••uch a. major levee., flood "alll and pumping .tationa

which are de.igned and con.tructed by the Corp, of Bngineerl are included .:tthouqh their

maint.enance and operation are by other ageneie••

Guideline. for Po.t-Earthquake In'pectione

Earthquake. may caUle hidden or ObviOUl damage to all type. of .tructure.. It 18 in

tended that pra.pt po.t-earthquake field in.pecting and reporting will aid in detera1ninl

the appropriate r_dial lIIIa.ures for .tructure. that have been daMged. All 1IIIportant Civil

WOrks structure. within a pre.cribed area that ha, been 'ubjected t.o an earthquake of

lufficient m."lgnitude to produce a Modified Marcalli Intensity of 5 <.-51 or greater will be

in.pected for ~ge. This pre.cribed area i. defined aa the area encl08ed by the Inten.ity

5 Contour or "ilO,ei.mal." Information to identify the pre.cribed area usually can be ob

tained frOlll the Coast and Geodetic Surveyor U.S. Geological survey. However, .ince the

qualitative or quantitative ground motion data ,"re Ulually not ~iately available, the

prescribed area for post-earthquake inapection will be determined by magnitude .cale. For

a Richter Magnitude leas than S.O, no i~pection i. required unless apecfic reports of

po••ible daMCJe are received frOll project officea. For a Richter Magnitude S.O through 7.0.

inspection of project. within 200 aile. of the epicenter is required and for a ...,guitude

exceeding 1.0 inspection i. required within sao miles of the epic.nter.

There are -any type' of .tructural dUlaCJe induced by CJround 1I01.ion frOll earthquake.

that need to be report.~. Any change in appearance or functional capability of a ..jor

Civil WOrk••tructura••hould be evaluated. ExaIIlple. would include cracked or Ihifted

bridge pier footinq. or other concrete .tructure., L.arbidity or changed .tatic level of

water well., crack. in concret.e d-- • or earth ellbanlmlent., mi.ali~nt of hydraulic control

.tructure. or gate., 10118 of freeboard by .ettl_n~, develo~nt of a localized quick

condition within an lIIlbankment. .ection or new .eepage path. through an 8IIIbankIIlent or founda

tion.

InSpection and Evaluation

Generally, the .truct.ures that. would be of ~.t concern folluWing an earthquake are al.o

the .tructure. which are covered under the periodic inspection proqrUl whic!l the Corp. of

En91neen adopted in 1965 for _jor Civil WOrk. structure.. Where fea.ible, the inst~n

tation and prototype te.ting proqrUl incllXled in the periodic inapection proqrUl to _itor

.tnaetural perfo_ce will .erve in the po.t-earthquake .afety evaluation pr("-r... Addi-
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tional special types of ins~rumentation are incorporated in selected structures in which it

is desirable to measure forces, pressures, lca~s, stresses. strains, displaceDents, deflec

tions or -'ther conditions concerning damage and structural safety in case of an earthquake.

A report will be prerared of the post-earthquake inspection of each selected structure

which will include summaries of instrumentr.tion and other observa'.ion dsta. for permanent

record and reference purposes. The u.s. Army Waterways Experiment Station at Vicksburg.

Mississippi is assignej the responsibility for analyzing and interpreting the earthquake

data obtained from the strong motion instrumentation.

Earthquake After~hock Measurements

A field team ha~ be~n formed at the Watel'~ays Experiment Station vhi '.:h is capable of

being ~bilized i~~diately upon notification of the occurrence of an earthquake that

might be expected to p:oduce significant ground motion from aftershocks at any project

operated by the Corps of Engineers. The objective of the field team is to provide a capa

bility for rapid response to earthquake occurrences in r~cording response of. installation.

such as dams, to earthquake aftershocks. Instrumentation will be utilized to supplement

existing instrlMnents which may have been installed as a part of the Corps of Engineers

strong-motion instrumentation program. The measurements obtained will provide approximate

input for analysis of the responsp. of the struct'rres under loading by more severe earth

quakes. Additionally, they will provide input for the analysis of other similar structures,

and by compari~on of observed and calculated response of the structures, allow evaluation

of existin~ analytical procedures and aid in developing improved methods for seismic design.

The instruments presently avail'ible for this purpose include four Teledyne model RFT-2S0

accelorographs, which have response ranges from 0.25g to 1.Og. and four Kinemetric SMA-I

strong-motion accelerographs with 1.0g maximum range. incorporating WWVB time base radio

receiVErs. These instruments record accelerations on 3-orthogonal axes. and the standard

time base will permit correlation of events that are recorded on the various instr~nts.

This equipment is maintained on standby so that it is available on a 24 hour basis. The

equipment is packaged so that it may accompany the field team aboard commercial aircraft.

Seismic Instrumentation Pr.~

General

The corps of Engineers has aiopted a policy providing seismic instrumentation for Civil

Works structures in regions of significant seismic activity to measure ground motion and

response of the structure. Each installation is planned to suit the particular structure.

geologic and seismic conditions. The seismic instrumentation includes strong-motion

recording accelerographs, peak recording accelerographs, seismoscopes, and hydrodynamic

pressure gages. The types of strong-motion accelerographs used by the Corps of Engineers

are shown on Figures 1 and 2. Figure 3 shows the peak recording accelerograph and Figure

4 the seismoscope. The seismic zone map of the United States for the contiguous state~ is

shown in Figu~e 5.

Seismic Instrumentation for Concrete Dams arn Intake Towers

The normal installation for concrete dams 150 feet or over in height in all seismic risk

Zones 4 or 3 a~d those in Zones 2 in the western part of the United States consists of a
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minimum of three strong-motion accelerographs. one accelerograph is located on top of

the higher dam monoliths, one in the upstream gallery nen thE. base of the su:.e monolith

and one in the bedrock foundation at a distance downstream of the toe of about chree times

the d.m height. For the larger dame (300 feet and over). or where foundation conditions

warrant. a fourth accelerograph should be located about mid-height of the principal instru

lllented monolith. For c:1amI. 150 feet or more in heicipt in Zones 2. other than in the western

part of the United States. at least one strong-motion acceleroqraph is located on the bed

rock structure near the dam to record ground motion. Intake gate towers 150 feet O~ more

in height located in ZOnes 4 or 3 and in Zone 2 in the western part of the United States are

usually instrumented with one accelerograph at the base and o~e at the top of the tower.

Instruments which are suitable for installation at concrete dams arc strong-motion tri

axial instruments such as Kinemetrics SMA-l, manufactured by Kinemetrics. Inc., San Gabriel,

California and Teledyne RFT 250 or RFT 350. manufactured by Earth Sciences Division of

Teledyne Corp., Pasadena, California. The accelerographs should have a msximum operating

range up to 0.5g or 1.09. The 1.Og ins:rumP.nts would be appropriate at the crest of high

dams and the 0.5g instruments at other locations near or at the ground surface. Seismoscopes

to measure the relative response of different foundation or geologic formations within the

immediate project vicinity are installed to supplement the conventional strong-motion acceler

ographs l~~ated at the foundation or abutments. Hydrodynamic pressure gages are installed

on the upstream face ~f high dams and intake towers (over 300 feetl to mea~ure the increased

pressure of the reservoir water during earthquake occurrences.

An example of seismic monitoring instrumentation for concrete dams is that of Dworshak

Dam which is shown on the drawing of Figure 6. This dam is located on the North Fork of the

Clearwater River in Idaho and has a \ll&Ximum structural height of 717 feet. The instr~nts

at Dworshak consist of four time recording stcong-motion acceleroqraphs, thirteen triaxial

peak accelerographs and six dynaaic water pressure cells. These instruments are generally

located within the highest mcnolith of the dam, in the powerhouse superstruct\~e concrete

walls, around the lake in the vicinity of the dam and at two bridges located approximately

18 and 40 .tles upstream from the dam. Three ~inemetric, Type SMA-l accel~rographs are

located in monolith 23 in small instrument rooms at elevation 980. 1260 and 1603. The

fOurth SMA-l 1s located on the right bank 1430 feet downstream of the dam in a steel and

concrete vault. This fourth instrument is to measure ground shock-wave intensity for a

basis of comparison of intenaities measured at different locations within the structure.

Six dynamic water pressure cells are located on the upstream fact of ~he dam at elevations

1050, 1160, 1220, i2BO, 1350 and 1435 to measure and record wateL pressure changes against

ths structure in the eVEnt of an earthquake. Four of the triaxial peak recording accelero

graphs are located in the powerhouse, three in the thin superstructure walls and one in the

substructure to monitor and compare shock-wave accelerations. Five triaxial peak recording

accelerographs are installed around the lake in the vicinity of the dam to monitor possible

varying intensity of ground shock-vaves at different locations. The other four triaxial

accelerographs are located at the two bridges upstream from the dam.
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5eia1c In.tr_ution of Earth and Jlock-Pl1l 0...

lart:h and rock-fill~ 100 feet h1.9h and 9Leater and loc.ted in .eiaaic ri.k sonea

2, 3, and • are in.t~ted for .trong-motion .a.ur_nt.. All area. _.t of the Rocky

Mounuine are ~neidered .t least &One 2 for inatruaentation purpo.... 0... 1••• than 100

feet hiqh ~or located in ~one. oth.r than .uted above .r. con.id.red for inetru.enta~ion

dependent upon ~nt and found.tion ..terial., particularly if .uch ..terial. are con

.idered aWlceptible to liquefaction. Loc.tion. of in.trUllMlnt. for an 8111b&n1caent dOl are

.hOlrin on Pique.. 7. All ftlbank8ent d-. in .eblllic zone • and in zone. 3 _.t of the Rocky

Mountains are inst~nted in accordance with Category C as depicted in Fiqure 7 except in

.pecial c•••• where more caapl.te _a.ure.nt. are desired and in the.e ca••• Category D

ia folla.ed. Mo.t oth.r .tructure. are inatrumented in accordance vith Category B.

The .tronq-motion .cc.leroqraphs, .uch aa the Teledyne RFt'-250 or 350 and KineDetric

I;M-l are also rec_nded for e-bankment d.... Because of difficulties with trenslllia.ion

of siqnals fra. transducers to remote recordera, central recordinq .y.tems are not qenerally

recem.ended. Sei..a.cope. are used o~ different q80lO9ic deposit. in the immediate vicinity

of the c:s- to provide an eatiNte of the influence of qeolO9ic condition. on qround motion

inten.ity and to .upplement ground motion information obtained from the acceleroqraphs.

However. .eiamo.cope. are not inatalled on embankment dams because of the difficutly in

interpreting the record. from this type of inst.ll.tion.

Seialllic Hazard. of Re.ervoirs and Landslides

Experienc.. el.ewhere in the world have indic.ted that the filling of large reservoirs

tight induce earthquake activity. An example of this is the Koyna Reservoir in Indi.. The

Corp. of Engineers h.s designed and built a nmr,,,r of high dams with larqe reservoir. and

no earthquak~ .ctivity has been reported as • result ~f reservoir filling. The Corps' h1gh

dams are .. follows: 34 dams over 200 feet high. 15 dams over 300 f~et high. 6 dams over

.00 feet high and 2 dam8 over 600 feet high. Of these dams 24 have a reservoir volume

larqer than one IIlillion acre feet. Special microseislllic instrUlllentation to .uure

re.ervoir effect. haa been in~talled at several projects.

The illlpOrtance of po••ibu landslides into the reservoir cannot be overlooked. While

not caused from earthquake activit!, the Corps of Enqinpers had an experience at Libby Dam

vhen during con.t~uction • .mall alide occurred in bedrock at the left abutBent which

~ged the concrete plant. As a result a comprehensive study vas made to deterJlline

poasible effecta s~ould a geologically similar landsli~~ into the reservoir develop. A

~l was built .t the Waterway. Experiment Station to measure the effects of auch a land

slide. To increase .tab1l1ty and IIlinilllize concern at Libby Dam, a massive rockfill but

trsa. vas conatructed along the up.tream abutment slope. Extensive instn-ntation vas

developed to detect and measure changes in subsurface conditions indicating potential

inatabiliU',;. The in.truments included the following: extensOllleters. parepre.sure

....urinq deVice., inclinometers, and micro acoustic noise transducers.
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Strong-Motion Instru.entation Installations

As of July 1974, 38 dam projects had been instrumented with 117 strong-motion ac~elero

graphs, 52 seismascopes and 18 peak recording accel~rographs. Additional instr~ntation

is currently planned for 56 projects which includes 171 strong-motion accelerographs, 50

seismascopes and 17 peak recording accelerographs. The status of the instrUB8ntation pro

gram is shown in Table 1.

Seiaaic Engineering Branch of the u.s. Geological Survey (USGS) is respollsUble for

maintenance of the strong-motion instruments installed on Corps of Engineer~ structures.

The record of ground and structure DOcion during earthquakes should provide valuable infor

mation to form a basis for selecting desiqn earthquakes and for establishing the validity of

dynamic design procedures. Also, the record of s..ll earthquakes Will be helpful in asking

preliainary estimates of the behavior of the structures during larger design earthquakes.

The instrumentation program is of great t.portance to the Corps of Engineers because

of the many large reservoir projects for which the Corps is responsUble. It is hoped thAt

should siqnificant earthquakes occur, the results of seismi, instrumentation will g~ve a

better understanding of dynamic response of structures and perhaps lead to improved deaiqns

for seismic behavior.
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O'T-l~ strong motlon accelerograph •

...NT.N.....

F1guze 2 SMA-l accelerograph v1th WWVB rece1.er, antenna, and
t.r1clLle cbaz'cer.
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SCHOOL AM[) HOSPITAL CONSTRJCTION 1M CALIPORRU

by

John. F. Meehan
Research Director, Supervising Structural Enqin..r

Structural SAfety Section
Office of Architecture and construction

Depar~nt of General Services
State of California

The California State Legislature has adopted statut.s concerning the regulation of the

design and construction of public school buildingl and hOlpital.. The.e statute. were

brouqht about because of the rather poor perfOl1llllnCe of th.se type. of buildings in Cali

fornia earthquak.s. Event. l.ading up to these statutes and the _thods of their enforc...

_nt will be diacua.ed.

Key Words: BUilding Codes: Building legulat~ons: DesigD Criteria: Earthquakes; Hospitals:
SchooLB.
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Public Schools

The 1933 Long Beach. California earthquake produced great damage to public school

buildings throughout the devastated area. It occurred at 5:54 p.m. on Friday. March 10.

1933 and. as usual during this time on a Friday evening. there were essentially no students

or teachers in the buildings. Had the earthquake occurred during school hours the number

of deaths to the school children would have been horrifying. The C~lifornia State Legis

lature requires school attendance of the youngsters and recognizing that earthquakes may

occur at a time of full occ~ancy of the children. took measures to prepare and adopt th~

Field Act within a month after the earthquake. The rapidity of the passage of this legis

lation clearly indicateS the gravity and concern of the legislature and the public. Each

earthquake that has occurred in California slnce 1933 has proven the wisdom of this Act.

Reports of earthquake damage in California usually point uut the good performance of post

Field Act school building construction. (1. 2. 3. 4. 5. 6. 7. , 8)

Field Act and Enforcement

The Field Act will be briefly explained and the method of its enforcement by the

Structural Safety Section (SSS) of the Office of Architecture and Construction (CAC) in the

Department of General services (OGS) will be described. The Field Act is given in Section

3 of Title 21, California Administrative Code (CAe).

The Act applies to all new public school buildings and to all additions or alterations

of schools costing mor~ than $10.000. The plans and specifications must be preapred by

registered structural engineers and/or architects in the private sector. The comvlete con

struction documents including the structural design calculations. geologic reports.

application and fee are submitted to SSS. The prints of the plans and specifications are

reviewed (checked) and comments are ma~ked on them b~' registered structural engineers in

the SSS for conformance with seismic design regulations. To accomplish this. the structural

plans and the structural or anchorage aspects in the architectural. mechanical and electri

cal plans ire rather closely checked. The plans and specifications are returned to the

structural engineer or architect for correction. The tracings and marked documents are

then returned to SSS and compared (back checked) by the SSS representative working together

with the responsLble structural engineer and/or architect. Upon mutual agreement of the

revisions, the tracings are stamped approved. A corrected set of approved stamped docu

ments are filed with SSS. Competitive bids are taken dnd the contract DdY then be let by

the school district to the lowest responsible bidder. All change orders and addenda must

also be signed by the architect or structural engineer and approved by Sss. Continuous

on-site inspection of all phases of the construction is required by the Field Act and is

provided by a construction inspector approved by the structural engineer and/or architect

in responsible charge of construction. the school board and the SSS. Materials of con

struction to be tested and special inspectionp to be perf~rmed are established at the time

of back check. Reports are filed by private sector testinq laboratories to assure

material conformance with the requirements of the approved documents. The structural

engineer and/or architect in charge of construction are required to supervise or observe

the work of construction. Certificates verifying that the construction fully complies

VI-65



",ith all of the requir_nts of the approved cSoc_ta are filed by the .tructural enqineer,

architect, coMtruction inspectora, ulltinq :aboratorie. and contractor. Makinq a fabe

sut_nt i. a felony. F1eld peraonnel from SSS alao visit the projecu periodically to

review the coMtruction for possible deaiqn and con.truction errors. A fee of one-half of

ne per.cent of the cOMtruction coat i. paid by the s(""hool dhtrict to the SSS to fund thi.

operation.

It has been frequently expreaaed by structural enqineer. in the private .ector that the

reasons for the qood perfonllUlce of public achool buildinqa in eartb:luakes are becal.18e the

de.i9fl. are pref&red by capable per.onnel I the independent review of the plan detaUa by

structural engineer. equally capable a. those who originally designed the structure to

aasure code ca.pliance and desiqn OQnc~ptl the in.pection provided by the responaible de

s1qnenl the oontinuoua det:.ail iNipection provided by the apprond construction in.pector.,

and the review of the con.t·~tion by the SSS .tructural enqineers for conformance of de.iqn

principle.. In qeneral it i. re~ired to pay close attention to proper detailing of the

.tructure and provide COlI( lete and lO91cal _an. of r ..sistinq lateral loada giving full con

.ideration to deflections and di.plac_nt••

The Field Act also ••tabli.hed that requlations may be adopted pur.uant to th~ leqi.

lation. The~. regulations, adopted by SSS, are tho.e of the 1973 Uniform Buildinq Code

toqether with certain nominal additions and deletion. found nece.sary to accompli.h the re

quir_nt. of the Field Act. TIIe.e lIIIIendlllenU are printed in Title 21, CAe. TIle lateral

forc. provi.ion. are basically those recomDended by the Seismology committee of the

Structural Enqineen As.ociation of California. A copy of Title 21, CAe, can be obtained

frca State of california, Document. Section, P.O. Box 20191, Sacrlllllento, Calif. 95820.

Title 21, california Admini.trative Code (CAC) and Uniform Building Code (UBe)

Exception.

The requlation. adopted to admini.ter the Field Act are qiven in Groupi 1 and 2 of

Title 21, CAC. The dt>tail technical requlationa are '1iven in Group 3, Article 2'3 through

Article 47. All of the itema given in Title 21, CAe in article 23 throuqh 47 are exceptions

or additiOM to the 1973 UBC. Juat a few of the•• will be _nUoned here.

Loading

TIle minimum acceptable base shear KC factor for anyone and ~~ story buildinq i. 0.10

as ..ntioned in section T2l-23l6(d) (1) and all fr.... muat _Pot the ductile requirement••

TIlt. b••e .hear factor .eldom i. applied, a. lIO.t de.ign. proPOlled are ba.ed upon a ba.e

.hear of 0.133, and further, the framinq i. u.ually of .hear wall desiqn concept.

Any .in91• .... structure on a sinqle colwan or of a type where a linqle col~ must

provide the total lateral re.i.tance, the l.ter~l force ba.e shear KC factor aust be 0.30,

and the col~ _t _et t.he ductile requir_"ts.

Also if buildinq fr.... are desiqned for a base .hear KC factor of 0.30 or more, the

fr_ need not be ductile but the colUllU'lS ml.18t be ductile. Mo.t. fr... are de.i9fled under

this basis.

In the near future Title 21, CAe will probably be revi.ed to require a KC ba.e .hear

factor of 1.5 Sime. the code force when the buildinq i. locat.ed near e.tabli.hed active ~ts.
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Drift is contr..,l ',ed in Section T21-2307 (cl • Thi. section require. the maxiJllla drift

of 1/16" per foot of height. The drift 18 alllO lilll.ited to 1/32" per foot of height of

opening where liIl... 11 inatalled in the wall. which uy deflect in the plah of the wall and

the gl... i. not .epar.ted fro. the frame .uch that any in-plan deflection will tranaf~r

load into the liIl.... In teBts, reported by thi. author at the Second World Conference on

Earthquake Enqineering in Tokyo, it WllB .hown that glas. fails at about 1/16" per foot of

n.iq:l~ when bedded in Btiff mastic and th. glaB. frame cannot rotate. Wall defelction lim

i.~tion. applied perpendicul.r to the wal~ i. al.o given in Section T2l-2307(cl.

There are diaphragm span/depth ratio. given in Table T21-23L. These ratios are primar

ily to control rteflection and stress in the horizontal diaphragms whicn, in effect••lso

control the flexibility of the horizontal diaphragms. Controls are also provided for vert

ical diaphraqma in this table.

Masonry

All ma.onry con.truction requires inspection by a .pecially approved ma.onry inspector.

His duties are described in Section 2401 of Title 21, CAe. This section also requires cores

of the compl.ted walls to be taken and tested in sh.ar and compression. Cores not only pro

vide an indication of the strength of the materials but also provide .n exc~llent means of

deterlll.ining the quality of workman.hip within the w.ll.

The .llowable stresses in masonry are given in Art~cle 24, but under most ~'signs the

.tr••••• in IIIllSOnry ••ldom control the d••iqn. All ma.onry 8IUlIt be reir.forced. klll!u,\JIII

spacing of reinforcing is limited to 24 inches each way in walls and extra tieB a"e re

quired at the ends of all columns and around bolts. Such reinforcing greatly increases

the toughn••B of the wall. High and low lift grouting is allowed but it is imperative that

it be recon.olidated at the proper time and again after the next lift of grout is placed,

al.o it i. stronqly r.~nded that an eyP&nBive type admixture is used in the grout.

Both of theBe conditions, the reconBolidation and the expanBive admiBture, greatly reduces

the .-cunt of internal shrinkinq cracks in the grout. Unreinforced masonry or cavity wall

construction is not allowed.

Methods of rehabilitating uxisting mab~nry construction is given in Section T2l02422.

~

Article 25 of Title 2£, CAC covertB the requirements for wood. The exceptions are

rather nominal. The max~ adjus~nt for stre.s for duration of loading is limited to 15'

increa.e. The allowable nail stresses are higher than tho.e given in the current UBC be

cause of the succ.... of de.i9ft. provided under Title 21, CAe. As an ex~le. the allowable

.hear load ->n an 8d COBK)n nail in Title 21, CAe is 100 pounds whereas the allowable is 78

pound in tt.~ 1973 UBC. These nail str~sses have been used successfully since the Field

Act bec... effective in 1933.

Glue lam construction, Section T21-25l1, basically conforms to current induBtry

.tandards except the maximum moisture content at time of qluing relates to the expucted

.cisture content in the area when the building is situated. That is, the maximUIII allowable

JlK)isture content along t'.e Bea coast is 16' whereaB in the de.ert areas it is limited to

10'. COntinuoU8 inspection by a .pecially approved in.pector is required for glue lab



be_ COlUltruct1.on.

Unblocked plywood diaphragm allowable loads are a bit lower than U.ilt penaitted by UBC

as 9iven in Section T21· 2514.

Rather coaplete details are usually given on the plans showing wood framing, openings

in floors and walls, notching, etc. Also careful attention has always been paid to property

anchor wood roofs and floors to masonry or con~rete walls.

concrete

Much of the material in Title 21. CAe in the concrete section refers to proportions,

aixing and placement. There are several additional design and construction requirements

such as those given in Section T21-2406 which call attention to the requirements for clean

construction joint, additional column ties are required by Section T21-2607 on the ends of

all columns, the column ties shall terminate in a 135 0 bend with 6" extension; Section T2l

2614 requires height/thickness ratio of bearing walls to be not more than 30 and not more

than 36 for non-bearing wrlls, precast walls require special trim wall reinforcing, anchor

age and other requir_nts; Section T21-2618 requires grouting of all post-tension tendons

anchored with friction type anchors; and Section T2l-2621 contains controls on pneumaticallY

placed concrete.

Steel and Iron

Article 27 covers steel and iron. There is little difference between the basic UBC

requirements and Title 21, CAC. There are, however, controls on steel deck used as dia

phragms and load test requirements of steel joists if analyses cannot be readily performed.

Welding inspection is required by capable inspectors who must use all means necessary to

assure himself of the proper quality of the weld.

Foundations

Under foundations, the additional special requirements are for inspection of engineered

fill. piles and othp.r miscellaneous items.

~

All veneer over 3/8" in thickness must be anchored by mechanical means. ne~ai~3 ci

anchorage and reinforcing of the masonry i~ given in Art~cle 30. Walls to wh~ch veneer .E

applied must have stiffness of 41600. The connection is ur.ually by means of sheet ~tal

dove-tail anchors. The anchor slot is cast into the concrete walls or nailed with lOc

caamon nails at 12" oc. A nail placed vertically between th~ end of the anchor and th~

back of the slot to take up any slack in the connection. A number 9 wire is placed hori

zontally in the mortar joint in each hori~ontal joint containing an ancher. The maximum

spacing of anchors is about 16" oc hori~ontally and 12" vertically.

Al~ugh currently not re~uired by code, it ~s this authors preference to omit any

veneer, or glass over exit doors.

Illoofinq

Art~cle 32 provides for anchoring the roofing to the structure including tile. The

anchorage of each til~ by means of non-corlod10le wires or nails is required to prevent the

tile fro. sliding off the roof and falling to the ground during earthquake motion.
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Ceilings

Plaster ceilings must be wire-t~ed to the ceiling framing to prevent the ceiling from

falling. It was learned that ceilinq fastened to wood framing only by means of nails in

withdrawal will allow the ceiling to fall in one single large piece somewhat like a blanket.

Coq>lete details for all types of ceilin·,s and light fixture anchorages a"'st be shown on the

drawing.

Anchorage

Items such a~ bc'lers. water tanks, fixtures, cabinets, shelves, window sash, ceilings,

heaters, etc. muc_ be properly anchored to the structure and are shown on the approved de

tail drawings.

Field Act Advisory ~ard

The SSS has an Advisory Board composed of four &tructural engineers, four architects,

a mechanical engineer and an electrical engineer from the private sector ho serve without

pay. Representatives of various state agencies are ex-officio members. This board pro

vides advice on technical and administrative matters relating to the r~gulations and en

forcement of the Field Act.

Other Legislation

When the Field ACL .as first adopted in 1933 it related only to new construction and

it remains so today. Existing buildings were not mentioned. Legislation was later adopted

in the Garrison Act which provided that, if a building was examined and found 'msafe and the

building was allowed to CDntinue in operation without correct jon and without at~empting to

obtain funds tor the con~ction if no funds were available, the school board membex8 were

individually liable. Many old school buildings were, therefore, never examined to determine

whether they were unsafe. In 1967 legislation was adopted to require a structural examina

tion ~f all school buHdings constructed prior to 19:;3. In 1968 the statutes were changed

and provided that if found unsafe and not corrected, such buildings could not be used for

school purposes aiter June 30, 1975. In 1975 ~egislation was added to provide that if def

inite steps were ta~en by June 30, 1970 to correct the deficiency, the building could be

used until June 30, 1977.

When the Field Act was first adopted there was no control e~tablished concerning the

location of the school site. As a res~lt, many school buildings were located very close to

active faults. In 1967 legislation was enacted to require a geologic hazards report and to

prohibit siting new schools on active faults or on other geologic hazards. It was later

amended to also require a geologic hazards report for building additions on existing sites.

Currently a geologic hazards report is required when deemed neces3ary by SS5.

!!£s~.!.

Hospital bUildings have frequently been damaged fram the larger earthquakes in Cali

fornia and therefore were evacuated just at a time when they were most critically needed to

serve the victoms from other damaged man-made structures.

Following the 1971 San Fernando earthqUake, where 50 deaths or e5\ of the total deaths

of patients or employees resulted frnm hospital building collapse or inoperative equipment.

where four hospitals were evacuated, and where 17 hospitals were damaged, legislation was
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paaMd by the .tate letbl.ture in 1972 requ1rlDlJ corwtrllCtion approval procedure••ia1lar

to thoee in the Pield Act to ~ly to holpltall. There are aa-e difference••

'111. DePart8lat of IIealth (DII) adaini.ters the act. but 1. requind to contr.ct with the

DGS to parfon • siailar s.nioe on ~pitals .. they do on public school bulldlr\9" It

requ1r.s that all pl&n8 and lpacificationa _b.ll be pr.pared Ilftder the respon.ible charge of

• Califo~-,'la reqlstere4 architect or .tructur.l .nigne.r or bothl it requirel th.t • struc

tur.l an9ineer sball .i9ft plana and .pecific.tions r.l.ted thereto I it requires • 98Qlogic

baurda report on all but the _11 building., it require$ the 980109ic data to be revi_d

by an V19ineer1ncJ 9801QlJiat and the .tructur.l de.ign to be reviewed by a structural engineer,

it require. a f_ based upon the est~ted COlt and a further fee based upon the final coat,

it requires oontinuoUi on-sit.e iMpaction by cOllpetent per.onnel and adainistrat.ion of the

wor!c of coMt.ruction to be UNSer the r.sponaibl. cbal'ge of lucb Itruct.ural engineer or

architect, it require. 1i9fled certificatel indicat:ing conforunce with the approved docu-

..nts frc. .U those inYOlved in the COMt.ructLorll it authorize. the Dtl to adopt requ-

l.tions with the advice of the DGS to carry out the delire. of the billl and it .st.&bli.he~

a Building S.fety Board to ..:tv1ae and act as an appeals board with rellaI'd to .eilllllic .afety,

and it e.tabli.hed that. any person who viol.t•• the provisions are quilty of a misdemeanor.

This bill is Chapter 1130 of the 1972 Statutas and is given in Division 12.5 of the H.alth

and Safety Code.

'!'he SSS enfor_nt of this .ct: b quit••ialilar to the procedure. followed und.r the

Piald Act and will not be repe.ted hare.

Bu1ld1nq J!!9Ul.t.1ona

'!'he legi.l.tion ..ndates that " •••ho.pital••••be caaplet.ly functional to perform all

necessary .ervice••.• to re.i.t, insofar .. practicabl.. the force. generated by .arthquakes,

gr.vityand winda ••• " place. a new dir.ction in buildinq code.. Reooqnizing this and the

need for ~j.te inPut fl"c. the private .ector. DR contracted with ••tructural enqinKr,

• _chanlcal/alectrical engineer and an architect .. con.ultants to sss to pr.pare the rell

u1at1~. '!'hey were adopte4 •• eMrgency ....ur••• then public h••rinq. w.re held wh.n

input WII provi~~ by tha 5ei.-ology caa.1tt.. of the Structural Engine.rs As.ociation of

california and o~r inter••tad 9=UP••

'1'he buildinq regulatlone for c.lifornia ho.pital" are given in Title 17, CAe and con

tala the special pEOVislone for the .ei.ale lotl4 levell and perfomance. 'nle r_iOO.r of

the regulations are e.sentially tho.. required for public school bulldin9s. .... ..ntioned

previCNIly. th••a latter regul.tiOMl consi.t of t:he 1973 Uniform Building Code as the basic

coda, together with nom.nal ad4it!ons and delation. found n.e••••ry to aCCOlllPU.h the de

.ired r ••ulta. A copy of Article 23. General oasign !lequir_ntl can be obtained fro- the

State of california. The r ...ininq regulation. are ••••nti.lly tho•• 91ven in Titl. 21.

CAe.

A f_ of the hl9hl19hte for earth~ke forces of Articl. 23. Gen.ral De8Lgn Requir...nts

in Title 17. CAe will be pr..ented. Ther. are two basic _thode of d.sign. One _y be bl"

~c analy.is, Method A, and tha othar by .tatic analy.i~, Method B. s~ction '1'17-2314 of

Title 11, CAe requiR. that buildinql OftI' 160 f..t in h.ight or thos. with hi9hly irre9\l1ar
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ahapea, or other un~sual struct~al features .ust have. Method A or 8 d~c analysis.

This requires that the structural and deflecti~n capacitie~ shall be sufficient to resist

the effects of earthquakes upon the structure as determined by dynallic 4JlAlyses. These

analysft. shall be based upon the ground motion prescribed for the site in a geotechnic re

port. 'nle report shall collilider the seisllic event that _y be postualted with a reasonable

confidence level within a 100 year period.

The analyses ~y be based on appropriate time-histories or response spectra with

percentages of critical damping consistent with the strain levels in the structural _terials.

AU. natural mrxles of Vibration with periods greater than 0.05 seconds shall be considered in

the analyses. If the stresses calculated by elastic analyses exceed the numinal yields

stres(; of the structural _terials, the structural elements to be used IIhall be justified

by approved methods which reconcile the equiva~ent inelastic deformations with the ductility

of the structural elements.

'nle base shear resulting from the dynamic analyses shall be not less than PO, of the

base shear calculated from the provisions of Method B. If the base shear as determined by

dynamic analyses must be increased to meet this re'uir~nt, the design spectra ~hall be

normalized to a proportionately higher value.

Under Method B, the static analysis, the lateral load level has been raised above th~t

provided fa: other occupancies given in the Uniform Building Code. The base shear equation

is

v • J(C\"1

where K shall be 3.00 for a2l buildings, tha value of C is the same as that given in the

1973 Uniform Building code, except that the combined value of J(C shall be 0.25 for all and

two story buildings and need not exceed 0.25 for any building. The method for calculating

the period, T. and the load distribution is the Sllllll! as that of 1toe 1973 Uniforlll Building

Code. Since all of California is located in ZOne 3 of the Uniform Building Code, zone

factors are not mentioned in these regulations and tha importance factor currently being

considered ~or inclusion in the unifol1ll Building Code is included in the XC value. All

lateral force resisting frllllll!8 must be ductile; however, in one and two story buildings

when the J(C value used in the design is 0.50 or more, the frAIMs need not be ductile but the

coi~s must be ductile. The C table is more extensive than that given in the Unifol1ll
p

Building Code and the load level is higher in all cases. Anchorage requirements for such

items, equipment, elevators, piping, cabinets, lights, ceilings, partitions, etc. ~re

presented.

Building Safety Board

The statots establish the fOrlll&tion of a Building safety Board to advise the 011 with

reqard to seis.ic strautural saf~ty and to act as a board of appeab in the enforceaent of

the Act. This board is composed of ..-bars qualif~ed by close connection with hospital de

sign and const~uction and are highly knowledgeable in their respective fields with particu

lar reference to seisllie safety. The board consists of eleven members of -rhich there are

two structural engineers, two architects. one engineerin'J geolOCjist, one soil. engineer and

one hospital adainistrator appointed by the Director of Public Health from noainationa of
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tec:hnical and prof.,.ional ueoclationa. 'ftwre are also ,Jx u-officio llellber, f~ .tata

office••

1tIb board U. provicSe4 a gr.at c5aal of input to the o.part-.nt of H.alth concerninq

the operation of thi. Act. It ..evi.. the requl.tion. to be adopted, hal .tudied and ..eee-

-..ded _~. of approvil"l work in exiatinq building. and advi... the Depart.nt: U re

quat:-.!.

'I'tIe board u. e.tabl1ahed .tandinq .ub-~tt... on .tructural, architectural, _ch

anical and elea-ical, geotechnic and hO.pital ope..ationa. TIl••, c~tt... act as liai80n

be~ the board and the r ••pective technical a.sociation. and provide advice on a••lqned

.1lbjecU. '!'here are 1l18O ad hoc ee-itt... on .ppeals ~rocedure, plan checking f_., board

rul.. and Procedul'.'f and legiUative intent. A board IIlIIIber is the chairaan of each llub

~ttee and ad hnc ee-ittee.
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IMPROVED EA~QUAXE RESISTIVE DESIGN AND
CONSTRUCTION OF SINGLE-FAMILY RESIDENTIAL DWELLINGS

G. Robert Fuller, P.E.
Office of underwriting Standarda

Housinq Production and Mortqaqe Credit
Federal Housing Administration

U.S. Department of Housinq and Urban Develo~nt

ABSTRACT

This paper presents results of the research proqraa being carried out by the Applied

Technoloqy Council (ATe) of the Structural Engineers Association of California (SF-AOC) under

the sponsorship of the U.S. Department of Housing and Ut'ban Develo~nt. 'l1Ie objective of

this project was to review and evaluate available manuals, literature and standarda con

cer~ing design and construction of residential dwellings and response of such .tructures

to earthquake IIlOtions; and to then develop a INlnusl of recOlllllended practice for earthquake

resistive design and construction. This manual would be primarily directed toward builder.,

building officials. field inspectors, and house designers and would contain recOlllllended

construction details, architectural layouts, design recommer.dati~ns and types of ccnstruc

tion reco_nded or t.o be avoided. The lIl&lIual is now in draft fOrlll and copies are available

for review. A synopsis of research results developed to date will be presented in this

paper. Code comparisons, problem areas, tentative recommendations will be discussed.

The research contract with ATe is not due for completion until June 30, 1975, therefore

this paper is an interim report. The final report with the completed manual will be dis

tributed to members of the U.S. - Japan Panel on Wind and Seismic Effects, when available.

Key Words: Buildings; Building Codes; Construction; Dwellings; Earthquakes; Seismic De.ign
Criteria.
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Introduction

The U.S. Department of Housing and Urban Development (HUD) awarded a one year contract

to the Applied Technology Council (ATe) of the Structural Engineers Association of Califor

nia, on June 3D, 1974. The primary objective of this research is to develop a "MA~ual ~f

~nded Construction Practice for Earthquake Resistive Residential Dwellings" to be

used by builders, building officials, field inspectors and house designerp.

The lII&lIual 11 to explain the structural behavior of sinqle-family I'Jld townhouse

re.idential construction subjected to forces produced by earthquake s~ocks. HUD Minimum

Property StandArds and other building code requirements will be ill~trated. Sound prac

tical construction methods and details for the reduction of structural damage due to earth

quak.s, will be covered. The aanual will also illustrate recommended construction details,

architectural layouts, types of constT~ction recommended, or to be avoided, al~ methods ~f

in.talling mechanical equipment to resist seismic forces.

Scope of Manual

Task.

Several tasks make up the total project:

Task 1: Review of Literature: Review literature and reports on damaqe to residential

structures as a result of recent earthquakes. An analysis and bibliography of

literature reviewed outlining the engineering causes for identified damage te· buildings

and outlining possible sol~tions and corrective actions was required.

Task 2: Review HOD Minimum Property Standards (MPS) and Building Code Reqllirements:

Revi_ the HtJD-MPS, Manual of Acceptable Practice and appropriate bUilding codes to

determine their adequacy for preventinq earthquake damage to single-family residences.

Reca.mend improvements in terms of structural performance based on reviewed reports

of past earthquake••

Task 3: Develop Construction Details: Develop typical engineering drawings,

illustrations and details which are required to resist earthquake forces with appro

priate ~escriptions and explanations to be easily understood by non-technical

representatives of the housing industry. Details are to be categorized, as appr?pri

ate, by Seismic ZOnes 1, 2, and 3 as delineated in the Uniform Building Code, "S~ismic

Ri.k Map of the United States." Illustrations shall include the types of construction

most ea-monly used for residential dwellings in earthquake prone areas of the coun~ry,

i.e.: wood frame with sidinq, wood fr&llM! and brick veneer, wood frame and stucco,

brick or concrete block ..sonry, steel or aluminum frame with siding or masonry veneer

and other prevalent conventional combinations of framing, materials, and building

CCIIIPOnent••

Construction detail. will include tho.e for basement and slab foundations, dwelling

.tructure., utility and mechanical equipment installation, chimneys and fire places,

attached g&raqes, and other architectural and structural components which may affect

the .trenqth, riqidity or stability of dwellinqs.

Task 4: Prepare Manual and S\!ppl_ntAry Engineering Analysis Ileport:
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Task 4: Prepare Manual and Supplementary Enciil}_,~ering Analysis RP-port: To include the

following general subjects:

1. Introduction

2. commentary on principle~ of seismic force design.

3. Illustrative typical construction details. Oilscription aJld discussions of .letails,
as developed in Task 3.

4. Ilec~ndations:

a. Concerning plan checking

b. Concerning construction inspection at site

S. SUIIIIIllry, general conclusJ.ons and recommendations

6. Supplementary engineering analysis report including discussion of theory and design
calculations to justify typical details developed to resist seismic forces.

Task S: Presentation Material: Presentations to include 35mm slides, t~xt material

and voice tape which will be used to explain contents of the man~al to user groups 

builders, building officials and designers.

Task 6: Presentations to User Groups: Four presentations to home builder organizations

with invitations to designers and building jfficials to acquaint them with contents of

manual. Presentations will be conducted in Los Angel;~s, San Francisco, Portland and

Seattle at different times.

Major progess has been achieved on all of the tasks preli.minary to the final presenta

~ions. Following is a general synopsis of accomplishments to date including philosophical

discussions by the subcontractor to ATe: Ralph W. ,~ers and Associates of Los Angeles,

California.

General Philosophy

Economic considerations must be reviewed not only in terms of life/safety but also

damage control. Single-family dwellings always perform well in terms of life/safety.

However, since HUD is an insuring agency, damage control should also be a factor. There is

no doubt that if more shear resistance were provided in residences, damage figures would be

considerably lessened. The approach to be used in the Manual should be that houses, like

other structures, should conform to design requirements of the Uniform Building Code (tBC~

Arbitrary requirements and exceptions in the UBC for single-~amily framed structures should

not be permitted unless justified by a thorough structural analysis covered under this re

search project. It is the intent to minlmize the degree of damage rather to prevent all

damage.

This approach will either limit design or more probably add some additional cost to

home construction. There is little doubt that the additional cost is the least expensive

earthquake insurance available. However, the final decisi~n will be up to HUD after re

viewing all of the applicable data concerning earthquake pr~b~ilty, intensity and fre

quency and if justified by reference literature, field obser'/ations or calculations.

Finally, governm~ntal agencies have normally led the way in developing both social

and structural changes in our system. It seems o"ly logical that requirements should exceed

building code minimums where such can be justified by reference literature, field observa

tions or calculations.
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Sei.-1c co ofiid"'lts f"r .in9~.e-faa1lY conltrw.;tJv'.l are not speclUed in IOIae jurll

dictions and al~ vary fre- code to code. It 18 felt -.hat the UBC value of 0.133q for ZOne

3 is sufficient. ~is would coincide vith field observations of daaage and vith current

HUD-IIPS requ!r_ts. ~ia conclusion is falt to be justified by the following:

1. OIle-story ~s perforMd reasonably vall in San Fernando earthquake and they

probably would have perforMd even bettsr if built according to the proposed

.-nual.

2. Factors of s"fety fo" ~l~ diaphra9118 are condltenUy at or above 3.0. There

fore, boWIe. properly designed and constructed uain9 (,lyvood .hear panels to 'C'e

si.~ 0.133'1 would actually be capable of re.isting 0.40'1 ultima~e load.

Virtually all ~. built recently have wood framed .econd floors and roofl. Current

engineerin9 analysis generally a.sWDe. the wood diaphraqm to be flexible, therefore lateral

load. are distributed to shear valls on a tributary area basi.. Field observations indicate

that this ass\Jlllltion ia not nscessarily correct. Preliminary calculations show that the

second floor diaphraga is approxt.Ately ten tiDes as rigid as the longelt transverse shear

vall. Relative rigidities of shear resisting elements used in single-family framed con

struction are difficult to determine. General conclusionl, however, can be reached on

how shear resiltin; elements act in relation to small vood disphraqms.

Analysi. reveals that shears are generated in the first story valls of a small tvo

story house in excess of allowable values for any of the Ihear-relisting materials required

by section 25l8(f15 of the UBC. Proposed requirementl vill either result in plywood shear

panels or ~h longer panels of material of lesser shear resistance for two-story and splie

level ~s.

A split-level house plan vas analyzed by use of tributary area method. This typical

type of house recuived severe ~...ge in one case and collapsed in two other C&8e. during the

San Fernando earthquake. Analysis revealed that the vall between the garage and family

rca. would receive around three-quarters of the total lateral load. If the diaphragm were

analYZed as a cantilever be.- in houses of this type, the interior wall would receive cl03e

to 100' of the lateral load. It vas found that one of the greatest deficiencies of wood

fr... construction is its lack of resistance to torsional rackin9. In the one case examined

the floor diaphraga rotated in plan, lif~ing the rear wall from its foundation and leaving

only the center wall to resist further earthquake _tions. It is obvious from these pre

vious exaa1nationa that analysis techniques _ust be evaluated and perhaps be revised.

COllection of Dats

5evwral interviews have been coapleted or arranged vith architects, engineerl, HUD of

ficials, buildinq depare.ent officiall and building contractors in several areas of the U.S.

A questionnaire has also been developed for mailing to all HUD Field Offices to determine

type. of sinqle-faaily construction .c.t prevalent in the U.S. (see Attachment NO.1) •

CODItruetion _thad. "ill also be determined.

Preliainary infoc.ation indicates that in earthquake prone areas of the U.s., over 90'

of all bouse. pre.ently being constructed are wood frame with either stucco, wood siding or

.-.anry veneer as an exterior finish and either plaster or gypsum drywall on the interior.
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Data is beinq collected on shur vall diaphra911 properties for the multitude uaed:

plywood, stucco, lath and plaster, qyps~ wall board (drywall), fiberboard and others.

Organization of Manual

The follovinq 1a a g.neral outline of the proposed -.nual:

Introduction

Acknovledge...nts

Chapte~ I - Purpose and Us. of Manual

1. Audience

2. Economies vs. Safety

3. Definitions

4. Geographical Scope (5eiaaic ZOne Map)

5. Observations of EarthquaKe DalDage

6. Use of Manual

Chapter II - Principles of SeisllU.c DeBign

1. Inertial Mo~nt

2 • Walls... V.rt.ical BeIlIU

3 • Floor and Roof Diaphragu

4. Shear Wall Diaphra9Jll8

5. Shear Jl8siBtance of Materia1.s (Graphs 4; Tables)

a. Roofs

b. Floors

c. Walls

6. Chords and Struts

a. Splice. and Connections

7. Load to Shear Wall calculations

8. Effects of Deformation

a. Glazing

b. Other brittle ...terials

9. Fireplace and Chilllney DeBign and Anchor&9.

10. Mechanical Equipment

11. Other Hor.-Str~~ural It_

12. Baa....nt Construction

13. Layout Confiqurations

14. Glossary of TerJIUI

Chapt.r III - Co"struction Details

1. Shear wall DeBi9n and Detai18

a. Hold-Down Anchors

b. sill-Bolt Size and Spacin9

2. Shear Transf.r Details

3. Strut. and Chord.

4. Connection of Stud. to Sill Plates
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5. bterior COrner Fraainq an4 Anchors

6. Fireplace.

7. Mechanical Equi~nt

d. other Non-Structural It...

9. MA-anry COnatruction

10. seeel Pr_ lIo_e.

Wind de.iqn vill be covered to the e.tent that CQlIl)&risons can be IUde bet_en wind

and earthquake forces for the entire Itructure not for individual el_nt.. sei.mic Zone.

1 and 2 in the U.S. will be covered together .ince vind torcel qenerally govern. Sel.slllic

Zone 3 vill be covered in a .e~at.e .ect.ion. Even though wind could govern in some area.,

the dynaaic effort of earthquake. precludel a cosparilOn vith vind forces.

Review of Building COde. and HUD Jlint- Propert.y Standards

Uniform Building Code (1973 Edition)

1. Sec. 2308 Wind Pre••urel Building••hall be designed for wind pressures indicated

in table. and maps. uplift vind pre••ures for enclo.ed building. are 3/4 of the

uniform vind pre••ure. specified and for unenclosed building. are 1 1/4 times those

specified. Overturning ..-ents calculated shall not exceed 2/3 of dead load re

sisting __nt.

Based on eJq>erience in Phoenix and Lol Angeles, failll.lres due to wind are

generally caused by uplift on the roof or to walls by inadequate anchorage of walls

to roof or other supportinq diaphraCJlll8' The conoluaion drawn frOlll ob.erving wlnd

damaged homes i. that either the factor for uplift. on unenclosed structures or the

wind zone IIlIIp is incorrect. Horizontal wind pre••ures a. applied to the whole

structure appear to be too hi9h.

Delpite the fact that. uplift forcel .eem to be critical, overt.urning require

ments for shear walls are questionable lince .hear force. appear to result id

an_rs which are too high.

2. Sec. 2313 Anchorage: Masonry and concrete "~uS .hall be anchored t.o all floors

and roof. to re.ilt. a minimum force of 200 plf of vall or the calculated horizon

tal force, whichever i. greater, continuo'.. cr·l••ties shall be provided in roof

and floor .yst_ bet.wealn diaphrao;a chords.

The force requir...nt of 200 plf appear. to be too low. In many areas of the

country this anchorage requirement and the diaphraga cro••tie. are virtually

ignored. This haa prove4 disastrous noe only for earthquake loads but also for

vind force. as vell. The ...nual vill ,Jrovlde ~or IllinilllUIII sill bolts and horizon

tal connections to roof fralling, roof sheath,',n'- of blocking between roof framing

-.bars.

3. sec. 2314 Earthquake Regulation.: Thic section de~ines various systems utilized

to re8i.t earthquake., fo~l•• to dete~e equival~nt static forces for deoiqn,

di&ribution of horizontal load., overturning, .etback requirements, etc.

As applied to residential c~~:uction, thi~ ••ction specified that virtually

all residences are ·box .yst...• without vertical load carryinq space frames.
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Lateral forcel are r"ilted by .hear wall. or braced fr.... and the force to be

reaiated in 0.133 tt..a qravity loadl.

4. Sec. 2514 WOOd Oiaphn.9IU' Connection. and anchoraCJ.' c~l. of r ••iatinq cSelicpl

force. shan be provid.d b.t_.n diaphraqu and res1.til\9 el_nt.. In bui14il\9'

of wood frame con.tructiol. where rotatign i. provided for, d.pth of diaphragll nor

_1 to ope" dde .hall not .xceed 25 feet nor 2/3 diaphra911 width, whichever 11

._11er. Straiqht .heathing .hall not be peraitted to r ••1It Ihearl in diaphra9lll

acting in rotation.

ene-.tory, wood-fr_d structurel with depth normal to open .ide not great.r

thlU\ 25 feet 1lII.y have depth equal to width. Where calculationa .how that

diaphraglll deflection. can be tolerated, depth no~l to open .nd may be incr...ed

to a depth to vidth ratio not greater than 1 1/211 for diagonal .he.thing or 2,1

for .peeial diagonally she.thed or plywood diaphr.~.

In ..sonry or concr.t. building., lumber and plywood diaphra~ .hall not be

considered to tr.1n.mit lateral force. by rotation.

The provision. for rotation a. pr•••ntty written are con.idered to be one of the

most controversial items in the U8C in Light of the ~971 San Fernando valley

earthquake. Many residential structure. Which had to depend on the principl. of

rotation in order to remain .tandinq, fared rea.onablf _11. Gener.lly th0U9h,

this type of structure 11&s IIIOre thAn sveraqe ea-ge and in .~ c•••• collap.ed.

Improperly br.ced cripple .tud walll, tlproperly tied level. of .plit-level h~.

and the principle of rotation are the three principle cause. of re.idential daaa98

due to earthquakes. The IUnual w111 r'~':Id that rotational principle. of de

sign be used for one-story detached garage••

5. Sec. 2517 Structural lIoof Sheathing: Plywood roof .heathing 11 used in _t

home construction in the u.S., but various other syst... are used in the Loa Ange

les area. Most of these other .yst... would not qualify a. diaphraCJllS. o..pitl!l

this, there vas little damage to roofs from the San Fernando earthquake. Thi.

was probably due to the fact that interior valls .topped at the c.ilin.... and the

roofs only carried their own weight. The .-nusl will, therefore, not specify as

do•• the U1lC that structural roof .he.thing shall be des1gned to s\lPPOrt !!!. loada

specified in the Code.

6. Sec. 2S1S(f)5 Bracing, All ext.rior walls and ..in cros.-.tud partitions shall

be effectively and thoroug~y braced at e.ch end and at least every 25 feet of

lenqth by one of several methods which include let-in 1"x4" dia~~nal brace.,

diagonal wood bo.rds, plyWOOd she~thing, fiberboard sheathing and gypSUB board

sheathing panels.

Br.ced panels shall be 4S" in width. Solid .heathing .hall be applied continu

ously on the firit story exterior wall. of all vood fr..-d building. three .torie.

in height. SOlid IIhe.thing .hall be lIPpl1e4 on either face of the tint story ex

terior walls of all wood fraMed bui~dinq. two .torie. in height in sei.-ic zone 3.

Thes. brac.d wall secHona .hall be locatad at .ach end and at leut 25\ of linear
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the cripPle-stud walls.

the IlIaf\UA1.

8. Sec. 2518lg)0 Blockin'1:

ally at ends and at each

le~Jth of wall shall be braced. All vertical joints shall occur ov~r studs and

horiz~ntal joints shall occur over blocking unless panels are 4'xS' applied verti

cally.

Poor performance of let-in braces was observed after the San Fernando earth

quake. Particle-board is allowed by the Code although no shear values are speci

fied. Some of the materials specified for sheathing hav~ no minimum attachment

specified. The sheathing specified i. to be used in Seismic Zone 3 even thoU9h

higher shear forces may occur for two-story residential structures in areas

having wind loads of 20 psf or higher. Calculations show that it no interior

she..r walls are p~ov:"eed. all of the sheathing materials specified for exterior

walls will be overstressed if a two-story building experiences a 20 psf winj load.

If an interior shear wall does exist at the center line of the structure; fiber

board. gypsum board and particle board would still be overstressed.

Calculations also show tha~ the code requirements for overturning are conserva

tive. Even if no interior shear wall exists and if the exterior walls are of

minimal length. overturning will not be a problem.

7. Sec. 2518{fl~ Cripple Walls: roundation cripple walls are framed walls less than

full story height that extend from foundation wall to the floor or roof level.

Such walls shall be braced as required (or first-story exterior walls. Solid

blocking may be used to brace cripple wallS having a stud height of l4 h or leHs.

some split-level homes in the San Fernando ~arthquake were constructed with

cripple walls. Most of these houses suffered severe damage caused by collapE~ of

Let-in braces are not adequate and will not be allowed in

Rafters more than 8" in depth shall be supported later

support by solid blocking unless nailed to header. band

or rim joist or to an adjoining stud.

Prefabricated roof truss-rafters are used predomillilJltely in today' s hOUE ing con

struction. When roof rafters are used, they generally are less than 8' deep. In

any case, blocking is seldOlll specified and shear 1:ransfer is not achieved. The

manual will probably require solid blocking for truss-rafters and all other rafters.

9. Chapter 37 - Masonry or Concrete Chimneys, Fireplaces and Barbecues: Many differ

ences exist between the Code. HUD-MPS. and other building codes and stardards.

The manual will specify requirements as verified by calculations or observations.

10. General Requirements

a. Roof Diaphragms: Roof diaphragms. as opposed to ceiling diaphragms. playa

small part in transferring lateral loads in residential construction. Since the

roof diaphragm is generally more limber than the ceiling, loads in the direction

of framing are taken by the ceiling to interior crosswalls. Specific requirements

for roof diaphragms. in the opinion of the contractor, accomplish little and only

add to cost.
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b. Roof Fr_ing Blocking: Th. Code stipulates that blocking for 2x4 throuqh 2xB

roof fraJlling _mbers may be omitted. Normal procedure in California, however, is

to provide such blockinq. Blocking for roof trusses is qenerally not provided in

the Phoenix, Arizona area. Because of relatively low ~~b&r forc.s, blocking may

not be needed continuously. some shear transfer is r~quired and this ~s difficult

to provide without some blocking. It is suqgested that a minimal lenqth (as little

as six feetl of blocking should be provided near ends of each individual roof.

Blocking requirements will be specified for prefabricated roof trusses.

c. Conventional Construction Provisions: These Code provisions imply that all

residential construction can be considered as "conventional." However, many types

of construction are very unconventional and may require further design considera

tions:

1) Cathedral ceilings with high shear walls. Shear walls may still be four foot

wide and overturning forces may be considerable.

2) Large rooms and long unbraced walls may be critical. Fewer interior walls to

resist earthquakes may be provided.

3) Two-story homes may have insufficien~ shear walls.

4) Broken roof diaphragms may occur in split-level homes and in other unusual

configurations.

5) Partial second floors very often do not have adequate shear walls near

interior extremities.

Economy of construction must play a very important role wh~n considering modifi

cations to requirements for home construction. Some design requirements in the

Code should therefore be revised in the manual. Other normal engineering proce

dures not specifically mentioned in the Code will be ignored. Bracing requirements

provided in the manual will obtain the most in structural integrity for the least

cost.

11. Shear Resisting Materials and Shear Walls: In order to obtain the most efficiency

from shear resisting materials and to obtain the most liberal interpretation for

the design of shear walls, the following provisions will be contained in the man

ual.

a. The designer will be instructed to use full dead load for resistence to over

turning moments. Many engineers use a lesser, more conservative value. The Code

specifies full dead load but the Los Angeles City Building Code allows 75\ of dead

load. Hold-down anchors have not been required for home construction except in

those isolated ~ases where engineerinq design is providpd. These anchors fre
quently cause problems in the field because of misplacement, incorrect installa-

tion 4nd the problem of covering bolt heads or nuts, etc. For those reasons,

it is felt desirable to eliminate the need for anchors where at all possible. The

manual will have provisions to allow designers greater latitude in selecting shear

wall lengths, sp4cing and location to preclude hold-down anchors.
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b. Shear v.lues for differing Mted.b applied to e.ch side of the ... vall are

propo.ed.

c. The h.iC)bt to width ratio for fiberborad, .tucco, qypa_ lath and plaster and

9YPs~ board will be incr....d from 1 1/2:1 to 2:1 aa implied in Section 25l8(f)5

of the COde.

12. Sill Bolts: The Cod••tipulates that .ill bolts shall be l/2-inch diameter e~

bedded at l •••t 7- into concrete and spaced not more than six teet apart, with a

IIiniana of two bolta per piece and one bolt within 12- of each end. The JIlIlnual

,,111 require that dll bolta be placed in accordance with shear in the wall which

vill incr•••• the number in some cases.

LDs Ang.l•• City Building Code (1972 Edition)

1. s~. 91.2305-Horizontal Forces (a) General: Requirements of this section do not

~ply eo any conventional framed one-story, Type V building accessory to dwelling,

provided building i. not an unusual shape or size and not subjected to unusual

loadinCJ conditions. This WQuld exempt 1IlO8t garages. The manual will clarify this

requir_nt.

2. sec. 91.2305 (hI Overturning: 75\ of dead load _y be used to reduc:e tensHe

.tr..... caused by .eisaic overturninq IIlOIIIents. The manual will specify full dead

load .. stated in the revi_ of the UBC.

3. Sec. 91.2306-De.ign for Horizontal Force (b) Anchorage:

a. Walls anchored to continuous footings do not need to be anchored to floors

tluat are vithin .Lour feet of the footings.

b. When roofs, including their supporting joists, beams or purlins, are con

.tructed of ~tal and are not desiqned as diaphraqms to resist horizontal forces

anchors may be .paced at greater then four feet on center. These provisions will

be contained in the Manual.

•• Divi.ion 24 - ~onry, Table 24-H, Note No.5: Shear walls which resist seismic

forces .hall be de.iqned to resist 1.5 times forces as determined by Sec. 91.2305

ld) 2. 'lb. allowable shears in Table 24-H are lower than the UBC values. The

.anual will use .hear values from the UBC but will require the 1.5 factor for ~rer

turnill9.

S. Divi.ion 25 - ~, Tabl. 25-H,-Allowable Shear for Diaphragms and Shear Walls:

'lbis table sets forth allowable shear values for 1" and 2" straight sheathing,

1- an4 2- diaqonal Ih.athing, fiberbo"rd wall, sheathing, exPanded _tal lath

with ~nt plaster, gyp._ lath and plaster, and qypS\Dl wallboard. Several

clarifyLn9 notes are appended. Table 25-C contains relative strength values of

bolt., lI&ib, .crew. and connectors in different species of wood. The shear values

in Tabl. 25-H are at variance with the UBC. However, the format is excellent and

will be incorporated in the manual. No silli.lar table to 25-C is contianed in the

UBC - it ther.fore will be printed in the manual.
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6. Sec. 9l.25l2(b) Design Cot,siderations: WOOd diaphra~ and wood shear walls shall

be considered flexible and shall not be used to tranasdt rotational forces unless

otherwise approved. Wood diaphraqms in houses are not necessarily flexible, there

fore, the manual will present some design criteria.

HUD Minimum Property Standards (MPS) (l973 Edition)

A prelimiHary review of the MPS ha. been ca.pleted and several sections ~y be affected

by the manual. In addition some general cc.aents were offered by the contractor which will

not affect the manual directly, but may affect implementation of its requiresents. specific

commentary will not be known until the manual is fully developed. It is intended to then

reference the manual in the MPS manual of Acceptable Practice with applicable commentary.

Conclusion

It has been the intent of the author to present a status report on the research project

undertaken by the Applied Technology Ccuncil for MUD. MA~~r pertinent areas of concern and

conflicts between various building codes under which most U.S. housing is constructed, are

diSCUSSed with an attempt made to present their tr~atment in the proposed "Manual of Reca.

mended Construction Practice for Earthquake Resistive Residential Dwellings."

The paper was prepared from a review of draft documents submitted by the subcontractor,

Ralph W. Goers and Associates, Sherman oaks, California to Mr. Roland L. Sharpe, Executive

Director of the Applied Technology Council, Palo Alto, California. Thid review and analysis

of recommendations are solely the interpretation of the author and do not necessarily re

flect the official position of the U.S. oepartment of Houstng and Urban Development, the

Applied Technology Council, or the sUbcontractor.
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DYNAMIC TESTS OF STRUCTURES FOR OIL TANKS AND NUCLEAR POWER PIAN'l'S

by

Seiichi Inaba
National Research Center for Disaster Prevention

Science and Technology Agency

ABSTRACT

In Japan, it is necessary to build an increasing number of nuclear power plants in

order to overcome the energy problem. Als~ an increasing number of large oil tanks have

been built in order to increase the amount of standard crude oil. It ha~ therefore, become

important in engineering to design aseismic structures for nuclear power plants, oil plants,

gas tanks, and other industrial plants for the purpose of preventing disasters due to the

earthquake. Under these circUl1lstance", several dynamic tests of plant structures have

been conducted by using a large-s~ale shake table ot the National Research Center for Dis

aster Prevention (VRCDP) in Tsukuba New Town. This report will present in general the

results of dynamic tests on a graphite shielding structure, oil tanks, fuel assemblies of

nuclear reactor, and a container vessel of thin shell.

Key Words: Aseismic Design. Dynamic T~8tS' Nuclear Reactors' 011 Tanks' Power Plants'
Shake Table. • • •
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!ntroduction

A large-scale shake table, of the NIlCOP, was built in!.970. Since then, a nlllllber of

vlbration tests on structures have been conducted under a joint research program with

engineers of other research organizations. Most of the dynamic t~st projects have been

related to problems concerned with soils, soil-structures, and soil-~tructure interaction.

Soms af the test results have been reported at a previous Joint Panel on Wind and Seismic

EUe,:':.·, .

Dynamic Test of a Graphite Shielding Structure

The dynamic test of a graphite shielding structure, used for fast ~eacto~s, ~as

conduc~ed by the Power Reactor and Nuclear Fuel Development Corporation and the BUi.lding

Re5earch Institute i~ ~une, 1971, using the large-scale shake table of NIlCDP.

The graph"te shielrltng structure is a masonry-type structure, composed of a great

number of g~aphite blocks to fill the space between the reactor vessel and a safety vessel.

It is necessary to leave gaps between the blocks in order to account for dimensional

changes due to thermal expansion and radiation effects. The graphite blocks are connected

~} graphite shear keys, and the outside rows of the blocks are linked by st.~l pins to the

safety vessel.

Aseismic stability of this structure was to be obtained directly from the vibration

test, aecause it is difficult to theoreLically analyze structures with many ~aps. The

half scale model of the graphite shielding structure was built using the same materials as

those of the prototype. Eleven layers of the graphite blocks were piled up and jointed to

a cylindrical cell of 3200 mm ~n outer diameter, 2270 mm in inner diameter, and 1067 mm

in height.

The model structure was tilted 30 iegrees and then 45 degrees on the shake table in

order to apply the lateral force for a static test. Dynamic tests were conducted by

inducing sinusoidal waves of various frequency range including the design earthquake waves.

Measurements of stresses in the representative blocks and keys, stresses of the pins,

relative displa~ements of the blOCKS, and acceleratic,ns of the graphite blocks were made

throughout during the tilting test and the vibratior test. After completion of these

tests, an ultimate strength test was conducted by ap~lying static loads, to determine the

ultimate strength of several 'rraphite blocks of l or 3 layers and 3 raw~ connected by the

shear keys and pins.

The results of the ultimate strength test showed that the ultimat~ limit acceleration

of the blocks corresponds to the collapse mode around the pin hole, (the limit accp.lera

tioh for the pin) this limit acceleration was 52.4 q and the ultimate limit Acceleration of

the blocks, corresponding to the collapse mode around the key way, (the limit acceleration

for th~ key) was 57.3 g.

The r~qult.s of the static tilting test indicate that the limit acceleration for the

pir. kay were 31.6 9 and 56.9 9 respectively, as obtained from the measured stress values due

to the lateral force of 45· inClination. Therefore, the stress concentration on the model

structure for the actual numDel" of rows was qt'eater than that of three rowlI. The dynamic

amplification was determined trOL vibration tests data, and the values for the pin and for
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k.y w.r. 6.8 and 3.5 r.spectiv.ly. Thus, the limit ac~.leration for the pin was 4.7 9

and that for the key was 16.3 g. The vibration test of the 1/2 seal. simulation model

showe that the limit accel.ration was 4.7 g. which il equivalent to 2.3 9 on the proto

type structure according to the limilarity law.

The results of the response analYlis of the reactor building and the .afety ves•• l

supporting the graphite shielding structur. indicate that the maximum response acceleration

of a delliqn earthquake (0.15 9 at the base of the buildinq foundation) val 0.43 q at the eleva

tion of the graphite .hieldinq structure.

From these r.sults, it is considered, therefore, that the graphite shielding structure

was aseiBlllic. The laf.ty veslel had hiqh stiffness and the earthquake rOlponle of the

v••••l wal uniform in the vertical dir.ction. The .ff.ct of insufficient number of layers

for the 1IIOd.1 can be iqnored. The d.s1qn of the qraphite shielding structure ;:an be

applied to other areas of greater earthquake design for this reactor, if the pin is rein

forced.

Dynamic Te!Jt of Fu.l Assembly for Nuclear Reactor

The fuel assembly of a nuclear reactor il one of the most important parts of the

reactor, as it contains the boiling wat",r, and, thu~. it is n~cessary to evaluatd its dynamic

characteristics. The dynamic test of such a fuel as£erJoly,. was conducted by Hitachi and

the NRCD~ in June, 1974.

~ unit of 4 fuel elements was used for the test, and had a dimension of 4,500 mm in

lenqth, containinq 49 fuel rods inside the channel box with dimension of 138 mm and 2.03 mm

in thickn.ss. The model fuel rods were _de frOlll lead, which had a d.nBity approximately

equivalent to that of I.Iranium dioxide. The four fuel element unit was fixed to the

supporting system inside a ste.l tank, which had a dimension of 800 mm in diameter and

5200 mm in height.

The lateral vibration forces WfOre applied at two r'~'l":~ontal directions 0 degree and

45 degrees. These angles were betwe." the side of the f'lel element and the direction of

the dynamic force. The influence of the inserted c~ntro1 rod insert and the qap be~ween

the fuel elementl was studied. The effects of the boiling water inside the reactor core

were also examined by filling the tank with water and thus simulating submerged conditions.

The upper joints of the fuel element are composed of channel fasteners with the upper

lattice panel and ch&ru~l fasteners (desiqnated as a spring joint) was fixed by a sprinq in

the original desiqn. The tests w.re conducted usinq a w.dge type fastener in order to

study the influence of the fixed supporting system (designate~ as a pin joint) .

The dynamic response of the structure vas measured by acceleroqrams attached to the

fuel assembly, tank, and the shake table. Sinusoidal waves, vith a frequency nnge between

3.0 and 8.0 Hz at a sweeping speed of 0.025 Hz/sec, were induced for the vibration tests.

The input accelerations were between 0.1 9 and 0.3 9 and vere chosen in order to test the

inf1u.nce of th£ various vibrational forces on the response structure. The deRign earth

quake response Wlilves, obtai.nea frOlll the analysis, were also applied to the model structure

under several maximum acceleration steps.
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There was not much difference in the frequencv characteristics, for the test res~lts,

when considering high to low frequencies. This means that the non-linearity of the upper

spring joint was not as assumed. The acceleration perpendicular to the direction ~f the

dynamic force of the vibrating elements was 1/3 of ~hat of the direction of table vibration.

The measured accelerati~ns during the 45 degree vibratkmtest wag smaller chan those

during the vibration of the 0 degree test, with ~he diffe~ence becoming smaller between

the test values, as the vibration force was increased. Toe dynamic amplification ratio

was greater for the 0 degree test than for the ~5 degree vibration test. For tne tests with

the spr~..g ioint system, the resonant frequency became higher and the amplification ratio

increased with an associated increase of the applied force. In the case of the pin jointed

system, the amplification ratio of the elements was constant even when th~ applied input

force was increased. The resonant frequency of the fuel assembly, with inserted control

rods, was not different from that of the structure without control rods. When the fuel

assembly was immersed into the water, the amplification factor of th~ fuel element with

control rods was reduced to a range between 1/2 to 1/4 of that of the element without con

trol rods. The data indicate that ~he control rods can cause damplnq, and thus will reduce

the dynamic response due to earthquake. The amplification ratio obtained from the earth

qu~ke vibration ~ests were between 1.1 and l.3, and thus the dynamic amplification ratio

of 2.0 used for the actual design of fuel element is conservative.

The results of the dynamic tests show that it is necessary to design the sturctural

fuel assembly, without control rods and with the force direction at 0 degrees. The non

linear chara=teristics of the fixed joint sy3tem causes no pro~le~ on the response analysis

under the comparativ~ly greater design accelarations and also ~hen the fuel asse~ly is

gubmerged into the wate~.

~\ic Test of Thin Shell Container Vessel

The container vessels for the nuclear reactot are shell type vessels with additional

structure elements insid~ ~he wall. It is generally assumed that such vessels will show

a cOll1plicated dynamic respmse (j' " to earthquakes. The dynamic test of a model thin shell

contaj "Ier vessel ....as therefore coc.(ju-.;ted by thl' IIi tachi and the NRCDP in July, 1974 after

compl.. tion of the file! aS3embly act.

rhe model structure was domAu shaped and had a dimension of 2400 mm in diameter, 3600

rom in height and 2 mm thick, and was made of vinyl chloride resin. The model had a'

circular flange bO'Jded to the bottom of Hie vessel which was then bolted to the large

scale sha~e table. The model container vessel hilo Hupplmentary weight inside the shell

wall and a stiffener belt outside the vessel. The m~el wa~ subjected to sinusoidal

vibration waves forcing out various frequencies an'1 ac'"eleration.

The accelerations of thin shell in the normal direction and the stresses of the shell

in radial and vertical directio~s were measured using accelerograms and strain gages.

The results of the dynamic tests indicat~ that the vibrational behavior of the

this shell t~'pe v..ssel simulates beam type vertical vi hrations. The resonant frequency

was approximately 19 Hz, which was not inf'uenced by the supplementary weight or by the
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5ti ffener. In the .ange of the low frequencies shell type characteristic vibrati.ons were

ooted but the amplifications were smaller than those observed for the beam effect. The

shell re.ponse increases the resonant frequenci~s but reduced the dynamic amplification in

the lower frequency range.

Dyna!Ilic Te.t of 011 Tank

In ordel to increase the "':'U<!e oil re.erve in Japan, ~.- is necessary to build auper

.cale crude oii storage tanks. ~e dynaBdc teat of ~ mo~el oil tank, was therefore conduc

ted in or6er to confirm the aaehJllic sta!:iltiy of floating roof tanks. Such tanka are

considered to be suitable for lper- .3cale oil taMs. '11:' aynalllic test of a model tank was

conducted by Nippon ICOkan \••.. ) and t'1e NRCDP in Febr",al)'. 1974.

The purpose of the test waa to establish the sloshing movement of fluid in the tank.,

exaBdne the stres••a in the shell wall, and to design the aseismic floating r?Of tanks.

The wave heights of the fluid, the dynamic pressure, t~e velocity, and the strains in the

tank ahell were meaaured to obtain the dynaJllic characteristics of the tank and the contained

fluid. Sinusoidal, triangular and rectangula~ w~ves were applied for the dyn&mic test, as

were earthquake simulated waves of six representative earthquakes.

Three model tanks were built on the shake table. A cylinder type model used for a

.loshing test had a diameter of 2860 II1II, a hei'1ht of 1219 II1II and a steel plate thickness

of 4.5 II1II. The rectangular type IIIOdel also used for sloshing test had a length of 2000

mm, a width of 1000 mm, a height of 1000 mm, and a steel plate thickness of 4.5 mm. The

third model waa a ~ylinder type which had a diameter of 2190 mm, a height of 914 mm, a

steel sheet thickness of 0.4 mm and was constructed for the dynamic tests. The cylinder

type model tank used for the sloshing test was also us~d to determine ~he damping effects

of a floa~ing roof with damping flns. The reSUlts of the dynamic tests showed that the

stre.ses in the cylinder wall due to the vibrational force were greater than those

a••umed from the analyses. The wall stresses due to sloshing fluid however were less

than the .tre•••• asaumed from the analysis. 'j'he natural frequency of the sloshing fluid

was in good agrt!<!!lI\ent with those oDtained from the theoretical analysb. When sinusoidal

waves representing the natural frequency of 0.5 Hz for the first mode, 1 Hz of the

.econd mode, and 1.2 Hz of the third mode were applied to the model tank, the sloshing

phenomena in resonance were caused by the vibration}f the sinusoidal waves. No sloshing

phenomenon was observed in the range of frequency which w~re different from the natural

frequencies.

In order to reduce the sloshing movement "f !"he fl'nd surface. dynamic tests were

conducted for the following case~ (1) using a floating roof, with fins for damping, (3)

using a floating with water on the top of the roof. The result of thE tests with a floating

roof, showed tilat the damping coefficient was not different from that of the free surface

fluid. In the case of the test for a tank with a floating ~oof with damping fin~, the

d.-ping coefficient of the sloshing was three times as much as that of free surface sloshing.

In the ca.e of the test for tanks with a floating roof ....ith water on the top as weight, the

damPing coefficient was two times as much as that of the free surface sloshing. This means
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tha~ the dallping fins are quite effective in reducing the doshing .,v_nt.

Conclusion

This paper has briefly described the dynamic test. using the large-seal. shake table

of the NRCDP, and the obtained on structur.s for nuclear power plant. and oil tanks, the••

tests are quite important in order to prevent disaster. due to the earth~•••

The oil tank fires, due to the Nilgata Earthquake in 1964, and the crude oil leakage

and pollution caused by the collap.e of tanks in to the Inland Sea in Okay..- in 1974, and

the possible Kawasalti Earthquake predicted frOlll data on ground upheaval, have arOllsed

concern in the field of earthquake enqineerinq and in the a••ismic stability of structure.

1n 1ndustrual plant.. However the industry and private orqanizati011s are priaa.rily

responsible for the de81gn of such structure. and the government institutions can only

regulate the design of such structures. It is therefore nece••ary" to develop the theoreti

cal analysis of the dynamic behavior of plant structures and also to test larqe-scale

struc~ure on a shake table. In addition, it is necessary to improve the shake table,

development of techniques for dynamic t ••ts, and studies regarding sUDulation and

lIlOdelinq.

The PeBOurces and Energy l'ogency of the Mini.try of International Trade and Industry

has appropriated part of the funds to build a n_ larqe-.cale shake table in their budget

for the fiscal year of 1975-1976. The .hake table, of dt.ension of 30 • square can

support a test structure of 1000 tons and was built for the dynamic testinq of structures

for future nuclear power plants. However, there are still many problems concerned with

the construction of such super-scale shake tables.

It is hoped that by exchan9inq technical information through lbe Joint Panel on

Wind and Seismic Effects, .any of these problems can be solved.
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ABSTRACT

The general re.ponse of .heet pile foundation., relative to analytical and expert.8ntal

.tudie., are di.cu••ed. Te.t re.ult. are given, in addition to the development of general
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1. Introduction

Sheet pile foundations consist of steel piles witt. joints, driven into the ground to

fOrlll a closoo unit. This is a unique foundation structure and vas developed by th_ .Jap.-_

steel manufacture.al. Since this foundation uaea Iteel piles, it has advant..g•• in that the

vork can be mechanized and completed within a shorter period of time and that the d~nlionl

and penetration length of the foundation can be freel~ chosen. The enclosure of the sheet

piles also can be used for a cofferdam by making their joints watertight.

The sheet pile foundation was first u~ed in 1965, for the foundation of blast furnaces,

and was used for bridge construction in 1969. OWing to its outstanding advantages, the

sheet piling method has been used in the construction of s(-. 148 foundati~ns for 40

bridges, and it will probably be used IIlOre frequently in the future. 'ft1is _thod haa pri

marily been used for such cases that cannot use cassion. or piled foundations, because the

ground and water depth conditions are poor and the dilllentli~nl are large.

The sheet pile foundation is considered to be a struct~re having mechanical character

iltics intermediate between the caisson four.dation and pilec foundation. It is therefore,

necessary to establish IIlOre efficient desiqn of the Iheet pile foundation, by ..king

further investigations on its mechanical Characteristics.

In this paper, we would like to discuss the structur~ of tne sheet pile foundation,

the presently U8ed design methodl ), past performances, and the results of in-Rite experi

ments. Also to be presented vill be the relults of an analysis we hav~ ..de in an a~t8BPt

to clarify the struct\lral characteristics of the sheet pile foundation. 'ft1e sheet. pH.

foundation has such complicated structural Characteristics, that we have advanced only one

step in its investigation.

We will not discuss the use of the sheet pile foundation for cofferdalll, ir. this paper.

2. Sheet Pile Foundation Structure Cl )

2-1 General Definition

The sheet pile foundation is defined as a Itructur~ that forms a circular,

ellip;ical or rectangular enclosure with steel-pipe or H·.haped Bteel piles driven

~nto the ground. Their heads are rigidly connected, and ~he joints are so treated

that the required horizontal resistance and vertical bearing capacity is developable.

AI will be seen from the examples given later, it can be said that Iteel-pipe piles

can be used in many inltances. As for the treatment of the joints. they are grouted

with mortar to prevent the passage of water, because the ~heet pile foundation 1~ allo

usad to serve as a cofferd_. The grouting of the joints vith IIIOrtar, although it is

a technically difficult work, is .-played because the ~eak points of the sheet pile

foundation lies in the joints and its strength Cdn be increased by the treatment of

such joints. Much is expected in the development of efficient joints for the future.

2-2 Material

The material that is used for the sheet pile foundation is Iteel, which has

sufficient strength, quality and sectional characteristics ~ latisfy its structural

configuration. As a rule, the steel shall be over 8 .. in thickness. The sheet pile
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foundation utilizes steel piies or H-shaped steel sheets, whose shal~s and dimensions

are described at the cnd of this paper. The shapes of steel piles and joints are

shown in Fig. 2-1 and ~oeir dimensions and weights are given in Table 2-1. Typical

values are given in the figure 2-1. The steel used in the making of the sheet piles

are defined by JIS A5528 and is as follows.

Steel-pipe piles, S': 2';

H-shaped steel sheet piles: SY30, SY40

The allowable stress intensities for the steel piling, as given in the chapter de

voted to survf!ying and designing in the specifh'ations for Substructure Design of

Highway Bridges. are given herein in Table 2-3.

2-3 Structural TYpes

The sheet pile foundations can be classified by shape int,; two types. that is.

the well type which is formed with the piles of equal length driven to the bearing

stratum and the pronged type in which same of the piles are driven to the bearing

stratum. ':'hese two basic furms of sh,c-et pile foundatlons, can be further divided

into se~eral types according to the c~oss sectional contour. number of foundations,

and joint grouting method as shown in Table 2-4.

As was mentioned previously for the well type, all the piles are driven to the

bearing stratum and the head of piles are rigidly connected by a footing. However,

when the bearing stratum is located at a relatively great depth, it has greater verti

cal load bearing capacity than horizontal capacity. In such cases it is more econom

ical to employ the pronged type, in which some piles are driven to the bearing stratum

wrile others are stop~ed midway between the ground surface and the bearing stratum,

thereby reducing the quantity of steel pilinq.

The sheet pile foundations can have such cross sectional contours as circular,

oval and rectangular. as illuctrated in Fi.g 2-2. In the case of caisson foundations,

the cross sectional contour greatly influences the speed at which the construction

work can be conducted. In this method, however, the work differs little .from the

conventional piling work, therefore the cross sectional contour arrangement has little

influence on the speed of construction.

The sheet pile foundations can be divided into five types, as illustrated in

Fig. 2-3, according to the diff~rences in the head and coffering. Class (1) is

called the "rising" type, in which the footing is above the water surface. Class (2)

is called the "closing" type in which a closing wall is built independent of the

foundation body and footing. Class (3) is called the "coffering" type, in which the

sheet piles rise above the water surface to form a cofferdam and the ~offering parts

of the sheet piles are above the water, after the foundation body and footings are

completed. Class (4) is called the "semi-rigid" type, in which the inside of the wall

is partially excavated and filled with concrete. Class (5) is called the "rigid" type,

in which the inside of the well is excavated down to the ~earing stratw" and filled

with concrete.
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(2)2-. The DevelOf!!nt and Characteri.tic Feature. at Sheet Pile Foundation.

The sheet pile foundation was used a. a foundation tor the fir.t tt.e in conjunc

tion vith the bla.t furnaces at the Miaushiu Iron Work. of lC4Vasaki Steel Corporation.

In addition, after repeated tests on 8Odel. and actual sheet pile foundations. this

_thod wa. used in the constructi"n of bri dges for the fint time on the Ishikari )(Ako

Bridge (Hokkaido), 1969) and then for the Qmigawa Bridge (Cbiba Prefecture, 1970) and

the Senbonaatsu Bridge (Osaka City, 1970).

As noted the fir.t application of this ..thod vas in the construction of a blast

furnace foundation, vith the developDent and research of the sheet pile foundation con

ducted by several major steel manufactures. ~art from the blast furnace foundations,

this method was also used in various civil engineering works, such as dolphins and

scale pits at the iron works. At that stage, development and reaearch projects were

conducted, thereby developing the fundaBental techniques for its application in ~e

construction of bridge foundations.

The sheet pile foundation, is considered ~~ have a rigidity close to ~at of

the caisson foundation, and can be built almost in the same manner as the piled

foundation and is well suited for labor-saving and rapid construction work. This

_thod has .0 many advantages, that the Ministry of Construction granted research sub

sidies to the steel manufactures in 1969, in order to encourage their research relative

to the workability and structural characteristics of sheet pile foundations. In this

relation, the steel oanufacturers took the initiative to form a sheet pile foundation

research committee which included university protessors and government officials, in

order to conduct the four research projects(]). These projects were; (1) investiga

tions on pile driving accuracy, (2) the water .eepage prevention, (3) the integrity of

piling and concrete grouting, and (4) vibration characteristics. As a result of these

studies, the "specification for Designing and Construction of Sheet Pile Foundations"

was publiLhed in January, 1972. Although this is a Specification, which was developed

from nongovernment baais unlike the technical standards set up by the Ministry of Con

struction i.e. the Specification for Highway Bridge Design and the Specification for

Substructure Design of Highway Bridges, it has been widely used in the actual design

and building of bridge foundations.

one of the most outstanding features of the sheet pil~ foundation is that the

coffering method can be uaed. As a _tter of fact, this particular type has been

used in most of the sheet pile foundations constructed. Fig. 2-4, shows the steps in

volved in construction of this type of the sheet pile foundation. The bUilding of a

pile foundation in water requires a cofferdam, a great deal of money, and takes a long

time to coaplete the work when the water is deep. The mechanical stability of a coffer

dam is not fully understood. In this foundation type, the cofferdam is built with the

s... structural .aterial as the foundation body, therefore, it has a very high degree

~f safety. It is possible to further incr.a.e the safety by filling the gaps between

the cross 0.... of H-shaped steel sheet piles and steel-pipe piles, thereby integrating

the timbering and cofferdam. If the sheet pile foundation is to be effective a. a
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cotter~, it 1. nece••ary to have wstertightne•• of the joints, and have a proper

technique in cutting ~f the steel pipe piles in water in order to have an efficient

and econa.!cal product.

l. Designing of Sheet Pile Foundations

3-1 ~ntal. of Design

The basic principles to be considered in the design of sheet pile foundations

are li.~.d belowl

(1) 'me maximum ground reaction on the well bottam and at the distant ends of the

prongs of sheet pile foundations must not exceed the allowable bearing capacity

of the qroundat the given position.

(2) The shear resistance on the well bottam of a sheet pile foundation muat not

exceed the allowable shear resistance between the well bottOlll and the ground.

(3) The displacement of a sheet pile foundation must be considered, by considering

the allowable ~urt of displacement that is determined in relation to the

superstructure.

(4\ The intensi~~ o( ~tress, 1n the various parts of a sheet pile foundation,

must not =xceed the allowable stress intensity.

(~. Since the hori~ontal resistance (f a sheet pile foundati,)n is treated as a

be_ on an elastic foundation, as in ~he case of a piled foundatior, there is no

need to consider the ground reaction on the front surface of the foundation.

(6) In the case of a sheet pile foundation, whose displace~~nt is large and

natural frequency is long, it is preferable, if the respol~ible engineer deellls

1t necessary, to make a dynamic analysis, such as analysis "';.11 take the super

structure into consideration, and to make a comprehensive study of displacements

and stresses in the structural members.

3-2 Determination of Load

The loads to be used in the design of sheet pil! ~oundations shall comply, as a

rule, with Chapter 2 "Loads" in the part devoted to investigations and design in general

in the "Specification for Substructure Design of H1ghway Bridges" and Chapter 3 "LOads"

and Design Conditions to be Considered in Earthquake Resistant Design in the "Specifi

cation for Earthquake Resistant Design of Highway Bridges".

The loads to be considered include live loads. dead loads, earth pressures, water

pressures, bu?yancy, effects of temperature changes, effects of earthquakes, snow load

et".

3-3 1llowable Vertical Bearing Capacity

The allowable vertical bearing capacity shall be determined, taking into consid-

eration the degree of importance of the structure, as followsl

(1) Vertical load test

(2) The formula for statical bearing capacity

(3\ ~.timated values when the values are proven correct

(4) Formula for the statical bearing capacity
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When calculating the allowable vertical bearing capacity, several formulas,

not Ilerely one formula, should be used so that a cOlllPrehensive study may be made from

the results of all such calculations. The allowable bearing capacity is a value to be

obtained by dividing the ultimate bearing capacity, obtained from the stat1cal formula~

by a safety factors given in Table 3-1.

The conception of the bearing area, when calculating the bearing capacity of the

ground and the bearing capacity calculation formulas, are shown in Table 3-~. The

symbols used in Table 3-2 are as follows;

Ra, Allowable bearing capacity of a sheet pile (kg)

S: Safety factor

~: Len~th of penetration of well (em)
I

i: Length of prong (CIlI)
2
U: External circumference (em)

uo ' Circumferential length of prong (em)

n: Number of sheet piles forming the well
1

n: Number of prongs
2

qd: Ultimate bearing capacity of the ground at the dis~tend of sheet pile
(kg/cm2)

Frictional force on the circumferential surface of well (kg/cm2 )

Frictional force on the circumferential surface of prong (kg/cm2
)

f:

f :
o

3-4 Horizontal Resistance

(i) Flexural rigidity

The flexural rigidity is considered to vary according to the treatment of the

j01nts between the sheet piles, the treatment of the heads of sheet piles. the

type of soil, and the shapes and diMensions of the sheet pile foundations.

As a matter of convenience, the flexural rigidity can be obtained by using

the following formula as obtained from the experiments;

n l nl 2
EI .. E( ~Ii + ~rAi Y

i
)

i=1 i:l
(3-1)

where

E: Elastic modulus of sheet pile (2.1 x lo6kg/ cm2)

I: Moment of inertia of sheet pile foundation (cm4)

Ii: Moment of inertia of i-th sheet pile (cm4)

n
l

, Number of s~eet piles

Ai: Sectional area of i-th sheet pile (cm2)

yi, Distance of i-th sheet pile from the center axis of sheet pile foundatio~

(em)

V: Composite efficiency of sheet pile foundation (0 to 1.0).

The reference values are shown in Table ~-3.
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(ii) coefficient of qround r ..ction

The coefficient of th. ground reaction, 11 defined aa the aplit lin.

gredient of the load-diaplac_nt curve. That b,

K.E
y

(3-2)

whare

K: Coefficient of qround react10n (kg/em3)

The ground reaction coefficients include horizontal ground reaction

coefficient (~), vertical ground reaction coefficient (K
y
)' and hori

zontal ahear aprine; coefficient (Ke).

P: Load intenaity (kq/e112
)

y: AIIount of diaplac_nt (CIII)

(1) Method of eatt.ating the qround reaction coefficient, in the well type of

aheet pile foundation

o Method of eatt.atinq the horizontal qround reaction coefficient

B _.1.. 3
IL1 ·ILO(-30) 4 -
1111 - 12.8 I).OB 4 (3-3)

(3-4)

where

~l' Hor1&ontal ground reaction coefficient (kq/CIIl3)

~O: Th1l 11 the horizontal ground reaction coeffi...ient (kg/e11
3

) which is

equiValent to the value obtained by the plate 10acUng teat uaing 30 CIIl

di...ter rigid diak and can be expreased by the following fo~la in

cluding the 20' ahare by the aide.

IC
O

- :<.2 aE • 0.040 aE
-11 30" 0

D, Loed vidth (CIIl)

E: Modulus of deforution of ground 9kq/CIII
3

) .asuree! or eat1llated by theo
_thoda shown in Table 3-4.

a, Coefficient which are used noraally or at the time of earthquakea.

Shown in Table 3-4.

o vertical qround reaction coefficient

4
BY-""3 _!

Kvl , KY2 - KyO (30) • 12. BlCvoBv 3

where

IC
vl

' Coefficient of vertical ground reaction at the vell bottom (kg/ca
3

)

lCy2 ' coefficient of vertical ground reaction at the prone; end (kg/CII
3

)
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~ I The vertical ground reaction coefficient (kg/cal) equivalent to the
110

value obtained by the plate loading ta.t u.ing a 30 =cSi_ter diak .md

can ~ obtained by the fo11ow1rlcJ forwula.

K • 3
1
0 a E 0.033 a E110 0 0

8
V

' Equivalent load width of foundation (ca), which can be obtained by the

following foraula.

Bv· Av

E ,
o

a,

Modulua of deforaation of qrol.llld mea.ured or elitilllated by the methodL

shown in Table 3-4 (kCJ/=3)

Coefficlent. to be used noraally Dr at the time of earthquakes. Shown

in Table 3-4.

"v' Ba•• area .urrounded by the outer and inner circUlIlferencea of the

foundation (ca:3)

When the q~beneath the ba.e of the sheet pile foundation changes in the

direction of the depth, or when therp exi.t. a particularly weak stratum, the following

should be con.ideredl

a Horizontal shear .pring coefficient

K.' Shear .pring coefficient of the _11 bottQIII (k9/ca3)

(iii) Calculation of horizontal re.istance

As.waing the sheet pile fouration to be • be.. on ..n elaltic foundation, its

horizontal re.i.tance .hall be obtained by \.he following formula.

d
t

EI~. -ky
dx

t
(3-5)

where

k. Horbontal ground reaction coefficient. (kq/CIII3)

yl ~W1t of diaplac..nt (C1Il)

x. Depth from the ground .urface (.,:

Both the well type and the pro~ed type of _the sheet pile foundation shan be

such a structure that there exist a horizontal spring, vertical spring and shear spring

on it. front, .id. and botto.. Furthe~re, in the case of the well type, the bOttOIl

shall receive a vertical gro-.md reaction proportional to the vertical displacement and

a .hear re.i.tance proportional to the hC.~zontal di.placement.
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When the penetration length is short for its rigidity, and the shear deformation

is 80 large in lUIlOunt that it cannot be ignored. the foundation must be designed by

taking the shear defo~tion into considel"stion.

(1) Design of the well type sheet pile foundation

A mechanical model of this type foundation, is illustrated in Fig. 3-1.

o Basic Formulas

The following. are the basic equations relative to the model Sh~l in Fig. 3-1.

d4

EI
Yo

• 0
d x4

4
d Yl

EI --4- • -p

d It

where

D: Load width of sheet pile foundation (em)

Yo' Yl ' Displacement (en)

The folla~ing are the general solutions to equations l3-6).

For the part above the ground

For the part under the ground

(3-6)

()-7)

axe (e
l

sin Bx + Dl cos Sx)

The unknown constants can be determined by substituting the following

bow:dary consit!ons int.:> the qeneral equations,
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E• "-yo .. -Mo

-Elyo,II " -Ho

z • Q : Yo z Y1. Yo' .. Y1'

z .. .f,

y~l= Yl", yo'" c Yl'"

-ELI" K I I-y z v1 1 Y1

-Ely1'" .. -Kg A'v Y1

(3-8)

However, when a tensile force is acting on the well bottom, the Folution must

consider II (moment of inertia well bottom), and Av ' (effective loading area of well

bottom), which ignore the part where the tensile force is acting.

3-5 Section Forces

The stress intensity i~ the verti~al direction of the well type sheet pile

foundation can be calculated, using the section forces of the well. Using the

vertical force the horizontal force and bending moment working on the top of the

well is then obtained, and then the stresses. When the composite efficiency ~xceeds

0.5, the equation (3-9) shaL be used and when it does not exceed 0.5, equation

(3-10) shall be used.

"
Vo + Mo (3-9)

n1 Ao -r- Y

Vo 1-71 71

" + MO(-N- +--) (3-10)
"1 Ao .IZi Z.=.

where

cr: Stress int;ensity in the vertit'al direction (kg/em2)

V
o

' Vertical force working on the top of the well (kg)

A: Sectional area of a sheet pile lem2)
o

M
o

' Moment working on the top of the well (kg/em)

I: Moment of inertia lem4 ) with co~sidering the composite efficiency (~\

y: Di3tance (em) from the central axis of the well to the point where stress is
calculated

n
l

: Number of sheet piles in the well

Zi: Section modulus of each sheet pile (em3
)

Zi: Fection modulus cf the foundation when ~ - 1.0
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n: Bending moment distribution constant which is determined by the composite

efficiency. as shown in Table 3-5, for example. ~~

(4) Table 3-5
~~st Pile Foundatio~ Construction Projects 0.5 0.93

:mportant examples of sheet pile foundations. construclea priol to January 1975,

arr, shown in Tables 4-1, 4-2, and 4-3. These tables show the project name, purchaser,

location of work, starting date scale cf work (basic sectior " iimqnpions. sheet pil~ di

mentions. number of foundations), t~e t~pe of s~eet pile (type, type of joints. length of

joints), and the basic type. Table 4-1 shows those cases in which steel-pipe piles were

used in the construction of bridge foundations. There are 37 bridges and 126 sheet pile

foundatiol1s. Table 4-2 shows the cases in which steel-foipe piles were lJ~ed ~n the con

struction of bldst furnace foundations and other foundations. TIlere are 14 cases and 59

foundations. Table 4-3 shows the cases in which H-shaped steel sheet piles were u~ed.

There are 6 cases and 32 foundations. A total of 148 she~t pile foundations ~ere con

stxucted for 40 bridges. A~ seen from theae cases of sheet pile foundation projec~s.

steel-pipe piles were used for most cases. Therp were very few cas~s in which H-shaF~d

steel piles were used, and &lmost none in recent ye~rs. It is also noticeable that therA

is an increasing number of tt.e cofferdam type, which is an important char~cteristic

feature and merit of the sheet pile foundation.

Figs. 4-1 through 4-4 show the histograms, obta~ncd from the data givpn in these

tables. Fig. 4-1 shows a histogram representin~ rectangular or oVul sheet pile foundations,

usinc; their largest wid1:h. Of ~he bridge found;stions built with steel-pipe piles, there are

16 such foundations rangir.\! from 10 to 15 m in width. Fig. 4-2 shcvs the circular-shaped

sheet pile foundations, alrangecl by their diameters. In this instance, these are the only

cases in which steel pipe pileE arb used. The foundations of this type. range from 5 to 10

m in diametel. and are used most often for bridges. There are as .nany "s 30 such cases.

Fig. 4-3 shows a histogram arranged by the sheet foile length. The sheet piles used most

often for bridge foundations are 25 to 35 m in length. Fig. 4-4 shows a histogram

arranged by the steel pipe diameter. The largest in numb~r are the st~el-pipe piles rang~

from 800 to n,)ar lOOO JlIII in diaaJeter. As many as 57 foundations fall into this catc90ry.

5. In-site 're3ts of Sheet pile Foundations

Tables 4-1 through ~-3 show the sheet pile foundations which were constructed in the

past and in-site tests (loading tests, vibration tests, in-site measurpments of stresses).

where the test results are rearranged in Table 5_1(4). including 11 cases.

We will now discuss the results of tests conducted on the Qmigawa Bridge, in which

extensi'"e data were collected. Fig. 5-1 shows a cross section of the foundation. The

pile length varies from 42.6 m to 24.5 m and the foundation is of the pronged type. Fig.

5-2 shows the column section of the ground. Fi.g 5-l shows th~ load-displa~ement curve.

The load was imposed in a horizontal direction around the middle of a bridge pier. The

disp1acer..ent measured was located !.n the horizontal directior. at the top end of the bridge

pier. When the load was 200 tons. the ~isplacement was about 13 mm. It is noted that the

curve is essentially straight, and it can be said that the test was co~ducted within thc
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elastic limits. Fig. S-4 shows the load-angle of slope curve. The angle of the .lope w••

aeasured at three points, that is, the top of the ~ridge pier, the top end of the top plate,

an" the bottom of the top plate. Fig. 5-5 shows the distribution of strains in t".., bridge

pier. Fig. S-6 shows the distrib'ltion of stresfles in the sheet pile well. Fit. ';·7 shows

the horizontal response curve for t.he top of the bridge pier. The natural fre...lency durin9

this time was about 6Hz. Fig. 5-7 shows the vertical response curve for the bridge pier.

The natural frequency at that time was dbout 4.SHz.

6. Joint Characteristics of Sheet Pile Foundations(6)

6-1 ~urpose of Joint Strength Tests

The she@t pile foundations consist mainly of steel-pipe piles driven into the

ground to form a circular, oval or rectangular enclosures, with the piles being connec

ted with one another by means of joints. Because of this connection, their structural

characteristics are greatly influenced by the joints. This may be understood frCIIII the

fact that the use of even the joints which have very low rigidity, gives the founda

tion a rigidity far greater than when no joints are used. However, the rigidity of

the foundation as a whole is naturally smaller than when the joints are the same al in

the case of the main pipe piles. The analysis of such a system taking into account

the joint characterist 'cs, is obviously an illlportant item to be considered in d~siqnil1g

sheet pile foundations. As was discussed in Chapter 3, the moment of inertia of the

entire foundation is evaluated by the use of the "cOlllPOsite efficiency", lind then

assuming the foundation to be a beam on an elastic foundation. ~is method is very

advantageous, due to it!'! simplicity when the length is sufficiently large in cCIIIIPar1son

to the diameter. However, as the ratio of diameter to length approache~ I, it is

difficult to apply this method of solution. This is because che shear deformation of the

joint is ignorned.

In order to ,:·Jnsi.der the joint characteristics in the design of a z1heet pile

fcundation, it is necessary to know the shear strength characteristic~ of the joint.

There are various tests that can be performed to evaluate the shear strength of the

joint. Two such tests have be,m conducted, as will nCN be described. In one test,

three piles Wd:re ccmnected in parallel and a punching load was applied to the middle

pile in order to ma.ic:~ a direct measurement of the shear strength of the jvint. In

anothe-:- test, two piles were cOlllhined, one on top of t' '>ther to form a be_ and a

load is then concentrated in th~ middle thereof to determine the shear characteristics

of the joint.

6-2 Direct Shear Test

As shown in Fig. 6-1, thre~ piles were connected in parsllel, with their joints

grouted with mortar and a punchinl 1~~3 applied to the middle pile. This test was

conducted in order to obtain the relationship between the load and the amount of

displacement of the piles in relation to each other. The shear stress in the joint

was calculated, assuming a fracture between the steel material of the joint anl mortar.

There are many different shapes of joints. Used in these test. were pipe type and the

CT type joints, which are sh~n in Fig. 6-2. The fracturp. con.idered are~. illua-
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tratlOd, a••l81n9 the fracture of the joints to be the IIliniJIum area of contact, between

the joint _terial and .artar. (The bond strength of JlK)rtar is sufficiently small

COIIP&nd "ith the cOlllPres8ive stren9th).

The results of the tests conducted on the pipe type joint will now be discusse~

Relative to the fracture of the pipe type joint, the shear s,;reR9th per unit

len9th Q and the shear stress per unit area can be easily calculated by the followinq

fOrWllll...

Q (kg/em) • .!...
2L

(6-1)

2 P
T(kg/cm ) • 2'lrDL

where,

D: Joint pipe di_ter (em)

L: Joint pipe length (em

The results of the direct shear test "ill be graphically shown as the relation

ship between the lluperiJaposed load P, shear strenqth per unit length Q, shear stress

per unit area T and the amount of displacement between the joints. The amount of d1s

plac...nt and deformation between the joint and mortar, where they are in contact with

each other, increa.ed a1.lllost linearly until the load reached about 25 tons. Thereafter,

io; increased sharply and ruptured when the load was increased to about 50 tons. This

ocxurred when II&X~ shear stren9th Q and maxilllum shear stress T were about 250 kg/=

and 5 kq/cm2 , respectively. The conpressive strength of the mortar ~hich was used to
2

qrout the joints w.. 020 • IBO kgicm

A6s~inq that the mortar's Young's modulus is E • 2.1 x 105 kg/cm2 , the mod~lus

of riqidity of the standard IIIOrtar G therefore is .. follows;

E
G • 2(1+v) -

5
~.lxlO

2 Ui')
(6-2)

~ver, frca the test results, the .cdulus of rigidity G' can be calcwlated

using the shear stress per unit area T and the amount of displacement of the joints

r::. T/Y • 1.0
-3

lxlO /24.7

4 2 G
• 2.47 x 10 kg/em • 3.64 (6-3)

From this result, it can be stated that the modulus of rigidity of the joints

is considerably lower than the modulus of rigidity of the IIIOrtar.
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6.3 Bending Shear Test

As illustrated in Fig. 6-4, two piles were combined, one on top of the other. with

the joint grouted with mortar to form a beam. A concentrated load was then applied in the

middle of the beam. which was freely supported in the bending shear test. Ten such tests

were conducted. Various shapes of joints were used in the test, but consisted primarily

of the pipe type joint and the CT type joint. which werp. also used in the direct shear t~qt.

The results of only one of the tests will be given herein due to space limitation. The

relationship between the shear ~t' _C I in the joint and the rate of decrease in the shear

stre9S for the condition ~f ~ rigid connection is obtain" from the test results. There

fore. a method which gives such a relationship obtain£d from the load-strain curve and a

method of obtaining the information from the load-strain distribution in relation to the

shear str@~gth transmission coefficient a will be presented.

(1) " Method of Obtaining the relationship from the Load-strain Curve

The shear strength transmission c~efficient a is defined as follows:

(6-4)

in which L is the joint shear stress in which the rigid conn£ctions are imperfect,

and l' is the joint shear stress between the two piles with rigidly connected. The

moment of inertia I would be as follows:
o

where,

"', Sectional area of a sheet pile (om
2

)

I', Moment of inertia of a sheet pile (cm4 )

3
4 (6-5)

When a concentrated load P is imposed in the middle of the beam. the aeflection

of the centerpoint 6 can be obtained as follows;

i) a - 0 (No joint connection)

_ p.e 3
J - 96 El'

ii) a - 1 (Perfect rigid joint connection)

P :3d ,,-,.;~-

48 E'o

iii) 0 < a < I (Imperfect rigid join' connectiQn)

(6-6)

(6-7)

or ,,=
d

P A' 2
0-'---

2 10
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rxca the equil1bri.. of _t

dM d P { 1 I'} P ~
CiT • Q- ".BT • T n-u't + • -y; • TP

where.

,,' 1 /Ir,-.-
2 3

At t:hla tt.a. the 4eflectlon of the center point is

2.L, - 48 Ell - fi

P
Q -3d- II

(6-8)

(6-9)

(6-10)

'ft1u. _ can C1btain the relations of P. 6 &Il4 0..

(2) A Method of C1btainin9 the "lation.hip f~ga the toaa-st~ain Distribution

Aasua1nq two eros. sectional strain distribution. of the cOlllPOsite be... , that is,

when the joint is t.p8rfectly connecced and when the joint i. perfectly connected, the

joint .hear streft9th 0 ana the .hear t~an.-is.ion coefficient a can be obtained a.

foUCld,

,: ........_01
.......... 1: ......._4Il.-fect ....

-- 'JoiIlt--

l~---.c; ,~ ~J

_L ------..:h..---

----- _._-- ~-- --- .

Pi,,_ 6-5 Strain Distribution

Q.J. Bells

0. is 4ete~ne4 froe the .train distribution is defined a. follows
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/l ~r.--- (6-12)

As shown above. the shear strength transmission coefficient a can be obtianed by two

different methods from test results.

The bending test is illustrated in Fig. 6-6. In this test, the joint was a

pipe t)~e, and the relative si~e of the joint for the main pile is larger in comparis~n

to an actual sheet pile foundation. The test results are given in Figs. 6-7 through

6-11. Fig. 6-7 shows the load-central deflection curve. It is seen that the ~xperi

mental curve is approximately midway between the calculated values, in the case of

rigid joint connection, and of no joint connection. When the steel material begins to

yield, (the £tresL is about 2400 k9/cm2), the deflection increases substantially com

pared to an ~ncrease in load. Fig. 6-8 shows the load-deflection in the axial direc

tion of the pipe. The values are measured to the left and right of the supports.

Fig. 6-9 shows the load-strain distribution at a point 1 m away from the center point.

When the load is small, the strain distribution is such that plane bearing occura but

as the load increases, the upper and lower piles gradually begin to show an independent

strain distribution.

The relationship betwe~n the load and the shear strength transmission coefficient

is shown in Fig. 6-10. The solid line. in this figure represent what was obtained

from the load-strain curve giv~n in Fig. 6-7. The broken line represents what was

obtained from the load-strain curve given in Fig. 6-9. These two lines should agree

with each other, bu\: actually are wide apart from each other.

Apart from the above-mentioned test, ten other types of tests were conducted,

and will now be described.

When the joint was not grouted with mortar, the strain distribution showed that

the upper and lower piles behaved as an almost perfect single body. Examination of the

load-strain curve shows that the experimental va~ues are roughly in agreement with the

calculated values for the case when there is no rigid joint connection.

None of the tests showed the results in which the two load-shear strength trans

mission coefficient curves were nearly in agreement with each other, but the two curves

were considerably wide apart from each other. There seems to be a tendency that the

shear strength transmission coefficient, which was Obtained from the load-strain curve,

is smaller than the actual value. ~e average of t~e load-shear strength transmission

coefficient curves. obtained by the tests, is represented by the cu .e shown in Fig.

&-11. To obtain this curve. the shear strength of the joint (the shear strength

when the joint is rigidly connected) was obtained assumitlg a joillt fracture and it was

replaced by the load.
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7. New Approaches to Structural Analysis for Horizontal Resist~~ce of the Sheet Pile
(5)

!,-o'ndation

7-1 Linear Interpolation Methoi(6) (7)

(1) Method of Analysis

The method of analysis to be used is based on the curve 9iv~n in Fig. 6-11 whi~h

was obtained in the preceding chapter. The analysis of th~ sheet pile to~~d~tion witl

rigidly connected joints is obtalned by U.L. Chang's formula. This fonmula is obtained

by the group of piles method when the joints are not connected. They are 'inearly

distributed by the shear strength transmission cvefficient and thus the obtained values

are taken as the analytical solution of the sheet pile foundation.

This value of ~ is determined from Fig. 6-11 by obtaining the joint shear stress

when the joint is assUft.~d to be rigidly connected.

The section forces of the sheet pile foundation when horizontally loaded can be

obtained as follows.

(i) Section forces when the joints a~'e rigidly conne,:ted

where:

, =-,.1 + 1" A,Z
I .' I

,=-.yE /.EI
"

E, J =- K. ( D + II. ) 1
(7-1)

I: MoInent of inertia ot the entire sheet pile (em
4

)

MoInent of inertia of an individual pile (em
4)

SectionaJ. area of an individual pile (cfth

Distance from the centroid of the whole piles to the centroid of the i-th
pile (em)

The cection forces of the whol~ piles at an arbitrary point is

(7. 2)

The bending moment, a.••al force and shear strength of an individual pile at an

arbitrary yoin~ are
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I

I
II ='..

1
N =-, A ",I-I

II I"

(7-))

I

I, + or,
5 =---
I' 5,1·'

where: u,
or, =- A, I (-) -,' I

2 '

lil Section Forces When the Joints Are Not Connected

Analysis shall be made by the use of the group pile displac...nt ..thad. The

analysis can be made by determining the footing displac...nt.

If

X,=-4 EI,',·

X, =- 2 EI,I,' "" Xt

K. =- 2 E1,',
or ,

K• .:::- <t X
• 4 '

" = .VE•• /a (4 E1 , )

_ obtain

o
lIA'l

o

- ..x,
o

XI ( ,,'

(7-51

Hence we can determine ~e section force. of an individual pile at an arbitrary

point fIca the value of

{'. " ',I }T

"" =- - •• p (-',.)

'" =PNI. .0

5" =-- '''1' (- ',z)

+P;"SII"',. ]
(PIi" Ceoa'r. - sin,l,,) - 2;,PII, ,un'r.}
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Where:
Pd, 0 = Ho /a

PM,o = -X.'. +K.',
1'/11,0 :.:..K, (', of '. I,)

1

J
(7-7)

(Hi) Section Forces When the Joints are Imperfectly Connected

The section forces can be obtained by the use of Cl, clnd thus linearly

distribute the section forces of an individual pile at an arbitrary point vhich

have been determined by (i) and (ii).

/II=aM + ()-el) /II

1
• I, 2.

/II cc a.N + (I-a.) /II
(7-8), ,. I.

S - a. ,0; + ( I - a) SI,, I.

In this case. vhere the linear interpolation method is used. the shear stresl of

the joint is needed for determining a and it is necessary to take a representative

value at the section. In determining the representative value, a value of ~/3 of

the maximum shear stress is assumed. and the sec~ional shear flow is distributed in a

parabolic form.

(2) Comparison of the Measured Values and the Analytical values of Stress Intensities

in the Body of a Sheet Pile Foundation

A comparative study of the measured and analytical stress intensities in the

sheet pile foundation was made. The analytical values vere obtained by use of the

method given by the present specification (1) (tvo methods uaing the composite

efficiencies Of 0.5 and 1.0), the group pile method, and above-mentioned linear inter

polation method giving .. total of four methods. The comparison of these are shown in

Fig•. 7-1 and 7-2. In ~ig. 7-1 the horizontal force is 160 tons and in Fig. 7-2 it

is 25- tons. Apart from these values, the analytical values are compared with

the _asur~d values for the four (',lses. From s'",ch results, it can be said that th-.:

linear interpolation method produces values considerabl¥ close to the measured qalues.

7-2 Analysis, With Consideration of the Relative Displa~ement cf Piles

(il Derivation of the Basic Formula

A model is assumed as shown in Fig. 7-3 to represent the deformation under

a load. When the structure is deformed. the plane A-A becomes stepped as illus

trated due to the relative displacement of the piles. Here the following

assumptions are made;

(11 The intersections of the plane A'-A' and the center lines of the piles

are o~ a plane B-B. This makes it possible to treat the ~ntire behavior of

the model in the same manner as a beam subjected to a shear deformation.

(2) The shear deformation of the piles is ignored.
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The basic formula is derived on such assu.ptions. If the displae~nt of

pile at an arbitrary point is represented by u and w, or,

.. =·0
• :':'.0 - 'Z - (.~ -.) I

where:

u
o

' wo
: COIIIPOnents of (Usplac_nt in x and Z directions

u • Differentiation for Z
o

The coordinate sy~tem is shown in Fig. 7-4.

The direct strain Cz and the shear strain Yxz are

} (7-9)

'. =.; - " Cz - I , -.: I

TI' =.~ - , } (7-10)

The formula of es~iltbrium is derived from the principle of virtual work ..

follows.

,. '.It.1

C•• '.+iu '.' itA)" =0
'I

(7-11)

q

p
X

Txz
V

Z

Ground reaction

Distributed external force working in direction

Surface force working in Z and x direction at the sections of both ende

X-direction component of the outward unit normal line vector of the
sections of both ends

Transforming the equation (7-11), the differential ~.ations of equilibrium

expressing dieplaceaent can be obtained as follows:

( E A.~) =- 0

C£I,.~ )'+ (GA(.~-') 1'-6:&.+".:=0
(£1*,')' -GA C.;-') =0
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where:

Ie: ~nt of inertia at the gravity center due to the axial force of pile

Ip: Total of .aments of inertia of all piles

If the displacement e is eliminated from the equation (7-12). the following

differential equation of equilibrium with respc~t to the displacement is obtained.

fl· £/*
.J:;I_(·)-r:C~+1 h(·)+-h· k (7-13)

G"f P • ,. • GA • - -. = - 'PM

(iiI se14c:1oo of Modulus of Elasticity

Tllc: IJodulu. ot elasticity E is assumed. 2.1 x 107 (t/cm2) for steel.

The shear modulus of rigidity i. as.umed using a model as shown in Fig. 7-5. The

shear modulus of rigidity is obtained using the average elastic shear deformation

of the joints for the entire piles. If the shear deformations of the joint and

the ..in body of pile are represented by Yc and Ys' respectively, then;

, • It

}
r =--

• G A. .
q' D (7-14)

r =--
• G A..

where:

G
c

' Shear 80dulus of rigidity of material of the joi. t

Gs ' Modulus of rigidity of whole pile

The equivalent shear modulus of rigidity G can le determined by the use of

the equation (7-14) as follows.

G"f=
D" ,

+
G A.,

A=A +A. . (7-15)

(iiil Application of a S~le Case

An application is ..de relative to.an experimental specime.1 as illustrated

in Fig. 7-6. The jvin; is grouted with cement paste, be~ause the model is

_11 is size. There are two models, one of th...... uses three piles and the other

si~ piles. The mndel is assumed to be placed in the air, and ~he pile heads are

hing.. J ..~01 the bo.".OlD8 are rigidly connected and a horizontal load is applie~ to

the hea~.

1n obtaining the general solution to the ~quation (7-13), if the spring

constant of the ground It is 0 and ".he z-direction distri.buted external force Px
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is 0, the equation (7-13) can be rewritten as follows,

(7-16)

The general solution to the equation (7-14) is

(7-i.1)

The boundar) conditio~ fcr the hinge~ head is obtained by assuming it to be

in the v~rticQl a~d horizontal dir~ction8 and rotation. The angle of rotation

at the end of pi 1e and fOl' the pile a!l a whole are nt't the same, because the

piles are displaceu ; n ~clationship to each other. F..-OIII such boundary con6 '; tions.

the unknown constants C
I

-C
6

can be obtained by solving the six simultan"llUS

equations given in Table 7-1.

(iv) Calculation Results

The displacement of the pile head and the Etr',ss '" .n ... pile body were

calculated by varying the shE:ar modulus of rigidity of the Joint. The following

moduli of rigidity were used.

(G) Gc - Gs: The e~uivalent shear modulu~ of rigidit:. when the sect~dn of the

joint is assumed to be made entirely with steel

(G) G - ~ In~inite shear modulus of rigidity. that is. the shear modulus of

rigidity when there is no displacement of the piles in relationship

to each other

(equivalent G): The shear modulus 01 rigidity obtained by method (iii)

In Fig. 7-7 the ratio of (equivalent G) to (G) (~=Gs is plotted on the

horizontal axis and ratio of (~o) to (Uo ) G - m on the vertical axis. If the

damping rate for Gc (shear modulus of rigidity of the cement paste) is taken

at 1.0, tile abscissa would be 0.45. Also U I(u ) G = ~ would t-e 1.02, 1.075.
o 0

1.080 and 1.375 when N (number of piles) - 3 (t-l.61Sm), N-3(1=0.7m) and N-6

(tE O.7m). The bond ri~idity of the cement paste and steel material is taken

as 0.3 of the shear rigidity of the cement paste. Then (equivalent G)/(equivalent

G) Gs=Gc would be 0.19. 'lhu!>, from Fig. 7-7, U
o
/(Ilo) G - on would be 1.025,

1.110, 1.125 ~,d 1.575, respectively.

7-3 A~alysis with Consideration of the B@nding and Shear Defo~~tions

(i) Deriv4tioll of Basic Formula

A model is constructed as shown in Fig. 7-8, which r~presents a sheet pile

foundation ;tructure. Assuming the entire piles to be an integral beam, the
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basic formula is derived by taking into consideration the bending and shear defor

ations.

The displacement of pile at an arbitrary point

} (7-18)

The direct str4in Ez and the shear strain Yxz can ~e obtained by use of the

equation (7-16) a8 follows

"'u'- ,'z

7
61

lI&u'-, J (7-19)

From the principle of virtual work, the equ~tion of quilibr~um can be obtained

as follows

- l · .! C'. .
>/

.. +r...... )4A/'=0
• I

(7-20)

From the equation above, the d1fferential equations of equilibrium expressing

displacement can be obtained as follows;

- C1.A-o') ,=-- 0

{(;AC ..:-.) 1'- .... +".. =0

C-£I'')'-C;AC .. o'-') ~o }
(7-21)

If the displacement e is eliminated from the equation (7-19), the f~llowing

differential equation of equilibrium .' nt-elation to the displacement is

obtained I

£1
- £ I .. (e) +_ t.. .._'" ="o GA 0 0 •
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(iiI Application of a Steple Case

Application of these equations is Jl&de relative to an experimental specimen,

a Jll::",trated in Fig. 7-6. The shear rigidity of the joint is detonllined by

use of equation (7-151. If, in equation (7-221, the spring constant of the

ground k uf). _ the x-direction distributed external force Px is O.

The general solutio!" will be

II (41 • 0
o

(7-23)

(7-24)

However, the unknown constants C
l

~ C4 can be obtained from the boundary condi

tions as follows;

pll
C:- +

I 3£1

pI'
C - -_

t - 2E1

pI

GA

p---GA

(7-25)

(iii) Calculated Results,

In Figs. 7-9 and 7-10,. • Gc ( •. is damping rate) is plotted on the

horizontal axis and the horizontal displacement of pile head on the vertical

axis. A comparison is then made of these results by taking into consideration

the displacement of piles in relationship to each other. Fig. 7-9 shows a case

in which there are six piles and the pile lenqth is 1.615 m. Fig. 7-10 shows

a case in which there are the same number of piles (6), but the pile length is

0.7 m. From these results, it may be said that the two methods of analysis

produce little differences, relative to the horizontal displacement of pile

heads.

Fi~. 7-11 shows a comparison of the stress distribution, as obtained by the

two methods of analysis. It can be said that the two methods procude great

differences with regard to the distribution of stresses. Examination of the

distribution of stresses measured in the in-site tests, it may be said that the

analysis when taking into consideration t~e displacement of piles in relation

to each other shows a better approximation.
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8. 'l1\e Probl_ to be SOlved in the Future

The _thod of desi'JII of sheet pile foundation. has been .stabUshed. However. this

type of foundation can have a wide range of diMll8ions. thus the dedgn of the .tructures

using the existing _thod ..y not be adequate to cover .uch a vide rang. of de8i'JIIs ot t:tw

sheet pile foundations. Studies of the structural characteristics ot sheet pile foundation.

have just been initiated with an ultiaate view of establi.hing better design standards.

The fOllowing subjects of study are being considered,

(1) Structural Characteristics of • Sh.et Pile Foundation ... Unit

(i) Construction of ..chanica1 ~el. and studi•• of the theor.tical formulas

(ii) compari.on of the theor.tical fo~l.. and the re.ult. of loading teste

(di.plac....nt•••tr•••••••pring con.tant•• dUlping)

(iii) EXpert..ntal inve.tiqation of the ult~t~ yield .trenq~~ and ruptur1nq

condition (1ncludinC) torsion)

(2) Characteri.tics of sc.e specific Parts of Sheet Pile ro'~tioll8

(i) Evaluation of the rigidity of the joint.

(ii) Investigations of the joint connections of the top pl.tes

(3) Cotferdul Type

(il Investigations of the .tre•••• in the cofferdaa

(ii) Investigations of the weldability and str.ngth in the presence of residual

stre•••s
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T:.hlf' 2-1 Dimensions & weight of steel pipe pile

Outer IThiCk - !Section Unit .1 Moment St'clion IRadius Outer
dia- r.ess Iarea weight of mfldulus10f gyra- surface
meter I ! 2 Iinerti.. 3 tian of area

mm ; mm Iem kg/m I cm2 Z em area i em m 2 /m

91 167• 1 13 I. 730X I02 \2 A1x10 20.9 1.88

12 221.7 ~74 958xI02 320xl0 20.8 1. 88
600

I l11xl0314 257.7 202 36.:lxlO 20.7 1.88

16 293.6 230 125xl03 418:<10 20.7 1.88

9 195.4 153 117xl03 333xl0 21. 1 2.20

12 259.4 204 154dO~ \439XI0 21.3 2.20
700

\2.20~4 301. 7 237 178d 1)-' . 507xIO 21.3

1'\ 343.8 270 20Id~~.,5dO 21.2 i 2.20

9 227.3 178 184d03 452xl0 23.4 I 2.55
12 301.9 237 242x103 596xl0 2·j.3 2.55

812.8
14 351.3 276 280xl 03 690xl0 ..1-1.2 2,55

16 400.5 314 318xl03 782xl0 28.2 2.55

9 340.2 267 346xl03 758xlO 31.9 2.87

12 396.0 311 401xl03 878xlO 31. a 2.87
914.4 I

446xl0314 451. 6 354 997xlO 31.8 2.87

16 534.5 '120 1170xl03 117xI02 31.7 2.87

9 378.5 297 477xlO3 939xl0 35.5 2.19

12 440. 7 346 553xI03 109xl02 35.4 2.19
1016

14 502.7 395 628xl03 124xlO2 35.4 2.19

16 595. 1 467 740X103 !146xlO2 35.2 2.19
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Table 2-3

~
I1Jowallle Mr. Intellllty 1 ,,~/ eml )

kNI 88 4 1 88 :'0 8M ~O A

I. uiII tcnllle IIrna Intelliity
(per all IIClioII ...)

I 400) 1,71111 1.90)

2. uiII compmllon 11.- lDtelIIIty
(per d NCtlon am)

11< I'" r~;IJO
compmlift nwnben

O<I/r:a;IOO O<I/.:a;90
t,JI1J-<lOEI Vr)' 1.I10O-OO1/1/r ,I l.lIOO-II.IIII/. )'

J • It. of members '/.>110 I/r> 100 1/.>90
r • -.ioIIaI gdiYl of III er_ 7?,)() 'f.(!('6/·,1 1"''''''0/''/.1' 7.~OO.lI(10/( //.).

IIClion
•• '. II 1.600 1.830

compralive IIWed mtnIher

3. bendiIIa IIrna Inttlllity lenslle fibre 1
of beam (per IIIl1Ctlon ,na) 1.400 1. ijOO 1.90U

compmli¥e fibre of beam ,,300-0~ ( //1)1 1.600-0.'( 1/1)1 1,1100 -1 1U/1l1

(per all _Ilao Ira) where 1/1~ 30 when I/I~ 30 I where I/"~ 30
, • disllnee between r",ed poinu

of fIInp (gn) 1.300 1.600 l,aOO
b • widt" of III.
in this cae bam with beIJII nlled
comptellive n.. direcdy by
reinforced concrete deck Ind 10
forth

4. membcn for IlliII comprealiYC load
IIId benclinI momenl I

whOle memben musl be cllcullted
by fomll.'" to be IPVCII below.

/' II e,. •• I' II ..., /' " e .. a.
for buddilll lbout horlZonllluls -+-'<-- - +- , .. --- -+ -,.. --'-

A, 1 I.JIIO .~, I 1.800 A, f ..aOO
:i. II t" I :a; ... 1 ~."I

I' !II
for buddinl ,boul wert leal axis - +- "t'~"r.J

A I,
1:.1: L. /' toleR 10 left

- ~.nl

A,

Table 2·"

basic type section shape , numoer of treatment of
foundations joint

well type circ.ular oval lingle grouting mortar
pronged oval rectangular complex welding
type other no treatment
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t---------------="'t---- -----

friction pile

-----------1
good sandy I

stratum

kinds of piles
1\ grounds

kinds of
times in lo.lding

normal

erartbquake

fable 3-1

bearing
pile

2

Table 3-2

3

2

oth~r

i----·- ---
, 4

~

I) well 2) pronged
f---

" .'''.n.e bet- ~l dl.t'R.' ",,'weenI
values smaller

ween each each pronji. between (I) and
prong over 2.50 under 2.50 (2 )

. --_.-
(I) same II) 2) n (2)
---

tm t8t fI
"" '"cOOo:;-- J';? ()~oo~~

lJ'" '(\,. .)
\. .'1'<I,.: . ,I

...~L..:•• ~ ":'4~."'·'"

R. - _..!.- R _1.( f .,. + I .V .L t I·V· L I )
«__1-

". -s • 5 • I • ,I' "I • ",·5

(f.·A~+I·V·,,1 : ,..A,. +loU·U, +L.))

I
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Table 3-3 Composite efficiencies

Kinds of
Treatment of joint Composite Remarks.heet pUes efficiency

FUlin, with concrete in part

ii:I;iof nanre with dowel 1. 00
ccnnectors

FUlin, with l"Oftcrete in all 1. 00 f§Jsection

H- F11linr with concrete in part 1.00 rI:rshaped of nanre

We',dinr 50 cm part of joint 0.40 r~r

Fixin, the head 0.40

Groutinr mortar lind fixing 0.50 eX>
Steel

the head

pipe

Fixln, the head 0.30

Table 3·4

nlodulus of deformation of ground by
a

the following teat. Eo <k,lc.nJ2) Normal I earthquake

a haU of the Eo obtained by the plate
loadinr test using a 30 cm diameter 1 2
disk

the Eo measured inside a boring hole 4 8

the Eo obtained by the unconfined
compression test or the triadal 4 8
compression test

the Eo estimated by Et)"28N~ the
N-valve obta~ed by the standard 1 2
penetration test
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ABSTRACT

Thi, paper presents the details of new specification for Design of Hiqhway Bridges

to Resist Earthquake., coq>leted it. Janu~v 1971 by the Highway Bridge C~tte. of the

Japan Road Association.
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Introduction

In the event of a ..jar leiaaic di.a.ter, highway networkl lhould perfora thail duties

to facilitate evacuation, relcue and recovery operations with a ainillUlll 10•• of life and

property. In luch a cue, bridge., viaduct., etc. which conatitute iJIportant part. of

highwaYI, would decide the fate of each route of a highway netvork. Therefore, the Itruc

tural .afety of thel••tructure., againat earthquake., are extremely i~rtant.

In 1966 the Mini.try of Con.truction ca.at••ioned the Japan Road Asaociation to draw

up a new COIIPrehenaive .pecification for the earthquake-re.iltant delig., of highway bridge.,

and accordingly provide aaximua protection againat earthquake. at minimum cost. In relponle

to the ca.at••10n, the Japan Road As.ociation e.tabli.hed a .pedal c~ttee to develop

thele new .pecification., which _re coapleted in January 1971. The Japan Road As.ceiation

~diatflly reported to the Ministry of Con.tructiOll, who then notified tI\e highway adllin

i.trative organization of these .pecificationa. The.e specificationa were then i ••ued a.

directive. of the Road and City Bureau on standard. for bridges and viaduct. in March 1971.

The directiVEs issued are supplements to Article 5 of the Mini.try of Con.truction

Ordinance for the enforcer-ent of the ROad Structure ordinance, which is a governaental

ordinance. The legal condition. of thi. ordinance is as follows; The Road Structure ordin

ance is in force and conforms with the Road Law. Article 30 of the ROad Law prOVide. that

technical standards for bridges and other pl-incipal structures, which are designated by a

govern.ental ordinance, l114y be subjecteCl to a gover~ntal ordinance. Paragraph 1 of

Article 35 of the Road Structure ordinance provides that bridges, viaducts, etc., .hall

be constructed of steel or concrete, of similar nature. Paragraph 2 of Article 35 provides

the total design live lodds shall be 20 or 14 tons, for br1dges, etc. Paragraph 3 state.

that other _t~..ers concerned with the structural standard. of bridges, etc. shall be pro

v1ded by a Mini.try of Cnn.truction ordinance. Article 5 of the Ministry of Const.ruction

ordinance for the enforce_nt of the Road Structure Ordinance providel that bridge., viaductl,

etc. shall be sufficiently safe a9m~~.t d.ad loads, live loads, wind loads, seismic effects

and otl.er 1,.><1ds which are expected to act en bridget and any cOlllbination of loads, consider

1ng structural types, traffic situations, topographical, geological, meteorological and

o~,er conditions.

Outline of Specifications for Earthquake-REsistant Design of Highway Bridges (January 1971l

Since 1956, the earthquake-resistant design of highway bridges had beell conducted in

accordance with the provisions of Section 13 (section 2.9 in the English version) of

·specifications for Design of steel Highway Bridge.· which vere issued 1n 1958 by the

Japan Road Association. Theop. s~~\fications were revised 1n 1964 (the English vera10n

Wal iSdued in 1968) and .ub'~1Uent~y displaced by ·Specifications for Highway Bridges-

in 1972, the de ;a11s of wh1ch are as follows;

(1) The horizo~t~l design seiamic ~ff1cient shall be determined by Table 1.

(2) The verti~al design .eismic coefficient shall be a••UDed equal to 0.10.

(3) Incr••~.s in the allowable stre.se~ for only .eismic forc.s or for dead loads plua

seismic loads shall be taken a.
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70' for .t..l .tructure.

5o, for concrete .tructure. and reinforced concrete eturcture.

Since the provieione in the section 13 _re not CCIIIlrehellllive, it w•• nec••••ry to

dr.. up new detailed ~pecification. exclusively for ...i.-ic de.ign of hi9hway bridge••

Current ·Specific~tiollll for EarthquaKe-a..i.tent De.ign of Highway Bridges· Were i ••ued

in January 1911, by the Japan Road Association, which apply to the "e.i9n of highWay

.bridge. with apane not lonqer than 200 ..ters, to be con.tructed on expre• .,ay., national

hiqhWay., prefectural highWays and principal llUnicipal highWay••

The .pe~ificatiOllll basically require that s.iaaic coefficient ..thad. be applied

and that ..thode be used in deterw.ininq the .ei_ic coefficients. One _thod is the conven

tional .ei.adc coefficient technique that ~liea to the d.sign of relatively ri~ld struc

tures. 'ft\a otller _thad is the -.odifiosd seis.tc COt'Uicient technique coneidering the

structural re.ponse that applie. to the desiqll of relatively fl.exible structure.. 'nle

following li.ts the principal points of the specificationel

(1) The hori~ntal de.i9n ..i ..ic coefficient for • riqid structure i. deterained .yat~

atically, depending on the geographical l.ocation of the bridge site, the ground condi

tions at e.ch .ub-structure site, and the Uiportance of the bridge. The horizontal de

sign coefficient, for a flexible structure is deterained a. a function of the funda

_ntal natural period of each st.ructural syst_.

(a) In the .eismic coefficient ..thad that is .-ployed for relatively rigid structures,

the horizontal design .eiS.1C coefficient (~) shall be deterained by

(1)

where,

~: horizontal desi9n .eismic coefficient,

ko : standard horizontal design aeiall1c coefficient '-0.2),

vl ' seiallic &one fact:»r,

v2 : ,:"roun<! condition factor,

v3' illlp)rtance factor.

The values of vl ' v2 and v3 are .hown in Tables :1., 3 and 4 respectively. 'l1le

definitions of classification are apecified in the provisions. The minimum value

of ~ .h;sll be considered a. 0.10.

(b) In ~h. modified .eiaaic coefficient ..thad conliderinq structural relponae that

il .-ployed for relatively flexlble structurel luch as a bridge with hi9hri.e piers

higher than 25 • or a bridqe with. fWld_ntal period longer than 0.5 leconda,

the horizontal desi9n leiaatc coefficient (~) shall be dete~ned by

(2)
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~.

S •

where:

~. horiaontal de.iqn .eieaic coefficient in the .edified .ei..ic coefficient

_thoc1 conslder1nq .trllctural re.ponse

coefficient given by eq. (1)

a factor dependent on the f~ntal period of the bridge, and obtained by

rig. 2. For .tructure. who.e f~ntal period. ar. .hort.r than O. 5 .econda,

S may be con.idered a. 1.0.

The llinianD value of ~ .hall be 0.05.

(2) The vertical de.iqn .eieaic coefficient ..y generally be conaidered •• zero, exc.pt

for .pecial porticn••uch a. bearing .\lR'Ort••

(3) The horiaontal de.iqn .eiaai~ coefficient for .tructural part•••0U. and water o.law

the ground .urfaee ..y be conaidered a. ~ero.

(4) Hydrodynamic pre••ure during earthquake. are .pecified in the .pecification••

Earth pre••ure. during earthquake., however, are .pacified in the related .pacifica

tiona.

(5) Specific attention .bould be paid to

to liqu.faction during .arthquake••

negl.cted in the de.i9'\. in ord.r to

thet are built in th••• layere.

very .oft .oil lay.r. and 80il lay.rs vulnerable

Th. bearing capaciti•• of th••e layers are to be

...ure high earthqu~k.-resi.tancefor structure.

(6) Special att.ntion .houleS alao be paid to the de.iqn of .tructural detail., in

consid.ration of the daaage previou.ly eJrP8ri.nced to bridge .tructur... To thia a1lll

provi.ion. are .pacified {or bearing .upports and dev~c•• for prev.nting bridge

girder. frQa fallin~.

(1) Incr..... in the allowable .tre.... of mat.rial. may be considered in the .arthquake

re.i.tant de.iqn. _9Ilitude. of iner..... for various mat.rit\\. are .pacified in

••veral relat.1Id .pacificat.ions, and the Incr.~lft9 rat•• are a: follqw.l

concrete in reinforced concr.t••trllctur.SJ 50'

reinforcement. in reinforced concrete .tructure.: 50'

.tructural .t.el for .uper.tructur•• 1

.tructura1 .te.l for .ub.tructur•••

coneret. in pr••tre••ed concr.t. .tructur•• against
coapr•••i'. forc•• 1

foundation .oi1••
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Table 1. Hori~ontal Design Seismic Coelf'icient (Out of Date)

~dConditions·
Weak Ordinary Firm

Regions·---_____

Where severe earthquakes
have been frequ"".tly 0.35-0.30 0.30-0.20 0.20-0.15
ex~rienced

Where severe earthquakes
0.30-0.20 0.20-0.15 0.15-0.10have been occurred

Othf!r regions 0.20 0.15 O. 10

.no further det!criptlon on regions and ground conditions.

Table 2. Seismic Zone Factor"l for General Highway Bridges

Zone Value orlla
A 1. 00

B 0.85

C 0.70

Note: Refer to Fig. 1.
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Table 3. Ground Condition Factorllz for General Highway Bridges

Croup Definitions I ) Value OfloZ

(l) Ground of the Tertiary era or older
(definf!d IlS bedrock hereafter)

1 (2) Dlluviallayer2 ) with depth less than
0.9

10 meters above bedrock

(l) DlluYiallayer2) with depth greater
than 10 meters above bedrock

2 (2) AlluYial1ayer3 ) with depth leBA than
1.0

10 meters above bedrock

AlluYial1ayer3) with depth less than
3 25 meters. which has soft layer4) with 1.1

depth less than 5 meters

4 Other than the above 1.2

(Notes) J) Since th....e definition. are not very comprehen.ive, the

cla.sification of ground condition. shall be made with

adequate consideration of the bridge site.

Depth of layer inuicated here IIhall be measured trom the

actual ground surface.

2) Dlluvtallayer implies a dense alluvial layer such as a

den.e .andy layer, ,ravel layer, or cobble layer.

3) Alluvtallayer implielJ a new sedimentary layer made by

a landsUde.

4) Sort layer is defined 1n Section 3.7 "Soil Layer Who.e

Bearing Capacities are Neglected in Earthquake Resistant

Design".

Table 4. Importance Factor II, for Ceneral Highway Bridges

Croup Delinition. Value 01 ...,

Bridges on expressway. 01mited-access
highways). general national highways and

1 principal prefectural highways. 1.0
Important Bridge. on general prefectural
highways and mun1cipal highway••

2 Other than the above 0.8

Note: The value of II, may be increll.sed up to 1. 25 for special c.ses
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APPENDIX

SPECIFICATIONS FOR EARTHQUAKE·RESlSTANT DESIGN
OF HIGHWAY BRIDGES (JANUARY 19711

Tentative En,IiIh Version

JAPAN ROAD ASSOCIATION
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The earthquake-resistant delip of hiPw.)' brielaes is cur",ntl)' bei", conducted in .ccordance
with the provisions o( Seclion 13 (Section 2.9 in the E"IIilh Ye...ion) o( Ihe Specificationl (or Del.n
or Sleel Hiahwa)' Bridles. Since the pRlYisions concemi", earthquak..mill.nt daip are not .ery
comp",bensive .1 Ilaled in the preface o( Ihe Specificationl, the ~esip is in min)' respeCtl dependent
on the deliiner'l interpretllion. Accordi",l)' Ihe relUlll o( Ihe varioul dnipl were nOI Ilw.YI
conSIlient. To .UnUle thil problem il WII necllllry 10 revile the S.ction I J of the Specificationl
Ind 10 d r.w up new delliled specificllionl exclulivel)' for earthquake ,.liIllnl delian of hilhwa)'
bridtn-

1ft responle to Ihe need for reyislons, the Japln Road A~iltioa eat.blilhed Ihe Earthquake
Relillant Delilft Subcommittee under Ihe HiPWI)' Bridae Committee in 1966. Between 1966 .nd
196' a preliminary drafl WII prepated. The IIIk WII I.ken OYer by Ihe Earthquake·Railllnt D··siIn
Braa.:II.colDmiltce of the Specificatiolll Subcommittee In 1961, when tile HilhwlY Bridae Committee
wu ROrpnized.

'lbe Subcomminee Ind the Brlncb-Committee have aerioully Inempted to dr.w up the revilion
thtOlll!l IUfYey& of the IYlilable researcla work, dilcuuionl with specilliltl from uniYersitin Ind other
oqacizllions, llIll trill calculationl Ind brielp delianl .1 ...eral It..el in Iccordance wilb lI,e inter'.n
drafts. and finally completed the _ilion of Ihe Specificationl in 1971.

The new Speciflcalions are completed ballicaUy 1ft accord.nce with the proviliona of Seclion 13
of l!Ie ~pecific.lions for DeaiIn of St.... Hi.".... , Bridaes, and also by exlensively refaninl to Ihe
~ of recenl inyeltlplionl on ..,thquelte e~nee"",. Therefore Ihe delip methodolOlY of
Se<D:ll1 13 o( the current SpecificatioN wei llnen.JI)' IrlDed ill eltablilhinl the new Specification&.

I. delerminlnl the deaip ICiImic coetricient lhe importlnce factor is newly eanaillered in
M1di::ml to the tndilional flCton IUCh II znne factor Ind around condition flctor. Moreower, for
b~ whicb blve Ionaer natural periodl the flctor Oft the natural periodl of the structum 1ft

CQll&\!«nd•

.o\I!bouah the deaip bomonl.1 leismic coeffiCient used to be 0.1 to 0.35 in the Section 13 of
the "",]'Cnt Specifications. the .a1"e is reduced to 0.1 to 0.3 .-.d 0YCf 0.3 only for ran occ:Uionl in
UN _ Specifications. Thil is bued on "lh. fllIIllI of ~....nl InYeSlipiions Ihlt il _rnl more
eae=aI to PlY Itlenlion to lOiI conditions rllher tllan to the mllJlitude of leiamic coefficientl in
deslP of bridIC' ..-inlt .lIl11ie f_.

S.m:e desiln seiSJllic forces in the new SpecifiCitionl were delermined by nferri", 10 the leismic
rist zap expected for 75 yean presentad b)' Dr. Kawasumi and by refiecli", the resulls o( • recelll
ItU~~ 00 lhe meleolOfOlical dall since the "Into Earthquake in 1923, seismic forcea cOll.ilI.red in
tbe ~ Specificllions would cover tbe ltVerelt earthqulkel experienced in indiYiclual Nlions in
Japa.

n. Ie.mie fOKes woulcl aIao correspond to lhose du. to the ....1..1 eanhquakea In the
oeism:IOIicII point of view.

t:J lIIe new Specificationllhe followi,. npeClI differ from the prerioul method.
(II ne desiln seismic coefficienll of a bridle Ire determined systemltically dependent on

J:OIfIphical locltion or the bridIC site, the pound condilionl at eacb substructure lite, .nd the
mponlnce of the briel...

42) :'.Ie vertical deliln selslllic coeCficientl Ire lenerilly nealectad.
U) :"le delip seismic coefficients for struclural part., lOils Ind w.ter below the around surface ...

JIII1eClecl.
C.) ~"ecial attention is paiel t(l very 10ft lOiI layen and lOil layers vulnerable 10 Iiquefaclion durina

Ii:Uthquakes. Th. bearina capacities of Ih_ Iayen Ire nqlected in the desip in order 10 llIUIe
JlIII 'Inhquake-relistance for those Slruclures which are conalructed in lhese Ia)'efl.

(5) 7"11 desiln oeismic coefficienll for bridles with bithrize pien are determlnecl in accordance with
:Ie modified leiamie coefficient melhod considenna structural relponse, instead of the ConYeR
:cmaI wlY in which Ibe deliln ..lamic coefficients increlse with Ihe heilhl of Ihe pien.
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(6) Special att.ntion ia aloo paid to the dnip of atruetum details in view of earthquue dam...
pNYioully eaperilac:ed to bridle Ilruetura. To tllia end p",vision•••e specified for bearilll
IlIppon..... derioel for p....ntillllUpelltnaetum flOlll fillilll.
AIU,ouah tile Specification. we.. deyeloped lhro..... extensive studies and dileua·.on. of researell

..port. on ennll4ua11. 'Jllin.enlll from throUlhout tile world a. well .. Japan, acm. une.peeted
prollle_ may arile wben tlley an applied to actual IlruClUI'II. B.cauae of this alld IIIe fael that
tedtnololiell improvement. lake place very rapidly, anotller revision will be require'! in tbe future.
Everyone ia urpd to indicat. any inIlIffieient points or to make any lUIIlestions for tb. pment
Specifications, so tbat they may be improved in subsequent revision

Th. prelent pubUeation iI Iimit.d to the provisions wlliell are eonsielered to be auffieient for tbe
delilJl of bridaa. Comments which cledseribe the baaia and the application methoch of til. provilion.
wW be iaued im_diatel" after their completion, They will be indispenuble when it is neccuary 10

revite .... prelent Specification....in or wh'n Iny parts of the provilions are found 10 be uncertain
in th.ir application.

Dr, HiroIIIi Itawasullli, Dr. Tbulomu Teralllillll, and Mr. Twtomu Tomita participated in the
diacualiona on apecial matte" u apecial memben of the Committl'.e. The'r cooperation is peatly
appreciated.

Jenu.ry, 1971
Eanllquake Resistant DeIiIJI Br..cll~ommittee
Specific.tions Subcommittee
HiPway Bridle Committee
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CHAPTER I GENERAL

1.1 Scope
Tile provilio.. in th. $peciliG.lio... IPply 10 earthq..ak. re.iII...1 desip of lIl&l.wlY brid,ea wilh

apaM IIOC lonaer Ih... 100 melen. to lie b..i11 011 .llpressways, netioll" bilhW.YI, prefeclural hilhwlya
.nd principal m..nicipal hilhways.

In ....rd 10 mall.n wbidl are 1101 IpCcified llerein. Ih. foUowiJII Specifications 1IIa11 ;,.,
conforlDccl to, in accorducc witll til. type of Ih. Itruelurc conaid.rccI.

Specificllions for ~Iip of Steel HiI\Iway lrid.... Japan Road AlIOeiltion

SpeciflCalions for DCliin of Welded H;pway lrid....

$pccifications for De.iln Ind Conatruclioll of Compolil. Bums for
SlaeI Hilllway lri.s,

$pccificalions for Dclip of ReInforced Concrele Hilhway Iridaea,

$pccif~aliona for Delip IIId COIIIINclion of Friclion Type Joinls
in $le.1 Hilllw.y lridpo Uaina HiP Slr....h lolls,

$pccificalions for Delila of SUblolNClurcl of Hilhwsy lri.s,

SpeciCicalionl for I'Iest.-d Concrel. HiahwlY Irid,...

JIPln ttoad Aaociati"n

Japan Road Aaociation

lIPan Road Aaocl&lion

JlPln Road Auocillion

JlPan Road Aaocillion

Japan Rood Aaocialion

1.2 Dcrmilions of Temrl
Tile followina dcfiniliou apply only 10 the proviliona of lhese Specificaliona.

(I) Eanhqul1.e: A phenomenon with prop.lion of vibralion due 10 a ..dden nalurally occ..rrina
movemenl al a certain portion insid. Ihe earth.

(2) Earthqulk. Ground Molion: Vibr.lion of pound d..rina ••rthq..IIt...
(3) DcaiIn S.iImic Coefficienl: A cocfficierlt indieltina the mepitude of .:colerltion 10 be

considered for ..r1hq..eke....iII.nl disipl or IINCI....., and ,"pRuccI I. a fraclion ..r Ih•
.."leralioll of anvily.

(4) Se.mic Coefficient Method: A method for .arthquu.oftailtanl desip in which .i_ic force. an
IllUmed 10 Icl on structure. a••Iatic forcel.

(5) Modified S.i1mic Coefficienl M.lhod Consid.rina Slructural Il.espon..: A method for elrthqulke
nsiltant d'lllllI whiell • developed Ihrouah modificalion of Ihe .iamic coeffICient method by
con.idarilll chaoclelistici of earthquake pound moliolll, dynemic properti.. of Itruct...... elc.
for Ihose .Irucluaes with 1011I fund.mentll periods of vibralion.

(6) Modified Deliln Seismic Coefficienl Con.;deri... Slrucl..ral Reapon.. : A d..ip ICilmic ~oefficienl

ueed in Ihe modified lCilmic coefficienl m.lhod consideri...Irucr"rol re.ponlC in which Ihe
des.n lCismic coefflCienl i. dependenl on Ihe fundlmenlll period of Ihe llruclure.

(7) Slanderd HOrlzonll1 Deliln Seismic Coefrici.nl: The Horizonlal dUian seismiC coefficienl wh'ch
Ipplies 10 I bridle which is loclled in I lone where severe elrthqullt.. hive frcquenlly occurred or
where severe earthqulltcs hIve I hilh polenliel of occurlnce. and which is conslr..cltd in so,l
Iayen wilh IJOUnd condilions correapondina to po..p 1 ill Tlble 4.5.

(8) Seismic Zone Faclor: A raclor 10 decaea. Ihe horizon III desipa ..ismic coefficienl in accordlnce
with the ..opaphiccl loc.lion of Ihe .Iruclurcllil•. The rlclor hillhe val..e of 1.0 for IhOK zou"
where _ere ecrthq..."'s hIve freq ..ently occurred or Where IIvere elrlhqulkes hIVe I bi,h
polentia' of occurcnce.

(9) Ground Condition Faclor: A flclor 10 modify Ihc horizonlll desian seismic coefficienl dependi...
upon Ihe pound condition. of Ihe .Iruclurcl sile. lhe flclor il inlelld~d 10 unify Ihe ,nlllin of
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aiety ..iIllt urtbquak. distllrba_ MIOIlIltrucl_ COIlllrutled ill VIrioIllIfOlllld OOIldi..o....
ill COlIIidentloll o' d.... pnrioully .Ilparietlcld.

(10) l.ponUot ,.ctor' A 'Ktor .0 modi'y lb. Ilorizoalal dllilll ••11: toemtlclll depalldilll Oft I,"
importaace o' lb. Itruttllre.

(II) IMltIA Force: Producl d. lJIa weillll or lbe ""'C'IIra1 body ud Ih' d••a.1I: cOlUicillll.
(11) SalI8ic ,_: A., r_ aoocII u lMrtY ,_. aartll .-. .Ie. 10 wllicll IlNellilft an

IIIbjKtad d..... audlquakIL
(U) Coef1ldalll d. S...... aeac:lioa: A _.rlciItIl Ii"B by I'" .oIIow" 'orlftllla. wllicll II 11Io

lIIOWa III 5aclioII J.I or lb. Volll. or Spnad FOlIIlIIalioel..... Specillcallou 'or Oeaip or
S~nao'H~wayl~

It-+
......It:

p:.:
CCMme.nl or sublred' _loa ill kIle..'
loadi", an-" ill kIlem'
~lllle..

(14) Banllquaka a-.o- AlIIly1w: A. aaaIy1II d. tba dyulftic babaYior or Ilruelll... dllrinl---.....
CHAPTER 2 BASIC PRlNaPLES FOR EARTHQUAKE-RESISTANT DESIGN

(I) 11Ia aarlIaquak~"1 d.....or a .way briclla ...... prorida IIImdnl ll.bWty lIIIitlIt lIiInlic
dlltll"'_ ror til. IllllClun u • lIIlil .ad aIIo ror III plitt IItareo.. iacllldiJII IllpanlNCtU....
IUbIlNCtIIlft. aad IIIrrouadiallOiII. COIIIideriftllopapaplaical ud IIIOlOIical condil_ .1 I'" lit,.

(2) TIlI.iAIk c:oafficiIa. _tIIod batlcIIly IbaII apply 10 th. aardIqut........I .... or nl.lival)'
rlIld IlrlIet1InI.

(J) fhl modifiM .a.ic coarftcienl _Ihod o:olllidarinl llruetllni rapo_ tIIaIl apply 10 Ill'
tarthlIuaka rasiIlul d.... o' .....ively n..lbla Ilrue_ wllic:h .. or .... "'ad......I.. pariodl of
wIwMIoII.1UdI u brldpa wI.h blchriao pien.
'Ill. urtbaualt' ftIPOIIII .Mly" IbaII allo be '''opled ror lbOIa llruelllNt. 'ot wbich d.l.iled
irIaIliptiou Ale ""Iuind.

(4) Panlc:u.., .Ug.tiDa IIlaIJ be paid 10 p......liJIIl....au of IIIperllruct_ ._ IIIb1lrucllU'U due to
Iba ..._ dllrialaanbquaba.
..... th. d 11Io... 'or pallial rlillim or lila whola I)'ItIm ow local ••i1l1m or cerl.in
ItrlIclUni ben " ""Illired 011 la. boil or ecOftO"lcal consid...lio........ ia1 1I1,.lion 10
p_nliallh••au o' lU,,",ruelllnl .... ba ~id.

CHAPTER 3 LOADS AND CONDITIONS IN EARTHQUAKE-RESISTANT DESIGN

3.1 GtMnI
(I) fila rollowiJII Ioada .... ba tata. 11I10 Itc:ouJlI in ..................111 .11"', TIM .pprop.;al'

!oed....... ba alacted rrom Illia lilt 011 thl il•• or llIe Ioc.tion and Ih. Iype or Ih' Itrutlllnl.
I. Deadloada
2. EartIl~m
3. Hydraullc ......._

4. IlIO)'IIIC)' CK Upliftl
S. Eff_ o.f••paratun CltuIe
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6. EII.ctl of Shritllt... due 10 HlllIIioIitr ia Concrete Struc:lllIft (lndlldi. C_p Effectll
7. S.iImiot Effects
S. Eff.ctl of Friclion al Burial S\IPIIOI1t
9. EII.cll of C_iidatioa ud S...Ie_at of GIOIIIld

10. Effectl of Wove_atl of SlIpportl
I I. Olll.r LoIdt

(2) Combiaation 01 Loadt
Detip condiliona thaII be detcrmiaed COIIIiderial Ih. follow III four CIMI. rile combillltioa of
vlrioua IoMt lilted abcwe thaII III decided ill IC~ witll tIM prooitiotu ill iMlwId....
!tpeci(icalionl IccOidilllto th. t".. o( tho brill.. COIlIidered.
C_ I WUiIDUIlIIlN_ will III ,"paceM iIIlbe _ ......

C. 2 W.IlilnUIlI ...clio.. will be 'llpeclM ill tIM foudatioa lOiIt
r. 3 llIuilDullI dilplacellllnll will be IIlpaceM at lbe "ppona
e_ 4 Till IlruCtUN will becOlal cn''.:a1 tolldltal dial to overturni.... tiidiJll, .tc.

~.2 Seismic: Elf,cll
Tb. foBowilll .iInlic forca thaII be lakea iIIeo ICCllUllt to ....miDe llilmlc ,ff.ctt ill dllip of a

bridle Ilnac:NN.
I. Inertia foren due to the c1• ..s ••t o( tho Itr""tllN: The m..itllde o( the Ia.rtia fon:alluU be

th. product of the •••t of tile IlnIClate ud tIM daip It,_Ie caeffacient. Th. datipI .illaic:
_fflcient sllaU be ->btained ill ICCOnSuc:e witll tile proviliolla if CIleptll 4 ~Delila Seillale
Co.fflcillat."

2. Inertia fore.. due to lIIe Illperin1.-d w"lll: TIll lIlIIIIiluda of t.e lalnia forca l'lall be lbe
~1Od1lC1 of tb. IUperiapoeed ..illat IJId Iba d.... teiaIlIlc coefflc:ilal. Tile d' .. alIalle
'oefflclenl aIeo thaII be obtaiaed ill acconluce witb lb. pnwiliont iJI Cllaplcr .. ''Dalila Seilmic:
COIfflaeal."

3. EIIJlb P_NI durial_rtb4ua1t...
4. Hydrodynuaic pntlll... duriJII .rthqualt...

3.3 Inertia F_
(I) Bolli fe'r ehe .iImic coefficient _thad and tb. modifllCl aelsmlc coefficient m.thod, bridp

..bttructuNi ...... be tubjeclld to lbe lalnia foren of lllpemnac:lu... durilll .rthqllaltll II

foUowt (Nfer to F" 3.1):

HAL -RAL ·fAL •••••••••••••••••••••••••.•••••••••••••••••••••••.•••••••••••••• (3.1)

HAL ~!k. "'A ._•••••••••••••••••••••••••••••.••••••••_ ••••••••••__••••• (3.2)
2

In olber wordt,

(b) Horizontal .itmic f' :e actina on r. (Pier I) tIIa11 be

{

k....A CH.L - 0 ill til. c.)··············_·__·_········_·-(3.3)

HAil + H.L • 'aratft of I or
-rl....A + R1L .faL •••_•••••••••••••••••••••••••••••• (3.41
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la ....alion().41.It.L ·I.L ...llIlidy

I1t.1. .f.1. ~ 2" t_ ""•.....- -- -- .. -- .. -.. --.-.-.- ....•..... """'- -. O.S)

•el Hori&oalallCillllio: force aclUll on A.. IriP! all..lmenl) sllall be

H.1l • tll"".····....······-·····-·······-----···-·----·-·-·· ·-············-··(3.6)

A.

Fi.e. 3.1 Inertia Force. of S~-er.truct\lre.

wlM...
fA L: Stalic fr"'lion eoefficie~: .1 moo.ble support AL,
1.1.: Static f~tioll coe((icit"llIlIIO'I.b1e IIlpport Bf.•

HAL: Horizontal Ifiunie force (inertia force or frielion force) IClilll onAL due 10 Girder A,

HA R: Horizontal seilmic force (inenil force) oclilll on P, dlle 10 Girder A,

H.L : Horizontal .ilmie force (inertil force or friction forcel Iclilll on P, due 10 Girder 8.
H. tt : HorizOftlallCilmic force (inert;" force) ICtina onAI! dlle to Glider B.
t_: Horizonlal dea.- .illnie eoeffic~nl lin Iccord.nee wilh Ihe prOVisions in Chlpter 4

··Dc..... SciPllie Coef(;c.ent": til In equlhon(-'.I) for the seilmlC coefficient melhod,
01 til", in equ.tion (4.21 for the modified .illllIC coemcienl method, mill be
employed I,

itA L : Reaction .1 AI. d.. lOll/A.

ItAR: ReactIOn all'. d... to:.

R.L ; Reaction at p. due 10 ""••

R.R: lleKtion at AR due to ..../J.

""A' Dead weill\t of Gtrder A, and
..... : Dead we.pt or Girder B.

(2) I"art... forces lIIaU be ....med 10 .CI II Ihe cenler of "'Ivily of Ihe llruelu..,. In desipi... Ihe
IlIbstNctute. inmia forcel exerted from lllpentruciuretl ma~ ... assumed \0 ael at the level of the
ba. of lhe support. ill the 10qiludill&I diRetioll 10 the brid.. a..'s. aNi at lhe Ie.elof Ihe ce"ler of
.....ity of the IUpent",cl""'" ill the IrllllVena direction.
In Ihe trlnIVena dlfCetion the level or the cenler of arIYity of Ihe supentruclurn m.y ..nerllly ...
taken II the lower level of Ihe noar lIab.

III lnerlla forces shan be assumed to come from 1.0 1\0Iil0ftul,htecllOft.: 100000ludiftl1 .~ Ir.,,_
10 the bndp axil. or puallellnd perpendicular 10 Ihe principal ..is of any struclural II_Itof
th~bnd...

3.4 Earth Pntwres dlarilll EarlllquakU
Earth pretlUns dUri". earthqulke. shall be determined in accordance Wllh provisio". in the

Specif","tions for 0..... or Subttruet..n. of HilhwlY 8nd... (Sec Reference I It the end or Ihe E....i...
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yertioll). TIle 1IoriIcMI....... coefJleine ill dI. eu:lIItClof: 01 ,_m"''' be iA lCCord.....
witll dIt ......u .. Sec1loD 4.2 "DtIip StiIlnIc C(>tlReltDI ill ehe I il: Coefncielll ...111011."

J.5 "yClOd~"-m'~1.:Uoi'"
HJdlOdrutaiC .-... ..... eat.......... be ..ell1lliM4 by tM fo»--' f_ T1Ie

'ream ..... lie 10 Kt ill dIt _ dltwtlott ., lIItt 01 dill iMrClI f_ by dI.
provlsjou Ia SIlctiool 3.3 .,..... ,_"
(1) H".rodrutaiC '--sOll.aDa

H".....~._ ecti,.. 011 .:....... of • waJI.Cype IlbucluN .... lie "terlllillld .. followl
(maIo Fli. J.1);

, • ,7
2
klllll'~' _._,.-••.•_ ••....••••••••••- ••••••••- ••-.-•••••••••--.-.--.-- (3.7)

IA,. • T" .-.._ _- _..- _ _..-- _. (3.11

......:
II:
II,:

Wldlll of 1M .... III _lIn III 1111 PllPIndlcUlar diNClion to tII.1 of the p-..,
Deptll or .8t1l1n ...ten,
He\lllt of 'III eoul llydro4yJlaIlic pnaN in lII.ten .bon til. bottOlll of tile ••'er,
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t,.: Hori&oodll ....... .n-l< coeKicle11 ,*"n II)' 11M prowilions In Se'lion 4.2 "Delia"
Scil..ie Coefflclsalla lIM ScIIIaK Coerric:ilnl M.dlod,"

r: Totl! h,,*v4yUl .-... 18 t. W
IV.: lfait -iPt 0( walllis "a-.

(1) H!,~rod'lIlUt1ic"'_1Il~011. CoIIaaN
Hlfdrodyuaic ..-- edIaa 011 a col.....".. alnIctu... ........ndl... II)' ..ater lIIaU lie

datenal... It IoIIowIINf., to "'.. 3.3):

.... .! 1'" ....,.J" (I _.!.)
4 411

, .1. t"It'.b'.
I

101' t s:: 2 ··---••••- ••----------------••-·-···-(].9)

b101' Ii > 2 .-•••-._•••••• ---••--••••• -., ••••••.••••• '(3.10)

III, • 2"11 --.-.-.--••••--•••••••••••- •••••---.-.--....- _ ••••••••••••••• - •••••• - 0.11)

3.6 Ground Svfac:a AlIlIIIIt<Ila Eutbqub .....tallt 0....
•• NrIIlq"" .....t dalp tIM lNIrlaI ClPICIt.. 01 d ""en whlell .re C*irled ia Serhon ],7

--SoD La,... WbOII INriIII Cepacit.. an N Is l!utlMIub ...IiIt.nl De...... 11I.11 be ....Jeeled.
Ground 1lUfac:a Is ..... IIIIIIIw _11II4 to be die of tile Iow.r bound." of the necJeclecl lay.r. if
1M layer exteIl4' COIltl.-aly below tlIe ae:tullJCMlad _.

Por tIliI _ tile MIIeclIolIe,er ...... 1M to Uft propmiel or rero o:obnicm and zero al\lll

ollat.ma1 IrkdOll.
3.7 Soiluyen Whole INriIII C",ec:ltil,.. N.peted la Ilartllqllat.....Iltanl De.
(I) Sandy Soil Laptl V.......... 10 UqIllfICtioll

Sanmted Aad, IDIl II,.,. wIIidI IN will'la 10 lIIIten 1M1ow Ih. ec:lull IfOIIM surface. ha•• a
ltandanl ,._tlOI\ tell N...a. ... IIIaJl 10, ..... 1 coef&ielIt 01 Wlifonnily leu Ih.a 6••nd Ilso
Ile,.. 1 DII ....... oa tIte IfIlIn •• __lIIatioll c_~II 0.04 m", .nd 0.5 mm. shall hay. 1

IaiIh potential lor Ilqllllec:1ioII durill uttllqllat... luriaa 'Ipacities of tllne layen lllall be
ftIIIlIcted II 41......
S.lUratlid ulld, eoilla,.,. wllicllilaw aDJ, .,,,.Iue bet_a 0.004 and 0.04 mm or belwcell 0.5 mm
alld 1.1 _ ..,. Iiq.t" "'riaa ..rtllqu.... lad IIulI be Ii.... panicul., .tlention. Ellim.tion
__tiler or _ tIlAi lI,.n wlIl liolORfy IllaU 1M .Illa i111CCOrd._ witb the available iIlformltion

011 Ilqllefactloa 'rob.....
..... • apeclal iD_iptloa II performed, tb. proriIioae in dau it,. ( I) ill Section 3.7 m.y DOt be
requlncl to apply.

(1) Cobaiftd SolI La,.n .1Id SiltY SolI Layen
l.riIlI capKitila of coMIift.. Ie"... alld ItIty IDiI Ie,.,.. which an wilhln 3 IMlen of Ih. "lull
pouad IIIrf_. and .,. very 10ft IUd! u tbote witll tile ,om.-tIioft Itnlltll. determined by
utICOIIr.... COfOIp..-o. tell. or r..1d tab. "Ihaa 0.1I1&1cm' .1bII1 be nealec:leclildnilll.

(3) W"'I 01 Suit Lqen WhoM IearinI Capadtla .re N 'ted
11M weillhl 01 IDIl leyen whOll lluJi... clPlCit" eled shill ba¥e ..rcblllC effectl on th.
lower around.

3.' BuoyUle)' Or Upllftl
lUOY11IC)' or uplift. lUll 1M dellIJIIl.... II accord_ with tb, 'l'O¥i,ionl in the Specification. for

DIIIp of Subltnaclura 01 HiaJlw.y lridIII (See .""...co 2 at til••1Id 01 the Ellllim V.nion).
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CHAPTER 4 DESIGN SEISMIC COEFFICIENT

4.1 Cenerll
The delian lIiInIic coefficient IIaaII aenerilly be determined ill acconl.nce with the proYiliolll in

Section 4.2 "Delitn Seismic Coefrieient in the Seilmie CoeffICient Metbod." For thOle bridles. bow....,
w"iell ha.. nuible pien .nd 1081 fund._ntll periodl, IUCh .. th_ with pien ........ th.n 2S lIIeten
.!:'....e tbe pound IUrflCe, Ille dailn .ilmic _nicient lhall be determined in accordance with the
pro'lIionl in Section 4.4 "Delip Seilmic CoefrlCient in tile Modified Seilmic Coefficient Metbod
Conlidlrinl Structural RlIpOllII."

4.2 Dai&n Seismic CoefrlClInt in the Slilmic Coerricient Metbod
( ~) Tbe bomot...1dnip .iInl;" coefficienl lbatl be determined by tbe foil_inC fonnlll.:

kit - '" · ..1 . " •. k" ..-....-.•••••------.-.- ••••••••••••••••••••••••••--••••-••••-.-.-. -(4.\)

wben
kit : Horizonlll delip .ilmic coefficient,
k,,: TIle ••ndud bomontll delip .illllic coefficient (- 0.2),
".: Se_1e &OM factor,
"I: GNllnd condition factor, and
",: Impurt_ factor.

The .lIue oi .... 11I.11 be rounded to two decimall. Tbe minimum ••Iue of t,. ...a11 be considered AI

0.10. The ,.Iues of facton ".,111 .nd II, iliaD be obtained by the proYilions in Sectioll4.3 "F.ctors
for Modifyina the St.ndard HorRontll Dnip CoefrlCient."

(2) The Yertic': delip __Ie coefficient, ... m.y ...neratly be considered .. O. Vertic:alllilmk forca
for delitn of beariJla I1Ipport.. bow_, ....0 be dltermined in .cconlance witll the pro..... in
Section 5.3 "Verlicll Seismic Forces for Desip of Connectionl betwlln SUpentlllCt1IIeI .nd
SUbstructlll'li...

(3) Tile bori&onl.1 delitn lIismic coerrlCient m.y be colllidered AI 0 for .rueturat p.rtl, IOIII.nd w.ter
below tile ._mld ,rouM IUrface in deaip. The .lIUmed IfOllnd IIIrf.ce in delip ....11 be
determined ill ICcord.nee witb tile pro'iIionl in Section 3.6 "Cround Surf.ce AllUmeet in
Eartllqu.... Resilt.nt Delip."
Item (3). 1I0wner, ....11 not .pply to undefJrouIld llrueture_ ..ell .1 euIYerll.

4.3 F.eton for Modifyi... tbe SI.nd.rd Horizont.1 DIIip Seismic Coefficient
(I) Seismic ~onc F.~tor

SeismiC zone f."tor 111.11 be determined in aceord.nce witll T.ble 4.1, ill wIliell tbe lone
claRification ...a11 be determined from FiC. 4.1 or T.ble 4.2.

T.ble 4.1 Seismic Zone Factor II,

Zone Vallie of '"

A I.oc.

B 08S

C 0.70
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(Not.)
Tablt 4.2.•laicla indiul.' ill d.laillh. "'KIn;C zone Ihrouch Ih. UM of pile<: nama, IS omilled
ia 11M E....iIh wenio•.

(21 Ground COlIdilion F.clor
Crou8ll COIldilioa faclor IIIaII be delermillell ill .ccord.""" wilh T.ble 4.3.

r.l Ie 4.3 Crou8ll COftCIition F.clor P,

Croup lHfMliticMl,l) Value of P,

(I) Groll.... or the Tertiary era or older

I
(defill... u bedrock herelft.r)

0.9
C2) DI..-iIl lIyerl ) with depth leu th...

10 _t.nlbon bedrock

(J) Diluri.. lIyerl) willi deplh pealer III••

10 .ten ."""~ lledrock
2 1.0

(2) AUu'" 1I)'erJ ) with depth lei, th.n
10 .ten.bowe bedrock

AUurill Ia,erl) wllb depth ... 11I11I 25 meten,
3 whidl hu IOfI "y.,4) with depth leu I..... 1.1

5_e:s

4 Other th... the ....... 1.2

(N_l
I) 5i..... th_ d.finitionl .re _ \'CrY comprehenliYe, the cl.ssifi••lion of pou.... c:ondlliona

....n be ."'e With .........t. conaideralioll of the briellC aite.
Dept.. (If 11," ilItIicated here 1IIa11 be ....red from tile KluaJ around surf.",.

2) Dilvvial Ia,er .pliel 1 de_ a11"vial lIyel IUch ., 1 d.n", sandy I.,er, ar.wl lI,er, or

cobble ",er.
3) AUu,ialll,ar .pli.. 1 DC. aedimenlary lIyar made by I Iindslid•.
4) 50flllyar is d.n..... in Seclion 3.7 ''Soil Layer WhOle B'."III Copacities.re Netlcclecl in

£.r1hq...... Recislont DeaiIn·"
(3) Import.nc:c FKlor

Imporl~nc:e factor rhall be d.lermined in .ccord.nce wilh T.ble 4.4.
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--I
_..

'- .bL.!.

I. 1.--'1--
v ......~-, " ~ / -'~

a.oo
- " " ,,- ..lImL.1.

- '"" " -"l , ......
70

" 1'\.'
r\.'- I\\.

-- ,

100. ..

1-
••

-.

"iI. 4. J ,.-=tor' (For referellCe 01 Teble 4. I)

T.ble 4.5 V.1ue or ,

Grcup 01\

GfOUIId Vahle of 6 for Fllndllllelllal Period T <.c.)
COllCIilion.

I 6 - us ,- 1.4OfT 6- 0.50
for 0.5 ~T~ 1.1 for I.J ~T~ 2.1 forT~U

2
,- US ,- 1.75fT 6-0.50
for 0.5 ~T~ 1.4 for J.4~T~3.5 forT~3.s

3 6 - 1.25 6- 2. lOfT 6- 0.50
forO.5~T~ 1.7 for 1.7~T~4.2 forT ~ 4.2

4 6 - 1.25 6- HOlT 6- 0.50
for 0.5 ~T ~ 2.0 for2.0~T~5.0 forT ~ 5.0

(Nolft)
I) Rafer to Fla. 4.2.
2) Refer to Table 4.3 ....rdilll POll' ' ..11 pound CODditlolll.

4.4.2 Matllad for Obtlinillll'lIIld._nl.I'ariod.
FIIIld_ntll n.lural periods of • brid......0 be d.termiDed for th. indlYiduai .,.tem l:OlIIiatinl of

__ 1IIbIl.'IICl_ .nd Ilia pan of aupemlUCtllftlaupporled by It ralber tbaII for lbe .fIIe1lar11 qaem u
• wboJc.
<I) Iridin Supported 1Iy S FOIIIIdI"" or PiIc Foudatiolll

For thOlt brid... wll..· ~ IUpported by .,ned folllldition. or pile fOllftClltiolll. the fOlandlmental
period..." be obtlilled frotll T.ble 4.6.
A", f_le... T..... 4.6 ......ppIy to bridpa in which lhe ....1 of the b... of lhe foolinl is
lower than Ihl of til. _nMlI IJ\lIInd ...,,_ ia d.... and the daronnaliotl of lila IIIHINcl"re ..
-mJy cellaed by the .lastic tlullr" dero~tion of tlla pier which iI the "pper put or the
aubllruct1lm.howe tha top of the footinl- T.....fore, tbey *11I _ ."Iy to brid•• ia which lb•
...... of lhe 1111I oCtIl. f_'" illlilbar tllin tlllt of tile _1llICI pound aurf_ ia d.....
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Table 4.6 Fund.ment.1 Period. of Brid,n Supported by
Spread F"..nd.lions or Pile Found.tions

formul.. for Fund.mental Periods

Direc'
1---.

Type of Stnaet\lrll System Materi.1 of Pier
hon

Ileinfor.:ed Concrele Sleel

A bridae wben molt tupel- . {0,3W, + W. It l f· 3Wp +11'. hITran.. T- 2"•tnIcturel ue continuous, T- 211' 3EI 4,SEI•
Ita¥C fille4 IUPJlC)ft. (or mon- .ene •
hie suppo..' ~iCied ill (4,3) (4.4)

I Article 5,2, I) on most who
ItnICt\lrel, aad -'so b.ve rilid

T-!!.J!llt labu lmenll, to one of wllic\t Lollli-
the extreme end of lhe super- tudinal 8 EI.

Itnact\lrel it connected with a
(4.51fIXed support (See F. 4.3)

Other t1wIlbe .bow:: Lonp. f§.3~ 1V. ltl2 For exllftp\e, • bridae wilh ludinal T- 2_ --- -
'" 3EI.simple SUpportl or

Tr..... (4.6)
-.ene

~.... ,A.

" ~ ~a "..

.. ..... ~,"-"--
fil· t. J An E••mpl. of T1PI 1 of Struct..raJ Sy.t.em lr T_ble 4.•

where
T

E"
I:

",

Fund.mental period in second of the syslem consistina .. f • substructure and the Kchon
or the supenlructurel which it I\Ipports,
The wei,ht of tbe pier in t,

The -'t of the ~ction or supentruclurel in t supporled by tbe lubstructure beina
considered,
You.'s modulus of lhe pier in lima •
Moment of inertia of the pier in m4 in Ibe dIrection conSIdered.
For piers wilh ••ryin, ICction with the hellht, I may be 'n ••er... value,
Th. heipt of Ihe pier in m, .nd
Acceleration of ,rnity ( ·9.8 m/sec·).
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(N.)
1!4l. C..... I .......,..,. 10 au. brilIlIIt wlllch hi... nUo 01 Ihe Ie!llth MIWftn IIIpportl on boIh
Mimellil 10 111I .1ll111 MIw... oullllllprdlll,leIIlhln IpplOxim8l.I, SO Cnf" 10 Ifb ill FiI·
U).

(2) lrillIn Support'" b, CIiIIOII fOll"'tlotlI
For 11I_ brldaM wlllch "" IIIpported !If ceiIIoII fOllll4alioftl. tIM fu......eatal periodl m., be

.taItIelIII_T......1.

T..... ".1 Plllllla...... PeriNI ollridpa Sup"'" b' CIiIIoII FOUlICIlilont

,.". of Struetunl Sr". Dnctlon f_lII.. lor Fuad-mal PerIocb

TfUlftl'll
_ oIllIIL ('.3) (or (U),. (".71.

I T)peIIilT.......6 which p" the ......."ue 01 ~

LoIlliIl!dlMl 1lII. (".5)

2 'I),. 2 111 Table ".6
T_ OM 01 IlIIL (4.61 and (4.1), ....ich Ii"'
LoJlliludillll tIM ..........ueol~

(Nole)

wlllre
T

We:
It :
.It:'. :
X,,:

.:

Fu 11 period ill _0lIlI of 11M .,lIem COMiotiJII of I NbSlru'tuIC and III. seclion
01 the ~ which it wpporta,

TIM 10' ..... t*r ill t.
TIM wtliI\ll of tIM pan 01 lllpenllllctuni In I IIIpported b, Ih. nbilrucilire Mini_1illeIM.
TIM ....... 0111II cu.o. lOlIIIdalion in I,
TIM hIlPt or pin In m.
e--tioIlIIllu la .2 It 11M ... 01 tileCI~ 'oulldation•
N_loI iIIIrtiI III .e It the b_ 01 tile CIiIIon fOlandltion in tIM direction colllidend,
~I" coeale"t of lII\11nlle reaclion ia tim' It tbe lneI 0' til. b_ 0' III. clillon
fOlllldalioll,
Vertlel1 -'IIc:_1 01 III"'" _tion in tlrn' .1 tile b_ of the cI.n loundltion,
~.. -mctIIlt of ...... NlCticm la t/'!llJ lor"lI' 4efClnll.lion .1 Ibe b_ of
111I CIIiIa fOllad.lio•••
Accelenlion of .,mil' ( • 9.' mf-' ).
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CHAPTER S GENERAL PROVISIONS FOR DESIGN OF STRUCTURAL DETAILS

5. IGeneral
EYer) bridac structure or eYer)' portion thereof shall be desilned and COIlllructed 10 relisl seilm il:

forcel as pro¥ided in ellapler I Ihrouah Chapter 4 and 10 meet the proyisionl for delilft of slnlclyral
details specified i. tM Clqpler.

M__, attantlon aIlaII be paid to the followi......spect..
(I) For those abut_ntl wbich an conltructed in 10ft pound Iayen, the failure of the pound layer

duri... eart!squak........1be checked.
U) for those bridacs in wllich tn~ adjacent IUbllruclures hlYC differenl lrollnd condilionl, differenl

Iype of struelum aylteDII, or different struelural dimenlions, special allention shall be paid to lhe
de. of structural delaill, condderinllhal those Iwo IUbltrueturel may respond differently durilll
elrthquakes.

(3) For those portions IIIch II joinll belw••n SUpentruclures Ind subllnlclures, connections between
pi... Ind foUndltiOns, or connectionl belween footi.... and pil.. in pile foundalionl, wh.re lhe
seismic forees ally not be tran_ltled smoolhly and acismic failu... have been o'>served ofl.n in Ihe
pat, particular Itt.nlion lbaD be paid 10 Ih. d•• of Itructurll delaib, condderilll ICCUracy of
nalullion of lfOund conditionl, nUtlnee of conslruction jOintl, Ic..urlCY of constnlction, .Ic.

5.2 DeYiees for Prevenlina Supentnlctllre from filii ...
Moyabie supportI shlD lIay. Itoppen (special d.vicel for relistilll larae mo.,.menll of

aupentructurel duri.. earthquakes) to prelent the superstructurel from faUina from the substruclures,
elUted by the dilloc:atiM of the upper shoel of t:le supports from the lower shoes durilll lirona
earthquakes (refer to 5.2.1).

For the Iner erICIi one of the foUowinl method....... be .mployed II _II " the abOYe-mentioned
consideration.
(I) " method elllendinl the lenath betwee, the end of lhe support and the eelae of the subltruclure (or

wideninl the wid th of the crelt of the substructure in the lonlitudinal direction 10 Ihe bridee lIIis)
in order to preYeol the aupenlructum from flUinl from Ihe IIIbstructure (refer to 5.2.2 or 5.2.3).

(2) " method conDectinl edjleenl Jirden on the IIlbstructure 10 present Ih. supenlructure. from
fillina from the lubltruc:lun even if they become dislodaed from the subllruclure(refer 10 5.2.4).

5.2.1 Stopperlll MOIlble SUpportl

The allowable moYlble Ienlll! In the desiln of stoppen al mOllbl. IlIpporU shall be IllUmed IIlhe
11Im of the mOlement due to lemperalure chanle, Ihe movement due to Ihe deflection of the lird.r
when subjecled to lise 1000dl, I mlrain for coverinl construction enon, IIId 20 mm.

The lboYe-menlioned provision need not apply 10 those stoppen which are nOI inslalled nelr the
IIIpportl.

The horizonIII delian .. iamic: coefficientl for delilninlltoppen shall be determined by increlsi,.
the horizontil del;" seismic coefficient lisen by eq. (4.1) or (4.2) by 5~ or more.

5.2.2 Melhod of Ealendinl the Lelllih betwe:n the End of Ih: Supporl ..nd the Ed... of the Sub-
structure •

For those IIIbltructurel witich suppo" Ihe end. of airder, the lenllh SCin cm) between lhe end of
the IIIpport Ind the eelae of the substructure, shall be equII to or more lhln th. Ialue lisen by Ih.
followinl formul..:

S • 20 • 0.5 I

S • 30 + 0.4 I

ror I ~ 100 m

for I > 100 m
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where
S : Lcnalll belween llle end of Ille IIlPpolt and lilt edae of tile ••rueture in CIII, and
I: SPill lellltll in melen.

For particularly importlnl bridaes conslrucled in 10ft around ",erw (Group 4 in Table 4.3), the
yalue of S ....0 be equal 10 35 cm or more.

5.2.3 Suspe:1Cled Joints
For I\Ispended JOintl tile 1c",t11 between tile endl of ,Werw oIWJ be equal to 60 cm or mon, II

shown in FiI- 5.1. The Ic",tb for lbose brid... conllnICled in IOfI around a.yer (Group" in Table 4.3)
abeD be equal to 70 cm or DlDIe.

5.2." Method of Connecti,. Adjaccnl GWen
OeYicct for connecti", adjacent .Werw on IUbstfllctu_ ....0 ...... Ibe moyable IarFh specified in

Section S.2 .1, for c__ in wbicll atlealt one of Iwo IUpports is a _able one.
Tile devices ohall be de.ed to rollte freely to Illow the IOtltion of tile IIirder IUbjeclcd 10 ~ft

10lch, for easel. in wbicll both Iwo supports are filled on one pier.

5.] Vertical Seismic Fon:es for Dnian of Connections belween SUperwtNcturel and SubotNctures
The verlical desiln scismic coefficienl for the des... of connections between supentructurel Ind

IUbslruclures a11111 be a.umed II 0.10. When Ihe YCrticll dtlian ,"ismic coefficient Ipplies upwn, only
Itismic forces a11111 be considered, nqlectillllhe effecls of rhe dead loads.

The UIIlC Yalue of !Ile Yertical de.... seismic coefficient shall be employed for tbe desip of Iny
connectionllimillr to Ibe lboye.

S.4 Melbods for Transmillinc Seisn' '>rccs It Conneclions between SurersrNclures and SubolNc
tum
The metbod for UlnSlrlittiqscismic forces It conneclion between ..pentructures and IUbstructures

shall be al follows:
(J) For cllt-in-ploce reinforced CO:lcrete brid.el, Ihe mea.. of trlnsmlssion of scilmil: foretl sltall be

due 10 the bearina PRllUn belween Ihe sweHlllI II the blsc of Ihe lower aIIoe Ir.d the concrele at
the crell of Ille IUbstructure. The concrele portion near Ihe blse of Ihe lower shoe shill lelist
seismic forces as one body 100ether with Ihe pier of the IUbllruclure. In lhe aboye-mentioned C_I,
the means of lransmislion of scismic 'or~-es belwcen Ihe upper shoe and Ihe pnler shall be due 10
Ihe anchon filed on Ibe upper Wloe.
For a mal)in of ufely. Inchor bolls between the Inwer shoe and the IUbstruclure shall be desilned
to resisl seismic forces Iione, in consider.tion of Clles where no resislance between Ille Iwellina It
the bllt of the low.r sboe Ind 'he concrele It Ille cresl of lhesubstructure can be expected.
TIle Iboye melhod io lecommended nol only for cut-in-pllce concrete bridps, bul, if possible, 1110
for preflbricated concrete brid,es or lIeel brHlps.
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(2) I. _ ... 110 bariIlI...-a- of COIlCIItI CUI be IXpectecl,lIlCIIor lloIc..... be _pIorM to
Irl~' "III .iInlIc r_. III til..__or 'III rQ\lowial ,__bod. IIIaII be COlIIioNnIl.

(II A .'Cbod ill wIlicl • ItMI pie" wltll IIIlChoI' bolts. (111M flnaly OIl tM c:..e of • "'nICt...
willie COIIaeC•• 1MlIII P~. UIlI II1II. tile low.... of II1II IlI"ort ia ...... to tile ....
pleCI after clIII _etla. 01 ClIIIllrden.

(bl A .mod ill wllicll • bole ........... wII•• __&I • pIac:ad, ...ppon .'" liP _ till ....,
.nd tile. aadlor bolh an IIaId II)' placill ",..aC~ iIICo tile"". « a ••hod ill wille'
ucIIor boIh ..... up ..... _c:me II beiII pIac:ad, and tlllla dllllowwlMi lallaed OIl 1M
ucII« boItI.

(3) II.1ICItor bolt. lIIIII ..... be 25 _ « IlIOn ...~I".... dill ..,tIl 01II1II udl« boltl filM In
UIII_ta ... be 101..... 'l1li ....'., or_.

5.5 D lxpected lor 0---.s-.ue:'_
When dnlcw wIlicII an eXpeeled to d__ IeiInIic ,_ an ..pIored lor briMe Itruct_.

wlflcin' iII_lptioDllllal\ be COIIl!\lCtld on llIIIlr .necti............. IpeclaI .Ilantloll lUll be paW to
,-tiIIICM II&pentlllCt_ lro. I.1llfta.

CHAPTEIl6 MISCELLANEOUS PROVISIONS

.et...._ an plO'ided .xdllli¥lIy .. dI. E.............
,1..fe_11
SpeciflcaCiCIllI fOi DIlip of SlIbItructv.. of HlIItway I"""
VoIu.. ror GenenI SIlIft)' tlld Desip
Pan 3 DeIip. CIlapter 2Load&.
Sectloll 2.5 ltartll '-_

Earth ,.......K'ill OIlt waI1l11a1l be tile lIiIt....... IoIds tMa by till followilll f__:
(I) Normal Euth '-_

(a) Eutll P_'" actiIII 011 I _lbIe wall dlllilll _II t" *all III ....... by II1II
CouIocab's dleory u :..I1oס1

j) For Sudy SoiII

iiI 'ex CoItIIIw Soli

'A • .,. /CAX - 2C</Ki + /CAf

" • .,. /Cpt + 2Ct./K'; + /CAf

(b) Elrth pntlUlft ell a fiXed wall du:iIW -.J tllM .... be ...._iMd by'A •.,. Ie• . JC +leA
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(2) Earth pre....... 41&"111 eartlI4__ 1Il&I1 be 4etermiMd Ill' lite M_obe-Oltabe~.

'A • (I _k.) 'l'.Jt .KIlA

Fl,. 1 Earth Pr••hr.

wMn
" : CO....ion 01 lhe IO~ ill tim) •
KA : Aclive eutb PreDlire cocfl'icient lor Coulomb', tlleory,
K,. : ra"'e earth preaure coerticienl lor COlilomb', dleorr,
ICEA : Aeli euth preDlire coerrieienl dllri"l earth,!"ueo,
KIl,: ra e .arth preaure coefficienl dllnlll luthqllun,
K. : Earth PRUIIR coefficient It _.
k. : Vertic.J aeilmle coefficient.
PA : AClive e'rth preuure ill 11m) 'I 4eplh 01 It metlll,
p,. ; r''''e earth preaure in 11m) al deplh 01 It m"en,
q : SlIrclwJt in tim' on IlOUnd AId_.
x : Artlitary depth in meten,
o : Anale between Ihe around ...fa.. line and Ihe hori&oluallinc,
.,. : Unit weiPl of lhe lOil in 11m1•
6 : Anale 01 friclion between lhe Will Ind lhe lOil.
• ; -'naIe 01 inlemal friclion of Ihe IOU, Ind
II ; -'''lie between the back lifte of the will Ind the vertical line.
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COl',. CCIIC' +6)

K, -

K£A _- COI='_C""f'-----=;',L.--..:'f;:)=======:=~=lf-:;
eca'. ,nJ.I,.coaC'+'.) [1+ 1iIl,·IiJIC,-o-',J

coaC' - '.J. COIC' -0)

coa' Cf -'. +')
K£, .-----~~~e::..-7--=.:..=====::::::==~

, " C" ) [I IiJI , . Din C, +0 - '.)
::os •. COl . COl -. -- COIC' _ ,.). Col (1- 0)

wilen Iin(,to-'.l-O wilen ,t4l-'.<0
tnd 6 ....-.1 to be zero dllrilll etltllquak...

_I k.'.-IU --I-i.

k. : HorizoIlttl IIiIlIIIe CllIeffnal
k.: Vertical .iImIc cOtflleitnt

IR.I...nee 11
S\llCincatioaa for Delila 01 SlIbllNcbam 01 Hilhw.y lridle.
VoIu... lor <>-rtl Sunty IIId Delila
Put l Daip, Cbtpter 2 Lo8dt
Stclioll 1.7 BIIClYlIlIC)' or Uplift.

Whe.. it io 1 IIIaI 1MIorUC)' 10_ or uplift. act 0" ..""'....... lbey 1Il..1be I...... inlo
_nlmlbe .

CCom....t.)
When it it unknown whellllr Ih.y leI 'Jl not, both c... tIIall bI tall'!On inlo ,ccOIInt in the.....
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ON SPICIPlCATIIWS FOR EAIlTHQOAlCE-RESISTANT DESIGH
or 'rIlE HONSHU-SHImaaJ BRIDGES (JSCE 1974)

by

Ishio xaw.saJti
Director. Honshu-Shikoku Bridge Authority

BUc:hi Iturbllyuhi
Chi.f. Ellrt.hqllaJte Engineering Research section

Public works Reaearch Institute
lliniatry of Construc:tion

The following describes the general specification. for earthquake resistant 4eliqn

of the Bonahu-ShikOku Bridges. u developed by JSCE in 1974. after lignificant Itudy.

ley Words: Irid.es; Earthquake Design; Earthquake Forces; SpeeificatlolUl; Sel_le Provlslons.
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Introduction

The Japan Society ~: Civil Engineers iss~ed ·Specifications for Earthq~ke-Resistant

Design of the Honsh~-ShikokuBridges· (1) in May, 1967. The Specificatior.s were developed

by JSCE's s~b-Committee (Chairman: Professor Shunzo Okamoto), which existed for-a

five year period. The committee stared in 1962 with a commission joir.tly from the

Ministry of Construction and the Japane~e National Railway~ (the Japan Railways Constr~c

tion Public Corporation took over the work of JNR after March, 1964). In May, 1970 three

years after the completion of the above Specifications (1967), the Earthq~ake Engineering

Committee (Standing Committee) of the JSCE established a Joint Meeting fer Studying Earth

quake-Resistant Design of the HonshU-Shikoku Bridges (Chairman: Professor Shunzo Okamoto),

and to consider future resedrch needs. The Joint Mee~ing was organized in cooperation

with the regular members of the Earthquake Engineering Committee. the staff members of the

Japan Highway Public corporation. the Japan Railways Construction Public Corporation and

the Honsh~ Shikoku Bridge Authority (the Authority was established in July. 1970), and

experts from various organizations. The committee attempted to improve the Specifications

(~967) in view of recent progress in the area, and presented in June, 1971 a repoTt(2)

summarizing the results of its research activity.

Furthermore, with a commission from the Honsh'J-Shikoku Bridge Authority, the JSCE

established a Research Sub-Committee on Earthquake-Resistant Design of the HonshU-Shikoku

Bridges (Chairman: ~pofessor Keizaruro Kubo) in June, 1971. The Research Sub-Committees

charge was to amend the Specifications for Earthquake-Resistant Design of the Honshu

Shikoku Bridges (1967) and ~lso to clarify the delign proced~re ~etails. The Research

Sub-Committee ~tudies showed that the following three subjects should be investigated

extensively,

1\ Evaluation of seismic forces--Effects of near earthquakes on structures. effects

of long-period ground motions and their measuring Iystems, factors to be consid

ered in determining the magnitude of seismic forces, etc.

2) Evaluation of dynam~c characteristics of loils and foundations--Dynamic character

istics of multi-column foundations and caisson foundations with an emphasis in

obtaining a design procedure based on dynamic analysis of foundations, investiga

tions on earthquake-resistant design practices for foundations, etc.

3) Earthquake-resistant design practices for bridges with span length of 200 m or

more (such as suspension bridges, truss bridges, etc l •

The Research Sub-Committee concluded investigations on those subjects by March, 1974,

and recently published the final rpport(3). The report proposes revised Specifications

for Earthquake-Resistant Design of the Honshu-Shikok~ Bridges (1974). Although the new

Specifications (1974) include the commentary which gives additional explanations necessi

tated for design practices, the main body of the Specifications will be introduced herein.
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Specificationa for Earthquake-Resistant Design of the Honshu-shikoku Bridg.s (JSCB-1974)

1. General

1.1 SQope

The provisions in the Specifications APPly to earthquake-reai.tant desiwn of the

Honshu-Shikoku bridges.

1.2 Rotations

The following notations are used in the Specifications'

Rotation

A

a

b

h

T

x

8

\.I

Definition

Lateral cross-sectional area of a structure

Length of cross-section of a structure in
the parallel direct10n to that of aei~ic

~tion considered

Width of cross-section of a structure in
the perpendicular direction to that of
seismic motion considered

Depth of water

OSsign seismic coefficient

Response seis.ic coefficient

Response a~celeration spectrum

Responae velocity apectrum

Natural period of a structure

Any depth below the surface of water
or ground

Coefficient dependsnt on vibrational
.cdes of a structure

Coefficient dependent on shape of a
fou-"IdaUon

Unit weight of .ea water

Modification factors necessitated in
obtaining de.iqn seismic coefficient fraa
r ••pon.e sei..ic coefficient
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2. Ear1:hquake to be considered in Design

2. 1 Earthquake to be Considered in Desiqn

An earthquake with th~ following characteristi,s shall be considered in desi9n:

1) Magnitude:

2) Location:

3) P'requency:

Large-scale (Namely around 8 on the Richter scale)

Comparatively far from the blidge sites (~ly off Kii Peninsula,
or off Tosa)

Once or twice per one hundred years

2.2 Design Ground ~cceleration

The·-.xiaw. value of the design ground accelel~tion shall be 180 gals at the level

of the surface of ground layers which support foundations at the bridge sites.

3. Basic Principle for Earthquake-Resistant Design

3.1 Met.hod of Design Calculation

]) For structures whose principal dimensions are dete.,.ired by some requirements

other than those by earthquake resistant design, the .edified seismic coeffi

cient method considering structural response shall be adopt.ed. The results

shall generally be examined through a dynamic analysis.

2) For structures whose principal dimensions can be determined by requirements

from earthquake-resistant design, the structural d~..nsions shall be determined

by the response spectrum method of dynamic analysis. In such cases the results

should be examined through a numerical integration meth~ of a dynamic analysis.

4. Design by the Modified Seismic Coeificient Method Considering Structural Response

4.1 Design Procedure

In a design, based on the modified seismic coefficient method when considering

structural response, the seismic forces specified in 1.2 and additional effects

specified in 4.4 shall be taken ·.nto account simultaneously.

4.2 Seismic Forces

seilllll1c forces shall be detE<rmined by the prO'iuct of structural dead weight and

the design seismic coefficient.. The design seismic coefficient is provided in -4.3

Design Seismic Coefficient Considering Structural Response.-

4.3 Design Seismic Coefficient Considering Structural Response

4.3.1 Horizontal Response Seismic C~fficient

The horizontal response seismic coefficient(~) shall be determined from Fig. 1.

This figure was obtained by assuming the fOllowing ct)nditions:

1) Foundations are constructed directly on the Tertiary layer (or older) at

the site where the surface Quaternary layer is shallow or none.

2) The maximUIII ground acceleration for ~esiqn is expected to be 180 gals.

4.).2 Vertical Response Seismic Coefficient

The Vertical response seismic coefficient shall be generally the half of the

horizontal response seismic coefficient.

4.3.3 Design Seismic Coefficient Considering Structural Response

The design seismic coefficient, considering structural response, shall be deter

ained by the following formula:
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where ~.

"R'
lJ •

1

~ .
~

~ .
s

~ .
-

~ ..
5

oe.iqn ••i.-1c coefficient CQn8id.ring .truetural re.pon8e

Re.ponae .ei..ic coefficient (ee. Pig. 1) dependen~ on .tructur.l
type and the predoa1nant natural period.

Modification factor depelldent on the ..t.n. grOWll1 acceleration for
d••iqn (~I·l.O for the cae. of 180 gal.)

Modification factor to cOYer the influence. of the higher -ade.

Modification factor to apply equivalent unifor8 ••i.-ic l0ad8

Modification factor to cover the caMe wher. the direction of .truetural
r ••ponae i. perpendicular to that 01' .ei..ie .otion applied.

Modification factor to a adjuted by engineering j\ld9Mnt.

~e predoainant natural period herein 1. the natural period carreapending to a

vibration ~e who.e r••pon.. (.tr••• or di.plac.-.nti 1. the .c.t pr~nant in

r••pective .tructural -.bera. Thia predalinant natural period doe. not n.cell.ar

11y C'Oinclde wlth the fund_nUl period.

..... Mditional Eff.cta to a COftIiderood in oe.iqn

".4.1 Effeeta of Ground lllNctiona on the Structural ".ponae and Str.....

In .valuating the effect. of the .urroundift9 .oil on the .truetur.al re.pon.e

and .tr••••• , ground r.acti0ft8 .hall be taken into account a. the product of

the .truetural diaplac_nt relative to the ground and the .pn.ft9 conatant of

the ground •

...... 2 Eff.cts of Surrounding Soil and Water on Structural He.pon••

1) Th. eurrounding .oil will .ff.ct the .tructural r ••ponae. Ther.lore the

.pring and dUlp1rg factor. ahall be taken into account. The ...... effect of

the .oil, however, _y qenerally be r.egl.cted.

2) The .llect. of water .hall be tak.n into account by applying the virtual or

added ... , a. de.cribed in "5.5 Elfecta ol Surrounding Water on Structural

Reeporuse".

5• !?)'!!!!Iic Analyai.

5.1 Methodll of Analy.i.

~e following _thode .hAll be -.ployed in the d~'Maic analyais to obtain the

.tructur~l r ••pon.e.

1) Respon.e .pactrta _thad. Calculate the -.x~ value. of the .tructural

earthquake re.ponee baaed on the re.pona8 acceleration apectra .pacified in 5.3.

2) Ntaerical integration _thod. calculate the U_ hiatory of the .tructural

earthquake re.ponae baaed on .pacific .ei.-ic ~ti0ft8 .pecified in 5 ....

5.2 Application of ~c ADalr.i.

III perforaing the earthquake-r••htant 4••iCJl" of .tructur•• , the dynaaie analy.ia

.hall be ~loyed in the following way••

1) The a.819ft re.ult. oJbtained ~ uainq the -adilied .ei.-ic coefficie.,t _thod

condc:lering .truc:t=al r ••ponae or the aeiaic coefficient _thod are

exaained by the dynaaic analy.i•.

VIII-35



2) rhe reaponae apectrum _thod of dynua1c analya18 18 tlllPloyed for atruc~uroa

who.. dt-naion can be aea~ by no~l loade. 'ftw atructural dia:l:'llliona

deterained by thia procedure are then exaa1ned by t.he naerical integration

_thod of~c &nalyaia.

5.3 Reaponae Acceleration Spectrua for Drna-ic ADalyaia

The reapenae acceleration apectral curvea .hown in l"i9' 2 .ball apply to the

reaponae apectrua _thad of d~c analyaia apacified in 5.1 (1)

5.4 Sei..J.c Ground Motion for 0ynaIaic: ADalyaia

SeiUlic qround ~tiona uaed for the naerical integration _thod of dynam,c anal

yaia apacified in 5.~(2) ahall be either of the following. The aa.~, ac:celeration

ahall be edju.ted to 180 gala by proportioning the varioua original acceleration re

corda.

1) \yPlcal aelamic recorda obtained near the bridqe aitea

2) Stronq IIIOtion recorda obtained al: £1 Centro in 1940.

5.5 Effecta of the Maaa of the Surrounding Soil on the Structural a.eponae

In the dynamic analYlia of a~ltructurel. the effecta of the ~II of the loil

on the reaponae may qenerally neglected.

5.6 Effecta of Surroundinq Water on the Structural a.lpunae

Par the portion of the atructure which ia in vater, the virtual .... of the

..ater converted frOll th'" hydrodynamic prel.ur. ahall be conEidered by the followinq

fonaula,

M - as n!. AI!.
wx 9 a

where.

Cl.

I
"(W.

AI

g.

al

virtual _.a (or added ..... ) per unit width at the depth of x below the
water lurface It lec2/1112)

Coefficient dependent on vibrational ~e of the atructure

coefficient dependent on .hape of the foundation

b b b
1) S - ;:(l4d') for the c..e of d ~ 2

2) S - ~ (0.7 - l~) for the cue of 2 ~ ~ ~ 4

unit weight of the aea water (t/1l3)

Lateral cro.a-aectional area of the foundation

Gravity of acceleration (-9.8 II/le(2)

Lenqth of cree.-aection of the foundation in the parallel direction to
that of the lei8aic ~tion coneidered 1m)

width of croae-.ection of the foundation in the perpendicular direction
to that of the .ei8aic ~tion conddered (III)

Depth of vater at the lite (m)
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5.7 Dynamic Characteristics of Structures

1) The Directions of seismic Motion to be Considered are,

~~tions of seismic motion to be considered in dynamic analysis shall be

longitudinal. transverse, and vert1~.l.

2) Natural Frequencies and Mode Shapes:

The structural earthquake response shall be analyzed by taking in~o account

the order of the natural frequencies and the corresponding mod~ shapes. These

conditions are necessarY in order to obtain the precise maximum response in

the special consideration for erection and completed construction.

3) Damping ratios:

The damping ratios, used for dynamic an~lys1s, shall be determined in view

of the results of the appropriate investigations.

6. Safety Considerations in Earthquake-Resistant oes_~

6.1 Factors of Safety in th~ Modified Seismic Coeffi~i~nt Method consider1ng

Structural Response

6.6.1 Combination of Loads

For superstructure: Dead Load + live Load during earthquake + effects of tem

perature change + seismic effects + effects of movements of

supports + effects of erection errors.

For substructure: Loads from superstructure + deal load + 5011 pressure +

water pressure + buoyancy or uplift + seismic effects

6.1.2 Increase in Allowable Stresses for Steel superstructure

The Increase in the allowable stresses for steel superstructures in earthquake

resistant design shall be as follows:

For suspension bridges and long-span bridge: 1.S

For bridges other than the above: 1.7

6.1.$ Stability of Substructures

,1) Allowable bearing capacities of soil: The ultimate bearing capacity of soil

shall be evaluated in accordance with the Specifications for Design of

Substructures of Highway Bridges-Volume f~r Penign of Spread Foundations

(issued by the Japan Road ASsociation). The minimum values of the allowable

bearing capacities shall be obtained by dividing the ultimate bearing

capacities by the factors of safety specified in Table 1.

(2) Stability for Overturning

In normal design, the position of the resultant force acting on the founda

tion base ~hall be located within the middle third of the base. In earth

quake-resistant design the force shall be located within the middle two

thirds of the base. When the position of the resultant force, for the

earthquake-resistant design, is outside of the middle two thirds, stability

and deformation of ground and structures shall be examined.
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(3) Stability for Sliding

"the sliding resistance at the foundation base shall be evaluated in

accordance with the specifications for Design of substructures of Highway

Bridges-volume for Spread Foundation (issued by the Japan Road Association).

The fractures safety for sliding shall be provided in Table 2.

(4) Displacement Standards for Substructures

Displacements of substructures shall be generally less than the displacement

standards provided i Table 3.

6.2 Factors of Safety in the Design Based on Dynamic Analysis

Fac!.ors of Safety, of the design using the dynamic analysis, shall be in accord

an~e with tt.e provisions in 6.1.
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Table I. Factors or Safety for Bearing Capacities

Construction Manner of Foundation Bfse

Dry Under Water

Normal Design :i. 0 4.5

Earthquake-Resistant
~.O 3.0Design

Table 2. Factors of Safety for Sliding

Construction Manner of Foundation Base

Dry Under Water

Normal Design 2.0 2.5

Earthquake-Resistant
1.2 1.5Design

Tnhle 3. Displacement Standards fo:", Substructures

Suspension Bridges Other Bridges
"

Abutments T"we.· Foundations
Horizontal displace-

Horizontal ment at the level of
displacement at Rotation at the tower ground surface (em)
the Saddle Position base
(cm)

I " 0.0171 (J • 0.00551 + 2 ~ • 1

I central span length (m)
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ABSTRACT

The desi9n standards for port structures have been cOlllpil.d four t1.Jles in Japan.

In these desi9~ standards, provisions on earthquake resistant design of wharves are

included.

1n 19~O the first des; In standard was pUbliahed, and in 1959 and 1967 new design

standards as an expansion of preced1119 one were cOlllplled. Thos. de.1qn standards were

recognized as the .ost advanced de.iqn procedure in the tu.es and used very widely for

design of port structures. HoWever, the standards were not related to any law.

In 1973 Port and Harbour Law was reviaed and to secure the safety in ports it

was assigned to establish engineerinq requirement of facilities in por>s. The require

ment has been effective since 1974 and the earthquake resiatant de.ign of the facilities

are specified in it.

xey Words: Structure., Port•• Kubars, dea1qn, specifications. earthquuea.
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1. Introduction

" port is an intereonrwction bet.vean ..a tran.portation and land tran.portation

and i. u ••••nti.l part in the activity of our .adem .oci.ty. Lo.. or even partial

{..-eJe of a port, due to an .arthquaJt., C4l1Ul•••erious ff.ct on the activiti•• of a cc.

lIWlity. Thi. 18 ••pecially true aft.r a de.tructive .arthquak., a. the port is required

to function for tranaportatlon of _reJency qoad. and ..t.rial. for recon.truction ot daa

aged faciliti•••

During paat eartl.C!',ake., however, serious da-.ge to port facilities haa be.n

.>;peri.nced. For inatan,,:::, in the Ni1qat. earthquake of June 16, 1969, which had a _gni

tud. 7.5, the daaaqe tQ the port taciliti•• in the Niiqata port coat 22 billion yen.

Wharves are _jor facilities in a port, and aany wharves are earth retaining etructur••

auch as a qravity type quay wall ud a .he.tpile bulkhead. The.e .tructures .upport

1.1'9. .0U .r... which .ave in a very cOllplex lIllM.r durinq .arthquake.. This i. one of

the r~..sona why the port taciliti•• vera greatly aff.cted by past _rthquake•.

Be~aus. of th••• circuastancea, intanaiv. affort. have been made by port engi-

neer. to incr.... the ..ei.micity of port facilitie., with a mintaUD increase of con.truc

tion co.t, which wa. acceptable to the ~W'Iity •

In thia ~r, the ba.ic requir~nta and pr~edure. for earthquake resistant

de.ign of port facilities will be pre.ented. It is _11 known that a large variety of

structures surroundinq a port exiata, however, in thia paper, the authors will ltait the

di.cuaaion to ••a vall., pier., etc., and those type. of .tructure. which exist only in a

port. Ther.for., the t.m ·port structure.· will _an .uch structure.. In this repott,

the d.siqn .tandard _ans a compilation of typical procedures and considerations. Such

.tancSarda would be aUowabl••tr••••• and factor. of aafety for de.igning port structures.

The•• d••iqn .tandard. have been published pr.viously four tt.es in Japan, and their

degr••s of re.triction to actual d••iqns diff.r accordinq to .ach publication.

2. History of Design Studsrd

The fir.t de.ign .tancSard for the port .tructure v.. published by the Japan Port

and Harbour Associatl"n in 1950, ud wa. called "Manual of Harbour COnstruction Work

{Title in Japanese: )(owan !tOji S.kkei Shiho Yoran)· (ll. Th. lIllJ1ual con.i.ted of three

part., n.-ely the recommendation. for deaiqn of quay walls and pi.r., the rec~nd~tion.

for planning and .x.cution of dredqing and fill-up, and the re~ndations for design of

brealalaters.

In the r~ndations for de.ign of quay valla and piers, relative to earthquake

r.ai.tant d••iqn, in.rtia force, .arthpre••ure and dyn..tc water pre.sure were con.idert~.

For the e.tiaation of the earthpre.sure ~ing earthquas, a fOnlUla propo.ed by Matsuo

baaed on hia .xper~tal .tudy (2) was adopted. HCftMver, Mononobe-Okabe'. fomula (3)

for .arthpr•••ure during .arthquake. wa. al.o explain.d a. an applicable formula.

Th••econd d.sign .tandard for the port .tructure ",a. published by the Japan Port

and Harbour As.ociation in 1959, call.d "oe.ign Manual for Harbour Construction Work
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(Title in Japanese: Kowan Koji SeUd Yoran) (4). This doc..-nt baa been called the

"Green Book" by port enqineers because of the color of the cover.

In the "Green Book" the area of Japan was divided into three region. and a seisaic

coefficient was specified for each reqion. The foraula to estt.ate earthpre.sure, durin'l

earthq\l&kes, consisted of Mononobe-Okabe·. foraula.

The third design standard was published al.o by the Japan Port and Harbour

Association in 1967, and was called "Desiqn Manual of Harbour Structure. in Japan (Title

in Japanese: Kowan Kozobutsu Sekkei Kijun) (5). This desiqn standard had various unique

characteristics, in comparison to the previous two design standards. The first quality

~as that the third design LtAndard presented procedure. for the de.iqn of the .tructure.,

such that even a less experienced en'lineer could de.iqn the .tructures without any other

textbook, and it also presented to the en'lineer. the background info~tion on the

procedures. As a result, the third desiqn .tandard has beCaDe e publication of .any paqes

and has the characteristics of a specialized textbook.

The second quality was that the third de.~gn .tandard wa. to be revised regularly,

in order to introduce results of the mo.t recent re.earch and technoloqical devel~ts.

In order to make such a condition possible and ea.ier, the design .tandard was ca.piled

.uch that any pa'le could be replaced by a newly printed pa'le.

The provision. in the third de.ign standard, reqardin'l earthquake resi.tant de.iqn,

were pre.ented at the First Joint Meeting, U.S.-Japan Panel on Wind and Sei.alc Effects.

UJNR(6), and at the Second Joint Meeting relative to the ca.ment. on the revi.ion of the

of the third design standard (7) •

The third design standard described previoualy was recoqnized a. the be.t pro

cedure at that time by the port engineers. Most of the port structure. were de.iqned

according to these design standards.

3. Engineerin'l Requirement by Port and Harbour Law

In 1973 the Port and Harbour Law wa. revised. Because of .ocial d-.nds on the

safety of facilities in ports and harbours, the ministry established engineering require

ments on facilities which were to be constructed in ports and harbour.. In 1974, the••

engineerinq requirements were established as Ordinance No. 30 by the Ministry of Transport.

which pre.cribes that the facilities in ports and harbour. aust be .afe against earthquake.

as well as dead load, watel pressure, wave force, .urcharg., iJlpact and drag due to ship.,

etc. However, de<:.'lils on earthquake resistant desiqn, such as de.iqn procedure., factors

of safety, and allowable stresses, have not been given in the ordinanc., but were

specified in an order by the Director General of Bureau of Port and Harbour.. Such

a legal syscem was chosen because considerable proqre.. in earthq\l&k. re.istant design

is exPected in the near future. and flexibility to revi.e the requir...nts is nec••••ry.

Even in the order of the Director of Bureau of Ports and Harbour. only i~rtant

points are .pecified. Therefore. it i. recOllllDended that the third d••ign .tandard .hould

be used as a supple_nt to this order.
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The basic consideration of earthquake resistant design of structures, cor.structed

aainly in porta, ia the aei..ic coefficient ..tbodl howevEr, earthquake reBist~t design

dependinq on dynuic analysis is a180 acceptable.

4. Earthquake R.ealstant Do:lIiqn in the Requirement

In this aection the earthquake resistant desi9r., specified in the engineering re

quir_nts, will be -iescribed. '>Owever, the following are not a tranll1ation of the pro

visions, but an explL1ation of the earthquake resistant design. The provisions are

available in the separate publication (8) •

.. •1 DeBi9R Earthquake Load

l} Earthquake load

The earthquake loada acting on port structures should be cal=u~ated by the following

formulas, where the ~st severe conditions should be chosen.

il Earthquake load • Dead load x Seismic coefficient

iiI Earthquake load· IDead load + Surcharge I x Seismic coefficient

The seismic coefficient is defined in the next paragraph.

2) Seismic coefficient

The seismic coefficient should be calculated by the following formula, taking

regional pei..ucity, foundation soil and importance of the structure into consideration.

seislllic coefficient· Regional seiBlll1c coefficient x Factor for subsoil condition x

Importance factor

In general the earthquake load is applied horizontally at the center of gravity of the

structure. The earthquake load in the vertical direction is not conSidered, with the

exception of those special structures which are influenced by a vertical load. The

sei8lllic coefficient should be calculated to two decimal places, where the last digit is

set equal to 0.1, if equal to or greater than 0.081 if the di9it is between 0.07 and

0.03 set the value equal to 0.05.

3) Regional seis.lc coefficient

Standard values of the reqiona1 aelalllic coefficient are tabulated in Table 1. The

sei_ic coefficient in a region which is not described in Table 1 is determined consider

inq seiamdcity of the region and the regional seislllic coefficients in the neigaboring

regions as given in Table 1.

Fig. I ShOWB the regional sei_ic coefficient and Fig. 2 the expected lllaXilllUlD

acceleration of earthquakes in the next 15 years eBtilllllted by Kawasuml.
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••••••••••••••••• (4)

4) Factor for .ub.oil condition

\'he .tandard value of the factor for .ubaoil condition .hould be deterained ..

• hown in Table 2.

The cl...ification of the .ub.oil condition .hould be ...1gned ...hown in Table 3, con

.idering the thickne.. of the quaternary depo.it and the kind of .ub.oil.

51 ·actor depending on iIIportance of .tructure

'lbe .tandard value of the factor relative to the iJIportance of the .tructure

.hould be deterained by Table 4.

4.2 Earthpre..ure in an Earthquake

Lateral earthpre••ure of .andy .011 in earthquake. is COIIIIluted by using Nononobe

Okabe'. foraula which i. derived froa COula.b's foraula by statically ~lyinq the earth

quake load to the .oil .... in que.tion. For horisontal ground .urface, the fo~la i •

.. shown in (rig. 31.

where, p inten.ity of lateral earthpre••ure in earthquake. It/a2
)

w intensity of unifora load on the ground .urface (t/m2 1

k .ei.mdc coefficient

• , angle of internal friction of .andy .oil (")

for general ca.e ••• 30"

for particularly good backfill ••• 40"

y , unit weight of .oil (t/.3) I buoyed unit weight .hould be used below water

level and the following are the .tandard.,

above water i.able in backfill ••• 1. Bt/.3

below water table in backfill ••• 1.Ot/m3

h depth freB the ground .urface (m)

X , coefficient of lateral earthpre••ure

y angle betw_n wall .urface and the vertical 1"1

~ angle of friction between .oil and wall ("II usually 16\ 15"

e , angle given by the following equation. I e_tan-l k or a_ten-lk'

1; angle between failure .urface and horizon (")

In Eq•• (2) and (3), upper s19ns are for active and pa••ive earthpr•••ure for

typical value. of • and 6 ~re .hown in Fig•• 4 and 5 re.pectively.

ror backfill, in layer. Iw + y h) in Eq. (11, the.e teras .hould be replaced by

the vertical effective .tre... Below the water table the apparent .eismic coefficient

.hould be used. In calculation of the vertical effective .tre.s the bouyed unit weight

of 80il i. used, this cau.e. a .-aller e.t~tion of the earthquake load acting on the

.oil U •• , .ince the weight of .oil .... 1n the air .hould be .ultiplied by the .ai_ie

coefficient. The apparent .ei..ic coefficient compensate. the difference. The apparent

.eismic coefficient 1. 'liven by the followinq equation.

k' ....r.:.- ky'-l
where I k', apparent .el_ic coefficient

y', unit weight of .aturated .oil (t/m3)
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4.3. ~c Wat.r Pre••ure

Rigid wall- and colu.n-like .tructure. facing the water are de.igned by taking the

dynaaic water pre••ure into conaideration. Howev.r, the .tructure i. retaining .oil and

the earthpr•••ure is calculated by Mononobe-Okabe's fonaula with the apparent .eieadc

coefficient, where the dynamic water pre••ure i. not con.idered in the de.ign calcula

tion. The r.asone for this a.su.ption ar.: fir.t, when the apparent .eismic coeffici.nt

i. applied for the eerthpre••ure calculation the inertia force due to pore-vater has

al-eady been con.id.red. Alao experience troa .tructural perfo~ce during pa.t

earthquak.. d~ not indicate the n.ce••ity to con.ider the dynamic wat.r pre••ure acting

on the fac. of the .arth .upporting .tructur•••

•••• Allowabl. Str•••••

Allowabl••tr••••• at the mat.rial. are d.t.rmined a••hown in Tabl•• 5 throuqh 9.

Allowabl••tr••• of tie rod. mu.t be equal to or below 40 perc.nt of the certified

yielding .tr•••.

Allowabl••tre••e. of .teel and concrete, for short period load .uch a••arthquake

load, ..y be equal to or smaller than 1.S times of the allowable .tresses in normal

condition.

4.5. Berthqueke Resistant Design Ba.ed upon Special Study

When the seismic coefficient i. determined from consideration ot a survey on

.eismicity of the region, and frca the characteristics of earthquake DOti~n and

re.pons. characteristics of the ground against earthquakes, the requirement described in

4.1 need not be applied to design.

When the earthquake resistant desigL is confirmed by consider&tLon of ':he dynamic

charActeristic. of the structure and the investigation on the response analysi. for the

.tr'l;ture against earthquakes, the requirement described in 4.1 need not b~ applied.

It is advised that in case of neces.ity the earthquake resistant d~'i~n is con

firaed by the consideration of the dynamic characteri.tics of the structure and the

investigation on the response analysis against earthquake.

4.6 Structures other Than Port Structures

Structures other than port structures are normally designed by the design standards

••thblished for each type of structure.

1) Desi9n Specifications for Steel Highway Bridges, established by the J.p.n Road Associa

tion, may be applied to the earthquake resistant design of the highway bridges.

2) Design specifications for Steel Railway Bridges by the Japan Society of Civil

Engineers or De8ign Specifications for Civil Engineering Facilities established by the

Japan Railway Facility AssociMtion may be applied to the earthquake re.istant de.ign of

the ~ailway bridges.
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3) On the earthquake resistant design of the pipe line for transporting such fluid

and 9aaeoua ..teriala as petrolega, Fire Service Law, Oil Pipelines Enterprise Law

or High Pressure Gas Control Law and regulations established to supplement these laws,

..y be applied.

4) On the earthquake resistant design of the buildings, Building standard Law and

regulations ••tablished to supplement the law may be apPlied.

5. Future Follow-up

In this report the earthquake resistant design designated by the Port and HArbour

law, hAS been pre.ented. Many new typeli of structures are going to be constructed

on or otf-.hore and the social demands for environmental consideration of such structures

t~ve been increasing. Because of such circumstances, revision of the Design Manual of

Harbour Structures in Japan has been undertaken. The rutionalization of earthquake

resistant design will be achieved by this revision.
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FlE'at reaion
KaDto (Oliba. Tokyo. ltanqava)

0.15OIubu (Shhuolta. Aichl)
~111k1

Hokkaido (Iahikarl. Iburl.
Shirib.ahi. Hiy....
oahi... Iu801)

Toholt.u
I hDto (tbarean

Second re,ion Chubu (IUa.t•• Toy.... hhikaw•• 0.10
Pukui)

Shikoku
Chu,oku (Tottori. Okay_.

Biroahlu).
~yuahu (Oit•• lily_aU

Bakkaido (Soy•• ".ahid)
Chuaoku (ShiaD.. Y-auchi)

Third reaiOD lhuabu. Okinaw. (Pukuoka. 5•••• 0.05
8....ai. ItulIa8oto. Kaaoahi...
OIduva)

Table 1 ".ional ae18l11e coefficient

..

_11, 1.•
IIII:riIlIJ 0••

c::J .. - ...

.. ..'
ria. 1. ..,ional aala.ie

cIWffldent for port
atructur••

ri•. 2. Expaet_cy of ..t.u••ccel
.ration of ••rthquae. in
75 y.ar. in .al. (After
~_ua1)
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Cla..ifieation lat kind 2ne1 Und 3rd kind

Factor 0.8 1.0 1.2

Table 2 Factor for &ubaoil condition

'lbiemeae of quaternary Gravel Sand or clay Soft aroUllddelloait

le.. than 5 • bt kiDCI latkind 2nd kind

5 - 25. let kied 2nd kind 3rd kind

.ore than 25 • 2nd kiael 3rel Uad 3rd Und

Table 3 Claaeifieation of aubeoil conelition

ClaaaUieaUon Olaraeteriltice of etrueture I~rtanee

of atructure factor

Special The atructure h.. aisnifieaat character-
tetica deeeribed by ite.. of (1) - (3) 1.5cl... ia It. el..e

(l) If the atructure ie d...sed by an
earthquake, a larae nuaber of huaan
life and property will poeaibly be loat.
(2) The .tructure will perfora an .
illPortllllt role on the reconatruction.
work of the reaion after an earthquake
('J) The atructure haadlea a hazardous
or a danaeroue object, and it ia feared

It. cl..e that the d_qe on the structure will 1.2
cauae a areat loaa of hu.an life or
property.
(4) If the atr~eture i. daaaged,
economical and social activity of the
region will be severely suffered.
(5) If the atructure ia d..aaed, it
is supposed that the repair work of
it is considerably difficult.

Classification Characteristics of structure Ial·ort/mc.
of .trueture fa~·tor

II cl..e The etrueture is other than Special,
1.0It. and C el..a.s.

'lbe .trueture ie s..ll and ea.y for
C d ..e repairaent, except ina that in Special 0.5

and It. cl....

Tabl. 4 Facton depenelins on i.portanee of atructure
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Fta.). Earthpreaaure acting on a vertical vall

r=(W+7.h)K .. ················(1)

K= - cos'( '±'-') -;=~=;':=====;"T=:;=;:=-,. I". ("+"±I)(I+ /sin(;±")sin(t'-') ........ (2)·cos cos COl T -~~os C'+'±, )cos 'I' J

/-cos ('I'+"±') sin (;±')
col"=+lan(;:t'±f')+sec(t'±I±f') If' C'" ")

~ cos sIn r-"

vheu,; p

v

k

7

h

I

'I',,,

intensity of lateral earthpressure in earthquakes (t/m2)

intensity of uniform load on the ground surface (t/.2)

seismic coefficient

angle of internal friction of sandy soU (.)

for general ce..e •.• 30·

for particularly good backfill ••• 40·

unit vaight of loil (t/m3 ; buoy unit weight should be

used below vater level and the following are the standards:

above water table in backfill ... I.Bt/a3

below vater table in backfill ••• 1.Ot/m3

depth fro. the ground sur.face (m)

.:oefficient of lateral ea:-thprelsure

anile between vall surface aurl the vertir.al (0)

aDlle of friction between ao11 and vall (.); us ..; ll} It: lIS·
anale given by the follovinl equntions;'-tan- l k or' -tan-It'

angle between failure lurface and horizon (0)
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Pig. 4. Coefficient of active earthpressure
by Hononobe-Okabe' s form la

Kind of stress I SS 41, SM 41 I 55 50 I SM 50SMA 41 I

Axial tensUe
stress 1,400 1,700 1,900
(for net se~tion)

Axial compt'fssive (a) !. $20. 1,400 (a) tS;17 1,700 (a) f.< IS 1,90C, ,
I(b) :5<~<80

stress
(for gross (b) 20<[<9J (b) 17<~<8tjsection) ,
,I: effective 1,400 - M( L 20) 1,700-IU (~ -17) Igoo-13( f._ IS)

buckling length
J , ' J

(C1Il)

(c) 93$7 (c) 86~!. I(c) 805:~r: radius of
lIyration for

,
8ross section 12.000,000 1-11.Q.~..Qll.IL_

i "6.70rH- (f/;-f" i 12,OOO,OOC
(em) 5,700 + (1/ , )" 5,000+(1/, r

Bendlnr, stress I(1) tensile strefS
for net section 1,400 1,700 1,900

(2) compressive
stress for

gross section

Shearing stress
(fol gross 800 1,000 1,100
section)

-
(unit : kg/CID2)

Table S Allowable stres~es of structural ste£l
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NotaUon *e:

-be:
*ea:
-ba:

R
t

lit\d of stress 55 41, 5M U 5M 50. S11t 50
SMA 41. Sft 41

Axtal tenstle atresa 1,400 1.900(for Det a.ction)

Adal c.-prese1ve st re.. S..... shown in Table-5
(for ,ro••••ction)

I---
C~inutiOD of .-ial ~ +~~ 1.0ca.preaa~ .. force Ind
ban4iDI .a.ent -'a -"a

SheadDI atre..
(1) with stiffener R/t<12S R/t<9S

soO-O. 019 (Ill t)1 1.ioo-o.044(l/t)1
200>l/t>U5 200>l./t>9S

7f;0001 (lit )-90 75;000/(lIt)-90
(2) without stiffener SOO 600

(I/t90)

(unit : kg/ca2)

co-pressive atres. of .-ial compressive force

c~res.ive Btres. of bending moment
allowable axial cQlpre..ive stre..
allowable bending compres.ive stre.s shown in Table-S
outer radius of ateel pile (em)
thicknesa of ste.l pile (eg)

table 6 Allowable sCrease. of sCeel pile materials

Kind of .teel ..urial I Allowable at re..

5Y 24

I
1,400

SY )0 l,8CO
Sl 40 2,4&0

(unit : kg/Cll2)

Table 7 Allowable stresses of st.. l Bheetplle .aterials

Kind of reinforcing bara n 24 SI )0 SD 24 SD 30 SD JS SD 40

Tensile stress 1,400 1,600 1.400 l.doo 2,000 2.100

Tensile stress for
1,'00 1.600 1.400 1.600 1,800 1,800taUlNe loadinll

(unit : kgfCll2)

Nation 1) Di...ter of bars is less than 32 ..
2) When dedp aCandard atrenlth -ck is Ie.. thet 180 kliC812

defo~d bars a..~1.600 kl/ca2
round bara a..~1.200 klfCll2

Table 8 Allowable tenaile Uress of reinforcina bara aa.
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Kind of reinforced concretE

.tre.a ltells " ..k PI ..in concrete
180 I 240 I 300

Flexural
"u :s; "ck ·ca:s;·ek:S;55cOlipreaaive

stress
- 3 - .-

, [be. 6 7 8
Shearing al alab 8 9 10 ---
stre.a

rat ooly ahear force 17 20 22

Bond stress roun,! bara 7 8 9 ---
deformed ban 14 16 18

Flexural ·~k
tensl e 0 ·cs = 7:S; 3
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·ck : deaign standard compresive strength
"ck : dealgn atandard tenaile atrength
"ca : allowable atre••
ral : allowable shearing .tre.s without calculation of

diagonal tenaion bar.
'aZ : allowable .hearing stre•• with calculation of diagonal

ten. ion bars
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JSCE SPECIFICATIONS FOR EARTHQUAKE RESISTANT DESIGN
OF SUBMERGED TUNNELS (1975)

by

Eiichi Kuribayashi
Chief. Earthquake Engineering Research Section

Public Works Research Institute
Ministry of Construction

and

Hlljime Tsuchida
Chief, ..art.hquake Resistant Struc tur" La))<,ratory

I" •• rt. and Harbor Research Institute
Ministry of Transport

ABSTRACT

In response to the request from Ministry of construction and Ministry of Transport,

the Japan Society of Civil Rngineers has cnncluded in March 1975 the final draft of the

Specifications for Earthquake Resistant Desi~n of Submerged Tunnels. The writers of this

paper have worked on the drafting of the,se :i:·"ciFcations in cooperation with colleagues

of the Public Works Research Institute ,-nd Port and Harbor Research Institute during the

last four years.

The draft of the Specifications was adopted as Specifications for Earthquake Resistant

Design of the Proposed Tunnel across Tolyo Bay. This paper presents the principal provi

sions and articles of the draft of the Specifications, and contains the following five

Chapters; General, Investigation, E~rthquake Resistant Design, Dynamic Analyses, and

Preservation and Countermeasure in Earthquakes.

Key Words: Aseismic Design Criteria; Design Provisions; Earthquakes; Specifications;
Structural Engineering; Tunnels.
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FOEeword

'ftw ee-it~ of I&rthq\IaJw ...latant Iledgn crit.ria for Sw.erged Tunnel., chaired

by Prof••.ar ShUftlO ~to, wa. e.Utlli.hed by the Japan Society of Civil Enqineer. under

• OOIIuact with the Public WOEU .....uch lnetitute, Mini.tE)' of COn.truction in July, 1971.

the oontraet had been '\IP.POn.d by the lnetitute in ~it10n to The Second eon.truction

lauEuu for Port aDd Hazbor, Mini.tEl' of Traneport .ine. 1972.

Sine. the initi.tion of thi& work, the ~tt.. hal _t nine tt-. with the Sub

ee-1t~, who drafted the lpecif1cltione and h.". _t forty-four tmel. Through 1971 to

1972, the ~c behavior of lublleEged tunnell wa••xeained, and then the provi.ion. of

the Specificationa were dr.fted on the baa.1 of th••• r ••ult•.

Prior to 4eftlOP1ft9 the .pecif1cationa, the applicatian of earthCl\l&k••ngin.ering and

4elign practice. to lut.ergec! tunnell both in Japan and IIhroad, and the g....r.l obs.rvation

of sut.ergecS tunnel. during .arthquake. _re cCllllprehensively .tudied. Th. C~tt.e, how

.ver, adopted the f1nal relOlution ... dr.ft to the Specification. with due consideration

that. lack of lufficient. UUlPl•• of dedqn applic.tionl existed. '!'hie draft will .tt8lllpt

to .sUtlliah a -.aningful specification for the future and thue provide needed experience

on their .pplic.tion of~ r ••lItant d.liqn.

'!'be ••f.ty and sUtlility of the .ut.erged tunn.l. lint iIIportant. and therefore, the

sk.l.ton of the specific.tian draft .bould be applied ~ard the d.ai9ft and conatruction of

tunnell with car.. Th. dr.ft will, however. be an iIIportant guide in the conatruction and

the ~eiqn of tunnel••

Finally, the -..ber. of the ee-1tt.. which puticipated in the dr.ft of the Specifi

c.tiona included the Miniltry of Construction, the MiniltE)' of Tran.port, and the clerk

of the ca.a1ttee of Japan SOCiety of Civil Engin.er.. Their cooperation i. deeply

appreciated•
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Chapter 1 General

1.1 Scope

r.< • ,. Llf, ~n the Specification apply to earthquake resistant design of su1:llllerged

tunnels.

1.2 Conformation to specifications

In regard to matters which are not specified herein, the following Specifications

shall apply in accordance with the types of structures and facilities considered.

Standard Specifications of Concrete,

Japan Society of Civil Engineers

Specifications for Design and Construction of Prestressed Concrete,

Japan Society of Civil Engineers

specifications for Earthquake Resistant Design of Civil Engineering Struc~ures,

Japan Society of Civil Engineers

Specifications for Earthquake Resistant Design of Highway Bridges (January, 1971),

Japan Read Association

Design Standards ~n Seismic Effort for Port and Harbor Structures,

Port and Har~r Association of Japan

Uniform Building Code,

1.3 Definitions of Terms

The following definitions shall apply only to the provisions of these Specifications.

SubmIH.;ed 'Unnell A total structural system which are compose~ of s'.Jbmerged structures,

approaches and ventilation towers.

Submergea structure I A portion of the tunnel which is under water on a water table. Those

portions are constructed in the following sequence.

1st: The elements are fabricated in yards or docks

2nd: The elements are floated and towed to the construction site.

3rd: The elements are placed on a trench prepared along the site.

4th: The elements are connected together under the water tables.

5th: OVer-all elements are covered with rock and soil.

Approach, Under-ground structures or exposed structures which lead from the submerged

structure to airial portions.

Ventilation tower, A structure which is located at the intermediate por~ion ot the tunnel

for the purpose of construction and ventilAtion of the tunnel.

Seismic Deformation Method: A method for earthquake resistant design of the tunnel, in

which the ground displacements a~ the level of an axis of the tunnel are assumed

to apply seismic effects to the ~ubmerged structure.

(Fourteen additional terms, other than above, are herein omitted).
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Chapter 2 Investigation

2.1 General

For earthquake resistant design of a submerged tunnel, detail investigations shall be

made on earthquakes and earthquake ground motionsl geology and soils; materials, and types

and details of structure; preservation and counter-measures in earthquakes; and a

post-earthquake inspection pro'.:ram.

2.2 Investigation of Earthquakes and Earthquake Ground Motions

2.2.1 Earthquakes

Investigation on earthquakes are presently being conducted in order to collect data

on seismic activity In an area of a proposed submerged tunnel site. The data will be

utilized for earthquak~ resistant design and for preservation and counter-measures in

earthquakps.

2. 2 • 2 Earthquake Grou.~d Mot ions

Field observations on earthquake ground motions are being conducted in order to ob

tain data necessary to estimate earthquake response of soil strata and structures.

Such estima~ions shall be taken into consideration for earthquake resistant designs

and on preservation and counter-measures in earthquakes.

2.3 Investigation of Geology and Soils

2.3.1 General

Investigation on geology and soils in relationship to earthquake resiRtant design

is divided into two categories I (1) preliminary investigation and (2) site investiga

t:.Lon. The preliminary investigation is requirEd in order to collect information on

geology and soils in the tunnel locality, preceding the site investigation fur making

the site investigation efficient and effective. The site investigation is conducted

in order to obtain all the necessary data for design and construction of a submerged

t.unnel.

2.3.2 Preliminary Investigation

In the preliminary investiqati.:')n the following information shall be collected:

1) Topographic map; also submarine topographic map when it is necessary

2) Geological map

3) Soil profile

4) Soil map

5) Boring log

2.3.3 Site Investigation

In conducting the site investigation, the following ite~s should be determined;

possible structural types of a submerged tunnel, soil condition, and other related

factors. In considering these items the following viewpoints Sh311 be made of the

site investigation.
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1) Data necessary for 4ete~nation of 4esi9D earthquakel

2) Data necessary for structural desi911

3) Data necellary for exaaination of ltabUity of 10UI during earthquake.

Ite_ that are included in site investigations depend on the proposed tunne, '-ver,

the following it... .hall be included in the .ite ~nvestigation.

1) Boring, IOWlding lno~lly st&nd&r4 penetration t ••U), and sUIPling

2) Laboratory tests of sUlpl.s

3) Mea.ur.-nt of sei.llic wave velocitie. with borehole••

4) Measur.ment of density of soils

5) Microtremor observation

2.3.4 Test Procedures

Field and laboratory tests shall be conducted in accordance with procedureI lpeci

fied in the Japan Industrial Standards or the Standard Specificationa of the Japaneee

Society of SOil Mechanics and Foundation Engineering.

2.3.5 Configuration and Depth of Base-rock

In the site investigation configuration and depth of baae-rock surface aball be

surveyed The base-rock surface means an interface between base-rock and lurface

layer.

2.4 Invelti9ation of the Engineering Property of the SOil and Surface Layer

2.4.1 Engineering Property of the SOil and of the Surface Layer

The following are the important properties to be considered for earthquake relistant

design.

11 Density

21 Elastic moduli; Young's modulus and shear ~julul

31 Poislon's ratio

41 Strength parameters; angle of internal friction and cohesion

51 Coefficient of subgrade reaction

61 Strength of coill under dynaaic loading

71 Velocities of leislllic wavel; velocity of longitudinal wav.s and velocity of
transverse waves

8) Dynamic characteristics of lubgroWld

These properties shall be determined diractly by observation or telte. only when it

is very difficult to be obtained directly, the properties can be dete~ned indirectly

using the results fcOIII standard penetration testl or other observation testl.

2.4.2 Strength of soUs WIder Dynamic I.oading

Dynamic strength-test of soils, to examine the loil behavior WIder dynaaic loading,

is desirable.

2.4.3 Measurement of Velocities of SeiBlllic Waves

Velocities of seismic waves shall be ..alured at the pr~ed tunnel site.
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2.4.4 Measurement of Kicratremor

For ••ti.-tion of the dynamic characteristics of the surface layer, at the tunnel

site. lllicrotremors sh&ll be measured and analysed.

2.4.5 Damping Factor of the Surface Layer

Damping factors of surface layer, which are applied in the earthquake respon.e

calculatl.ons and dynamic lIlOdel tests shall be carefully determined based an results

of field and laboratory tests.

2.4.6 Properties and Strain of the Soil

Properties oi the soil and surface layer, such as elastic moduli. velocities of

seismic waves, and damping factor, depend of the strain in the soil. The difference

between the strain in the soil under test or observation and the strain in the soil

expected during earthquakes shall be considered when the properties are used in

earthquake resistant design.

2.5 Ground Failure

A submerged tunnel is supported by the surrounding soil which is usually soft. and

thus the stability of a submerged tunnel depends largely on the behavior of the ground

during earthquakes. Engineers ~ncerned with the design and construction of a submerged

tunnel shall have appropriate knowledge of the ground failure due to eArthquakes.

2.6 Seismic Stability of the Soils

2.6.1 Stability of Sandy Soil

Liquefaction of !Ioils around a submerged tunnel shall be avoidOo!d. When the soil

is estimated to liquefy during earthquakes tht soil shall be improved. Liquefaction

potential shall be examined based on liquefaction case recorda from past earthq~akes

and results of research on liquefaction.

2.6.2 Stability of a Cohesive Soil

When &oil at a tunnel site is cohesive, it shall be checked such that a change in

the aoil strength and deformation ~ue to earthquake will never affect the st~)jlity

of a 8ub~rged tunnel.

2.7 Investii/Atian of the Materials and Structural Types

Rel~tive to materials, types and details of a submerged tunnel. tests and investiga

tions shall be conducted on the followinq;

1) Structural concrete

2) Structural steel

3) WatertightnPss of elements

4) Types and materials of t~e joints

51 Types of foundations

6) Preparation of trench bottom and backfilling
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2.8 Investigation of the Preservation and Proper Countermeasures in Earthquakes

For the preservation and counte~&suresof tunnels in earthquakes, traffie eontrol

systems of th~ tunnel shall be examined, and the interaction of the function .-ong these

systems sha:l be suffieiently considered.

Chapter 3 Earthquake Resistant Design

3.1 General Principle

Every partial structural system shall be designed by the sehalic defo~tion method

and the seismic e~fficient in accordance with the provisions in Chapter 3 "Earthquake

Resistant Design", Also the total structural system shall be designed by using the results

of the dynamie response analysis with regard to the influenee of the surrounding topography

and geology in accordance with the provisions in Chapter 4 "Dynamic Analysis",

Equipment shall be provided for earthquake control and examination, and shall be used

in accordance with the provisions in the Chapter 5 "Preservation and Countermeasures for

Earthqualces" •

3.2 Design Requirements

1) Not only the submerged structure but also the total structural system, including

the effects of the surrounding topography and geology. shall be designed to provide

suffieient stability against seismic disturbances.

2) Every structural system of the submerged tunnel shall be designed in accordance

",ith the displacemel't, of the surrounding ground during earthquakes and design

s~ismic coeffieients. The structural system shall be designed and the results

examined by the dynamic response analyses.

3) The structural system in which the rigidity changes, i.e. joints, hinges and other

parts, shall be designed with regard to the effects the change in rigidity has on

the system and seiSDlic resistance of the submerged tunnel.

4) For the preservation and eountermeasures of the tunnel durin9 earthqualces, the

reliability of the operation of the systems of the submerged structure, the approae~

the ventilation tower and other equi~nt shall be considered.

3.3 Loadings and other Conditions in the Earthquake Resistant oe<ign

3.3.1 General

1) The following Loadings and Conditions shall be talc.n into account in earthquake

resistant design. The Appropriate Loadings shall be selected from this list on

the basis of the location and the type of t~le structure.

a) Dead Loads

b) Earth Pressures

c) Hydrostatic I're..sures

d) Buoyancy or Uplift

e) Live Loads

f) Effects of Consolidation and Settlement of the Sub-gn..md

<]) Effeets of Temperature Change
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h) Iffecta of Shrinkaqe due to Hu.idity in COncratl'l Structura.

i) Other Load1n4. (Tidal Wave., ate.)

2) 'ftla follcwinq ..b.ic affact. shall be taken 1.nto accoWlt in earthquake redstant

de.i9l1.

a) Dilplaee.ent of the IUb-ground or Itruct ~el in earthquakes

b) Inertia force. due to the dead _ight of the structure

c) Earth pre.sur.. in earthquake.

d) Hydrodynamic pre..uras in a..~ chquakes

3) CClIIbination of Loads

o.si9l1 conditions shall be determined considering the loading conditions a)

through h), given in the preceding article (1) and in addition the loading

effectl h) and i) in accordance with the site conditions.

3.3.2 Ground D~splac...nt in Earthquakes

1) 'ftle displac...nt. of the .Ub.urface ground in which the submerged tunnel is

.-bedded shall be determined in accordance with the provisions given ir. Section

3.4.2.1 "Ground Dilplacement in Earthquake Resistant DeBiqn". The ground

Displa~t for the desiqn of sw-rged structure. shall be taken as the

ground displacement at the level of the longitudinal axis of the otructure.

2) 'ftle plana where the ground displacements are applied, shall be taken a8 the

horizontal and the vertical plane on the axis respectively.

3.3.3 Inertia Forces

3.3.4 Barth prellur•• due to EarLlquakes

3.3.5 Hydrodynamic Pres" ....:es due to EarthqUllltes

3.3.6 Soil Layer. Where the searing Capacities are Neglected in
Earthquake ..sbtant Desiqn

3.4 o..i9l1 Earthquake Ground Motion

(OIIIitted)

(omitted)

(omitted>:

(0IIIiteed)

3....1 General

1) The ground Di.plac...nt and the de.ign sei..ic coefficient shall be ta~en into

account in the desi9l1 of the submerged tunnel

2) The submerged structure .hall be desiqned by the sei_ic deformation I118thod iond

~ seisaic coefficient method.

3) Ventilation towers and other struc":ures can be designed by the seisaic coeffi

cient _thad.

3.4.2 o.si9l1 Earthquake Ground Motion

3.4.2.1 Ground Displaceaent in the Earthquake Resistant Design

The ground displacement. in the earthquake resistant design, shall be ••valuated

on the balis of the ground displacement considering the nature of the earthquake

ground DICtions N1d the soil conditions.
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(OIIlitted)

3.4.2.2 Base Rock Accelerations in Earthquake Reshta.,t Design

11 The horizontal base rock acceleration, in earthquake resistant design, shall

be evaluated in accordance with the intensity of the earthquakes at the

construction site and the importance of the submerged tunnels.

2) The vertical basp. rock acceleration, in earthquake resistant design, shall be

taken as one half of the horizontal base rock accelerations.

3.4.2.3 Design Seismic Coefficient in the Seismic Coefficient Method

3.5 Earthquake Resistant Design of Submerged Structures

3.5.1 General

The submerged structure shall be principally designed by the seislllic deforlll&tion

method. However, the seismic coefficient method can be applied to the design of the

transverse tunnel sections and the examination of possibility of the sliding of the

submerged tunnel.

3.5.2 Seismic oeformation Method

The submerged structure shall be designed in accordance with the Seismic Deformation

Method.

3.5.3 Seismic Coefficient Method

3.6 Earthquake Resistant Design of Ventilation Tower

(omitted)

3.6.1 General

The earthquake resistant o."sign of the ventilAtion tower shall provide appropriate

stability against seismic disturbances for the tCtbl structural systea of the submerqed

tunnel, considering the conditions for the connection with the submerged structure.

3.6.2 Earthquake Resistant Design of Uu Ventilation Tower

The ventilation tOIler can be d.-signed by the seisa:ic coefficient method. The C:esiqn

seismic coefficient, in the seismic coeffi~ient .-thad, shall be determined in accord

ance with the provisions in Spction.

3.4.2.3 "Desiqn Seismic Coefficient in the Sei~~i~ coefficient Mathod"

The directions of the inertia forces and the design method shall be determined

in accordance with the provisions in indiVidual related SI:~ification8, according

to the type of the ventilation tower considered and the conditions of the construc

ticn site.

3.7 Earthquake P~sistant Design of ApproacheE

3.7.1 General

3.7.2 Earthquakd Resistant Design of Approach

(OIIlittedJ

(omitted)

3.8 Stability of Subqrounds

3.8.1 General

The stallility of the qrC'und around the subalerqed structure Ahan be evaluated.
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3.8.2 Stability Analysis of Ground

The Stability of the ground can be analyzed by the s..i.mc COIlfficient _thod

".ll8Iing a .lip plane. Also the sw..rged .trlWture shall be analysed to avoid the

critical damages due to the ground displacement evaluated by the d~c analy••••

3.8.3 Stability of the Soil-use for Submerged Structure Fill

1) Liquefaction

A soil which is prone to liquefaction during earthquakes .hall not be Uled for

soil fill for submerged str~.~ures. The estimate of liquefation shall be

evaluated in accordance with the provisions given in .;ection 2.6.! "Stabiltiyof

Sandy S011.".

2) Examination of Sliding

The stability of the sliding of submerged structures in the transverse dire.:tion

ahall be analyzed in accordance with the provisions in Section 3.5 "Earthquak.

Resistant Design of SublMrged Structure".

3.9 Allowable Stresses

3.9.1 General

The allowable stresses of the materials, and the increase of the allowable .tre.se.

for earthquake resistant design shall be determined in accordance with the structural

types and the importance of the structures.

The £tress~s shall be required t' be based on tt,e various Specificatior.1

and the consideration of the assumptions in the de~ign and the procedure and operation

in the construction.

3.9.2 Allowable Stresses of ~o~crete

~.l The allowable stresses of concrete, for use in submerged tunn",l., shall confora

to the pr~visions specified in the following:

Standard Specifications of Concrete,

Japan SOciety of Civil Engineers

2) The allowable stress of concrete p14ce<i in water shall be determined on the

bads of experi_nts of simulated fielel conditiolls, bec.Wle of the la.:k of

reliability of the unifurm quality of the concrete.

3.9.3 Allowable Stress of Steel

1) The allowable stress of .teel used for sublllerged tunnels shall conform to the

provision. specified in the following Specifications.

For reinforcinq Bar»;

Standard Specifications of Concrete,

Japan Society of Civil Engineers

For Structural Steel, Except for Reinforcinc; B.~rsl

Standard Specification. for Highway Bridge., Part of St••l Bridg•• ,

oJapar. Roa.l Association
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2) In the cas. of minor cracking of the concrete, the allowable ten.ile etreaaes

aha..l be deaignated in accordance with the effect of cracking of concret•.

).9.4 Inereaae in the Allowable Stre••ea in the Earthquake Reaistant De.igl'

:) Ua. of the allowable .tresses specified in the provisions of the Section ).9.2

"Allowable Stre•••• of Concrete" and the Section ).9.) "Allowable Stre••e. of

Ste.l", the increase of the allowable stre.ses .hell be allowed in accordance

with the following COIIIbination of loadings;

Table ).)

C~ination of Loading

ordinary Load + Earthquake
Loading

ordinary Load + Effect of ~.
Change + Shrinkage + Earthquake
Loading

Limitation of Increase of
Allowable Stress

65\

•

Note) In this table, the fundamental allowable tensile stress shall

conform to the provisions of Section 3.9.2 "Allowable Str.sses of

Steel".

2) If the provisions of the Section ).9.1 "Allowable Stresses of concrete" and

the Section ).9.3 "Allowable Stresses of Steel" are not used in the evaluation

of the gross allowable strength of the section of the structural aember, the

allowable stresses for ordinary conditions and seismic conditions or the safety

factor shall be determined on the basis of the experiments or equivalent ..asures.

).10 Earthquake Resistant De.ign in Detail

).10.1 General

3.10.2 Attached structure

).10.) Pile Foundation

3.1014 ventilation tower

(omitted)

(omitted)

(omitted)

(omitted)

Chapter 4 Dynamic ADalys is

4.1 General

Tt.e dynamic analy.is for the design of a submerged tunnel is divided into the dynamic

analysis for the partial structural system and the dynamic analysis for the total rctructural

aystea.

4.2 Earthquake Responae Analysis

4.2.1 Gen,!,-al

The ealti\~uake response ana~ysis for the submerged tunnel shall ~ conducted for

the indivi.·,al items of the structural system, such as the surroundi~g ~round, the
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sw.er9ed structure and the ventilation tower. in addition to the total structural

sys~. The analysis shall consider the dynamics ot the soil-structure interaction and

the characteristics of earthquake ground -etians by utiing the _thod which can simulate

the dynamic response of the s~rged tunnel as close as possible.

4.2.2 Method ot Earthquake Response Analysis

The earthquake response analysis can be conducted by using one of the following

two methads.

lA) _thad using the averaged response spectrllll,

(8) lllethad using the original record of earthquake motions.

4.2.3 Mechanical Model

The mechanical model, for the earthquake response analysis, shall be individually

designated to represent such structural systems as the ground, the sUbrp.rgeJ structure,

the ventilation tower and the sUbmerged tunnel of the total system and taking ~nto

account if necessary the effects of the existence of the water. The dynamic properties

of the ground, such as natural period, vibration mode, dampin9 characteri~tics and the

dynamic characteristics of the submerged structure and the attached structures, and

the dynamic interaction among the ground and the structures shall be taken into

account in representing ~chanical mode.

4.2.4 Input Earthquake Motion

The input earthquake ground motion Shall be designated by the maximum acceleration

and the characteristics specified in the provisions of Chapter 2 Qlnvestigation".

The input earthquake ground motion shall be applied to the base rock.

4.3 Dynamic Model Test

4.4 Designation of Safety

(OlIIittedl

(OlIIitted)

Chapter 5 Preservation and Cour.·ermeasures in Earthquakes

S.l General

For the purpose of preservation and countermeasures in earthquakes, earthquake

equipment chall be installed in the submerged tunnel. The security and the stability of

the tunnel are guar~teed completely by using the equipment and also conducting inspections.

S.2 Preserving Equiplllllnt

For the purpose ot the preservation and counteI1ll8asures in earthquakes, the following

equipment shall be installed. This equiplllllnt shall be guaranteed to have normal operation

dul'ing earthquakes and have periodical inspections.

1) Sensor, recorder and system of notification for earthquake ground motion

2) Sensor, recorder and system of notitication for the level of tidal wave and tsunam~

3) Traffic control system during and after earthquake

4) Sensor, recorder and system of notification for settlement and spill water

S) Syst... tor evacuation and induction

6) Emergency power plant
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7) System for inapection of traffic

8) Dra1nag. and system of protection for inundation

9) other (strain-..ter. stress-meter. etc)

5.3 Pre.erv1ng OPeration

By ~loy1nq the pr.servin9 equi~ntl. the c:ountenDeasure for the .ecur i ty of traffic

and the .afety of the structure shall be applied 1n accordance with the intensity of earth

quakes et the location of the tunnel.

S.4 Inspection for preservation

'!'he tunnel structure shall be maintained by inspectian. for proper preservatior.. The

inspection shall be periodiCAlly cond~::ted. and also the temporary inspectian shall be

coniucted during earthquakes of the stl'On9 intensity.

S.S Investigation sfter ~arthquak••

'!'he adainistrator of the s~rged tunnel shall immediately conduct an investi9ation

of every portion of the tunnel after earthquakes of high intensity. The results of the

investigation and the proper countermeasures shall be employed and recorded.
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JOINT RESEARCH PROGRAM UTILIZING THE
LARGE SCALE TESTING FACILITIES (FREE DISCUSSION)

Nakota Watllbe
Senior Staff Scientist

Structures Division
Building Research I~stitute

anrl

Nasaya Hirosawa
Senior Staff Scientist

Structures Division
Building Research Institute

and

Shinsuke Nakata
Researcher

Structures Division
Euilding Research Institute

ABSTRACT

Recentlr the United States and Japan havE' II"d., progress in aseismic design of R.C.

Structures based on the testing of R.C. members, in which these tests have shown the impor

tanc' or ductility in columns. However there are a rew seismic studies based on the

loading tests of full size structures. Fortunate'y. in Japan there is the greatest loading

test facilities in the world, with new larger facilities n.lW under construction. By ~sinq

these facilities full size asemismic tests can be conducted. This proposal provideb.

plan for the testing of reinforced concrete structur~s with shear walls, which should be

the first step toward developing an international aseismic code.

Key Words: Dynamic Testing; Laterial Load Simulation; Models; Shake Tables; T~sting.

11-1

\.



Recent Research Progre.s

R.C. structures are g~nerally recoqni~ed to have Buffic~en: earthquake resistance.

~ver in 1968, the Tokachi-Oki earthquake induced extensive damage to school buildings

in Japan. In 1971, the San Fernando earthquake induced seVt!re da....e to hospital buildil\9s

in the USA. ~nation of the earthquake ca-qe indicat<4d that many R.C. colUIIUUI sus

tAined severe ~ge. particularly shear failures. Thu. the problem of the need for &lct:ility

of R.C. col~ vas reconfirmed. Therefor~.ince 1973, G research project was organized by

the Ministry of C~nstruction which included tests of al~ut 200 R.C. ~olumn specimens. The

following lists 501l1e of the results obtained frOlll th••• testsl

(II All types of failure mode~ of the columna vere defined precisely from the tests.

They co~slat of shear diagonal tension failure, shear compression failure, shear ten

sion failure, bond splitting failure, and bu~klin9 of the main hars. Empirical equa

tions relative to strength associated with each mode vere then established.

(2) Load-deflection curves of all t}pe of columns were standardized and the limitation

of web reinforcement (quantity, shape and arrangement) for ductile members vas

determinEld.

Further Problem

At present many experimental studies have been conducted on colUlDns, beams and shear

walls. However, there are many fields atill unexplored. For example,the seismic tests

(static and dynamic) of full size structures with slabs, shear walls and four~ations need

investigations. The.e te.t re.ults ~uld provide insight on the difference between the

behavior of a structure and unit melDber, especially the anchorage of the main bars or

ground effects on the walls, etc. Previous studies on the structural damage due to

earthquake were based only on ~~r te~t. in the laboratory, and the behavior of entire

structures had to be based on many engineering ass~tions, which may lead to some errors.

rull size structural testing should be ..de in order to avoid such errors.

Plannil\9 of '1'est

.) Testing Facilities

In Japan. there are Iftrge d~ic and static testing facilities and ID&nY othels

nov under construction. Two such facilities are described below;

(Large Scale ~.rthquake Simulator)

This si.ulator syste.. is housed in the National Research Center for Disaster

Prevention and located in Tsukaba Research and Education City (that is now under

construci:ion) • The perfor.-nce of this silllulator is shown in Table 1. The te.t

platform i. IS by IS meters in plan, which allows free IDOtion in two directions.

The effective weight on the plaUora is SOO ton (horizontal IlOtion), and 200 ton

(vertical .-otton). The test platform is actuated by a 360 ton capacity hydraulic

actuator .t a lD&XilDum acceleration of 500 gals and a aaxlmua vel~ity of 37 calsee

and a aaxlmua displac.ent of ± 30 .. under dynamic conditions. rig. 1 shows the

relationship between acceleration. frequency and weight.
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l~e Si•• ~ift9 Facility)

This facility 18 fOl" both ltatiC and 4ynIa1c: full .u. ItrIK'tunl tau uift9

hyclraulie ••rw actuator., which are not uncleI' COIWtruction. The plan and .action

of thi. facility are .hGwn in Fi,. 2. Th. facility conai.ta of two blocka A and a,
and a _11 fOl" bori&ontal r_ction which 18 located alOll9 the periphery of the blocka •

• block baa two reaction ~la i.JI two direcUona. All the teatift9 ay.t_, lotl4ing,

vibracion .00 .uur_nt are directly controlled by a CClIIIP\ltar~ in thi. f.cility.

Piq. ) .how. an ...-pl. of the t ••tift9 capacity of thi••y.t...

b) Deecription of ,...t struct=.

A8 a fint .taqe of the t ••t1nq project, it 18 propoaed that a four .tory blllldtn9

.ith .hear .alll be t ••ted, u .hoIm 10 Fiq. 4. 'l'be type of .hear .,all• .,ill include

1IO~1 typea, precut .alla and .Up wall.. Conl!uccift9 of thi. te.t wlll pera1t

.olution of .lICh probl_ u the actual behavior of near _118, .ffect. of the founda

tion, .011 cond1tio.18 and th••c:hllni_ at Itructw'al yi.lding. Th. te.t .trllCtur•

•• ahown in Pig. 4, 11 one ...-ple,oth.r typea of tui14tll91 however, ahould De in

cluded if] ~ project. i ••• atruct:ur•• without ahe&.l" ..all. l'ln4 with abort <:01_ or

10119 <:01_, long .pan Itruc:tur•• and ~y typea of grOWld COIl41tione.

Conditione

IIIpOrtant bui14ill9a and _urial. IIUIt be protected 4ur1n9 atrOll9 .arthquak... Pree

thi. Yi~int, th.refore, our firlt atudy abou14 be th. de¥8l~nt of full Ii•• u.i.-1c

".fOlItl ui09J~ large .eal. f.,cUiti... Syat.-atic fl.lll a1&. teate in cooperation

between the U.S.A. and Japan .,ill paunt • better undentan4in9 of facton in oreler to

a.tabU.h an international atan4ard ...1&.1c: 4••i9ll code.
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&ul'l'IIgOAU DISASTEa IIITIlaTIOlt f

A Joint -....reb~

by

Charl•• c. Thi.l
and

John 11. SCal&!
PZ'09r_ MIula9er••~ EnlI1_r1n9
" • .-reb AwUcatioali Dlrectiol'ate (IWQI)

...tl_l SCl_ Poun4atlon

'l'hb paper di.cue... the current earthquake raaeuch be1nq undertu.n In tbe USA

under .p0ft80nhlp of the IISP. In ad4ition. pOe.!!)!e cooperative re.earch .tudi•• between

the USA and J'apen uti da.cl'1bed.

ley Worel.: luileliq.; larthquake.; .....rch; Structure.; Structural Eaalneeriq.
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"'-.'011. recent publications attest to tM

ear·.hquak.l. to the people. and ecomm•• of the

quak.. of thia decade are gr1lll relllinders of the

serio\18nels of the hazard presented by

United States and Japan. The damaging

severe i~sets of the 1923 Tokyo and 1906

san Franei.aco event.. In the interveni.nCj years these cities have grown, CClncentrating sub

.tantially qreatGr populations likely to experience earthquakes of comparable inte:lsity.

Urbanization COI"bi"ed with industrialization are increa.ing Qur vulnerability not only to

calaa1toUi life losses but to major economic disruption and di.slocation through lost indus

trial capacity.

These are n~t problems wl.thout potential resolution. It is • tenet of engineering that

we can devise strateCjie. at SOlll8 cost that will reduce the potential for disruptJop.. It is

this belief that drives the research proce~s to discover and develop better economic design

and construction practices. our joint national interests in this area are con~i~tent and

cOIIIP&tible: to control the censequences of earthquake occurrences through lillliting life

los. and injury, pr~perty damACje and social disruption.

The United States pr09ram of research in earthquake mitigation is directed at the

devel~nt of

(A) economically feasible design and construction methojs for building earthq~e

resistant structures of all types, and for the identification and repair of

~istinCj he~ardous structuresl

(8) an operational program for predicting damAging earthquakes and their physical

effects in the seisroically active regions of the United Statesl

(e) procedures for integ:o:atin9 d~ta and information about seisaic risk with on-

9Oin9 land use planning and regulation activities I

(0) procedures for identifying, evaluating and accurately characterizing seismic

haurda in earthqual<e-prone regi.onsl

(E) illproved understanding ot the social and econOlllic consequences of individual

and community decisions on earthquake-related issues, eaphAsizing risk con

trol. pre-event planning, issuance of varnings, provision of emergency ser

~ices, rescue, recovery and redevelopsent, and

(F) ..thads and procedures for the control or alteration of seismic phenomena

and their effects on existing structures.

The achievement of these objectives will require the concerted effort of many profess~onpls

working in con"Jrd.

The probl_ posed by earthquakes to the u.S. are cOlllP&rable in most ways to those

posed to Japan. Both our count.ries have elllbarked on extensive programs of research in

engineering, seiamology, geology and the social sciences to develop earthquake mitigation

procedures conaistent vith the above objectives. It is certainly true, in the U.S., and

a~.t surely true in Japan that the magnitude of the research prOble.. ve face are signi

ficantly greater than the man power and financial resources we can bring to bear to resolve

.;.~.. Under the auospicea of the U.S. - Japan ParKl on Wind and Sei_ic Effect. we are now
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-eeting for ~e seventh time to discuss our mutual p~oblems and accomplishments. This is a

v1tllll el_nt 1n keeping ourselves Jointly informed 0' the work beinq pursued i .. our res

pective countries. We believe that it is new time to escalate our activities to the next

logical plateau: the conduct of joint and complementary research projects.

First an observation. This panel has by the very nature of its JDe~'!!rship been

strongly oriented toward engineering problems. But the problems we face in earthquake

disaster attigation are not stmple engineering, or for that matter seismological, economic

or political. There appear to be eiqht approaches to limiting earthquake impact, four each

of a physical and social type:

Control the event by prevention or modification of the event:

l~ticipate the event so that remedial actions may be taken;

Identify the seismic potential of areas;

Construct facilities so as to perform acceptably during and after the event;

Plan for the warning, response, and recovery to the event;

Distribute the eco~ic risk;

Generate and select alternative physical development plansr And

~opt and enforce zonir~, construction and management standards.

Clearly if our panel is going to focus on the p"oblem of reducing earthquake impacts,

we must extend 1ts membership (or foster companion panels) to take advantage of the experi

ence and capabilities of the other diciplines. The area of earthqUake prediction is A vital

area, advancing quickly in our respective countries. This panel could act as a focus for

the exchange of .utually beneficial data and accomplishments. We propose, at the least, to

extend th~ Panel's activities to include prediction as a sub-panel, possibly meeting separ

ately. In the main, we propose to extend the Panel to address the full range of earthquake

disaster mitigation methods.

As noted above we also feel that it is time for us to begin thG pooling of our joint

national research resources to resolve problems of public safety. As noted in the appended

list, th~ NSF proqram has made substantial investments in research in a variety of areas.

In keeping with our goal to extend the scope of the Panel's activities, we propose that six

specific areas be targeted for potential joint research:

1. Public policy implications of earthquake prediction;

2. Large scale destructive testing/

J. Design of industrial facilities/

4. Instrumen~ationat foreign sites,

5. Land Wle planning/

6. Structural upgrading, repair and retrofitting,

These areas will be discussed individually below:

1. Public Policy Implications of Earthquake Prediction

The issuance of predictions of damaging earthquakes in selected geographic areas may

well be upon us. Forecasts could be one mechanism for reducing potential loss and disrup

tion fro. earthquakes. With extended lead tiDIes, actions could be taken to inspect and

strengthen buildings, upgrade the ~ei..ic resistance component of buildinq code requirements
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110 all _ StrllC:tlU•• WOIU.c! ~ l ••s suaceptible to ~ge, iJlprove land uae zoninq regula

tiolUl to lialt or prohibJt colUltruction in especially hazardous are.. and, of courss, UI the

forecalted event dAy ~rnadhes, plana for partial or cc.plete evacuation could be carried

out.

on the other hand, the negative colUlequer.ces could br enoEW:>ua if an extended period

of uncertainty followl a foreca.t for a daaaqinq earthquake. Public and Private invest.ent

aqenta _y drastically reduce their construct.ion and develoPlll8nt in the area a .. well a. cur

tail produ~tion and oaasercial activity that could trigger an extended showdown in the

local economy which would ~ reflected in increased unelllPloYJllllnt, reduced private ince-,

.hrinking tax DAse, and increased d.-an~. for publ~c .ervices.

Today there i. no base of .cientific kn~ledge to providp infc~tion on the benefits

or dia: ... ·n.Uts of IUch llctions. L1aited studies have been initiated in the United States.

They are, how·!.,.r, confi.ned by the tt.e frame in which the re.earch au.t be ac~li8hed and

by the need t<:. veUdate policy r~ndations by ob.ervinq the rublic's respon.e to actual

prediction.'1. A j""int prl."1r_ of cooperative research could _terially reduce the tiM fr_

in which ~is r ••earch il ea-plee.d and lead to a better utilization of earthquake predic

ti<..:\ for the ~ublic benefit. we p.,:,opo.e a four it_ cooperative program to achieve the

followinq objectivesl

1. To develop and intarpret a COIlPrehen.ive let of elllPirically t.ased findings regard

ing the probable response of organizations and 1ndividual citizens to early

credible earthquake forecasts I

2. To develop and IIPPly an effective _ans of informing organizations and the public

of the findings and their illlPlicationsl

3. To te.t in a rigorous f&shion the impact of the.e findings on organizations I aOC

4. To prepare rece-ndationl for legislative and adlllinistrathe actions.

Tb lacilitate such a program we propo.e that a bilateral meeting between appr,~riate

officials and res.archers be conce~in the near future to plan such a proqr...

2. Large Scale Destructive Testing of Structures

In the area of structural analysis and desi9n _ have relied heavily on our technical

clIPabilities with theory and C<lIIputers to develop concepts fo.. de.ign of structure. to re

silt earthquake forcel. Many of thel. concepti have ewlved from polt-ilUlpectionl of earth

quake ~e and shalte table result.. All beneficial as these concepts are theTa are .any

factors which cannot ~e evaluated by inspection or _11 scale tests.

~nq th. par_ter. for which better data iI required are: the three diMnlional

behavior of full size Itructures and individual COlIIPOnBnts Subjected to controlled seiaaic

type force., the deterainstion of the structural damping characteri.tics caused by the

various el_nte in a building, the connection. of varioua structural CClIIPOnentl and

equit-nt, the forc..s acting on various equtPl"nt caused tiy the interaction of the .tructure

and the equi~nt, the attac~nt of non-atruc':ural items and other it_ w1'ich are either

too large or too c~r_ to be handl.d on a ·.1balte table or confidently by analysis.

A plan to obtain the required dAta could be formulated by a Joint U.S.-J.\P&O proqr_

consilting of. (a) large scale te.tinq of exilting structures of various typa. of _terial.

IX-9

\.



and construction, (b) ps.udOl1ynaaic tests on full size specimens or structures cor.structed

to obtain specific data, (c) shalte table verifications where required for the plllllldo

d~c tests or for specimens Which ..y be considered full size.

At the present tiIM a tllW projects are underway to investigate the behavior of IIIllsonry

construction b'J pseudo-dynaaic test ..thods. Large joint spect.ens of reinforced concrete

fr.-e and shear walls are being analyzed and ~ested by pseudo-dynamic test procedures.

The result. of the... tests could be veri':ied by full size structural tests to evaluate

the tiM behavior in & structural systell. A prOCJram to extend the tests to full size

str.uctures to determine the par_tel's which can not be evaluated otherwise wolOl.d be IIlOst

desirable and beneficial to both ~untri.s.

3. Industrial Buildings

Up to the present tl.. research on buildings has been concentrated on the high rise

type of residential and c_rcial types because of the hazards to the lives of the occu

pants. Very little attention has been given or deYQted to other types of facilities which

are equally unimportant to the welfare of the ~ity. These are the industrial bulldingf

which provide tt.e economic base for the existence o~ the cOBIunity. The aD:>unt of earth

quake resistance in these buildings is dependenl. upon the design engineer of the building

who lIIlly or may not have had experience with earthquake design criteria. In general, howeve~

it appears that IIlOst industrial facilities have not been intentionally designed to resist

seismic forces.

The National Science Foundation is currently funding several projects which are re

lated to the industrial sphere of structures and buildings. Among these are: (a) the

analysis and shake table tests of ground storage tanks with varying heights of liquids.

(b) the seismic resistance of the IIIlljor structural components of fossil fuel power pll~ts,

such as the ooiler, the coal handling coll'veyor systell, the stack, the cooling tower, the

piping systems, and the related structures, (c) a study to determine the seismic vulner

~~ility of the electrical distribution systell will result in policy decisions for types of

spare parts, readiness of the operational crew, and similar type operational decisions.

As one views the industrial CCBlplex of both coun~.ries, it is a simple _tter to obse~

the IIIllnY types of facilities which will require intensive study and research to develop

economical design procedures which plant managers will be willing to accept. A joint

U.S. - J4pan prograa to investigate these irodustrial facilities viII reduce the dqplication

of effort and '.orten the period of impl.-ntinq the research results.

Areas of f'~ther research which could be undertaken in consort or separately are:

a. ,-'ydroelectric plants and all their appurtenances

b. other component~ of fossil fuel power which are not already under study such

as turbines,3n·j otber pieces of equi~nt.

c. refineri.s

d. cl.elllical plants

e. food processinq plants

f. warehouses, etc.
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A plan to attack these problems with the greatest benefit to each country would be to

assign certain projects to each nation and combine the results. Thereby, each nation would

not duplicate the other and the total results would be obtained in much less time, than

would otherwise be possible by eac! cnuntry doing all of the research alone.

4. Instrumentation at Foreign Sites

At any given site earthquakes are relatively rare events. This is fortunate for the

possible affected populus, but leads to inherent difficUlty in obtaining strong ground m<'

tion useful for extending our design practice. Both the United States and Japan have ac

tive instrumentation programs designed in part to instrument sites of likely 6ctivi~y to

yield data on both ~ fOund design and bUilding response. Both our programs are w..ak, however,

in that we have not necessarily placed these instrumentation networks in the areas of the

world where the data return is likely to be the highest. To date we have amassed a sub

stantial data collection for low magnitude and intensity events. As intensity and magnitude

increase, the recorded data falls off at least l"garithlllicallYI indeed data at damaging in

tensity levels for earthquakes with Richter magnitude above 6.S are virtually non-existent.

Yet our design considerations are dominated by this magn ...tude event. There is a definite

world need for near field strong motion data for quakes of magnitude 7 and <'ver. Since

they are infrequent (particularly in the 8.0 range) we must place the networks where these

magnitude events are DIOst likely to occur. This involves the placement of networks outside

of our respective countries. Since we both benefit from this data, we ought to pool our

resources to design, place and maintain these systems.

To accomplish th~ goal of th~ timely collection of near field, large magnitude, strong

motion data we propose the joint development of special arrays to be placed outside our

respective countries through the follow;ng steps:

Select regions of the world with sufficiently high seismic activity which are
expeditious to develop in such arraysl

Define the nature of the arrays which may be utilized effectively for this purPOS~1

Evaluate the instrumentation needed to implement these arrays,

Design specific arrays for several of the active areas selected in the first tasksl

Jointly place and maintain the instrument sites;

Regularly exchange data.

S. Land Use Planning/Site Plannirl~

Averting or lessening the potential effects of many geophysical based disaster can be

achieved by regulating the use ~o which land is put and the materials and m&thods employed

in the design and construction of physic~l facilities. For the DOst part, seismic land use

considerations in the U.S. have been either through the publication of seismic risk maps for

seate sized regions, or through the imposition of relatively vague legislative admonitions.

In California's caae, they have enacted a statute that requireq the consideration of

earthquake hazards in each communities master plan, altho~gh there is little a~reement on

what such an jncorporation should entail as its technical content. Land use is a techniq~

that offers the opportunity for control not only of earthquake related damage, (8hiJ.king,

faulting, landslides, tsunami, etcJ but also for other geobased hazards. Within the U.S.,

IX-ll
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it is ~likely that land use criteria based solely on earthquake hazard can be widely adopted.

When floods, landslide, eart'lquakes and allied hazards are consid~r"d. there is some likeli

hood for t.pleDenting technical land use criteria to reduce the public hazard exposure.

Research in this area is embryonic in the U.S. and we conjecture that it is also in Japan.

We propo_e that a binational working group be established under tha auspices of the Panel

to investigate the most appropriate objectives for joint activities and develop an int@qrated

research/information exchange program to implement these objectives.

6. Structural Upqrading - Repair and Retrofitting

Most current structural research and that of the past years has concentrat~d on the

behavior of mat~rials components. structural and systems in order to develop techniques to

t.prove new conetruction. Very little, if any research was devot~d to the problem of retro

fitting for strengthening purposes, or repair after an event. These wer~ left to the

jud~nt of the engineer or building official to decide how the bu~lding was to be re

paried or strengthened. Their decision was usually based on past personal e~Jerience rather

than research result3 and. in general. rhese professionals have perfomed well. However.

because many large cities are in potentially high seismic risk zones, and nave many old

buildings which are subject to damage if ,In earthqUake strikes, it is imperati~~ that

consideration be given to thp problems of retrofitting and repair.

In recent experimental studies of structural components it has become the practice to

test specimens up to a failure point, ut not to total destruction. By this method repairs

are made using epoxies, or grouts and the specimen is retested to determine the new load

resistance capacity. Comparisons of the effectiveness of the repair techniques are made to

determine the best possible method.

A spe~ific project is underway to evaluate the resistance of structures up to four

stories in heigr.t, typical of school buildings, and to determine the most cost-effec::ti_

aethod of retrofitting the building. Various ~terials, such as steel and reinf0rced con

crete with different framing systems are to be studied. The objective for the project is to

develop & methodology for the evaluation of an existing building and to outline the various

methods which may be used to retrofit the specific building.

No doubt, in both countries there are many build~~':s which could be retrofitted to a

higher seismic resistance and consequently provide • greater degree of safety for the

occupant••

A joint program outlining the types of buildings each country could study would certain

ly reduce the t:'- and cost of obtaining this most useful information. A subcOlllllittee (.'

this panel could meet to decide the distribution of activities L~tween countries which

would lead to a co~n goal.

COnclusion

The time is ripe for our two countries to extend our cooperation in the earthquake area

frca one of information to one of joint endeavor. we propose to accompl~sh this through

two actions. First to extend the participation in tte Panel to all of the disciplines en

g&ged in earthquake .ttigation research and implementation. Second that the Panel foster a

IX-12



serie. of focused re_arch .tudie. to be undertaken jointly. Cbviously 50uch W1dertakings

will require both the ~tlIlent of ti_ and personnel . develop the proqrlllll and the

allocation of r ••ources to carry it out. We are prepared to Act AS the '\:,:3.1 po:"nt. for

devel~nt of the U.s. participation in .uch • pl~~~ing effc~~.
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HIGH WIND STUDY
IN THE

PHILIPPINES

by

Noel J. bufut.
Federal Buildinq Proqr.. Coordinator
Office of Federal Bui14in9 ~hnoloqy

Center for 8ui14i09 TWchnoloqy
Institute for Applied Technoloqy

National Bureau of Standards
Wa.hinqton, D.C. 2023.

A revi_ of the National Bureau of Standards thr..-year h19h vin4 study in the Philip

pines ts presented. ACOQDplishments 4urinq the first two years of the study ars discuased.

Principal accomplishments include 1) formation of a Philippine Advi~ ca..ittee to coor

dinate local wind research, 2) selection of three field test sites, 3) conatruction and

instrumentation of six test buildinqs with w1nd recordinq equi~nt at the t ••t .it•• ,

41 instrumentation of the University of Philippines wind tunnel. and 5) participation in

two international workshops on hiqh winds in Manila.

Key Words: Hiqh winds, Philippines, field studies, insen-ntation, wind tunnel t ••t.
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Introduction

The National bur••U of Stand.rd. (IIBS) 18 d.v.lopill9 1IIproY*S de.ign criteri. for low

rise buildinq. to better ....i.t the .ffect of _tr_ wind.. '!be thr_-y.ar projel:t i.

sponsored by Aqency for Int.rnational Devel~t lAID).

Thi. re.earch proj.ct originated frca rec'9nition of • need for ~itional r ••earch to

suppl_nt the lilll1ted .-aunt of .x18tinq data COIlCernill9 the .ffect. of wind on low-ria.

building•• e.pec~ally in d.velopinq countri... Many .xi.tinq crit.ria for wind loads

de.ign do not .at. provi.ion for .teady and fluctuating wind pr•••ure. .101\9 the edq.. of

roofs and walls where flow s.parations occur. y.t wind pr•••ur•••long th••• regions are

one of the primary contributors to b\'ildinq ~q.s. Thi. r._arch and thfl r ••ultant

develo~llt of .uitable d.sign criteria and _thocSoloqi•• will reduce loa••• of .tructur••

ar.d live. in the count~ie. wh.re the crit.ria are applied.

The Philippines experi.nce the high••t worldwide annual frequency of intens. tropic.l

storms. Within the Philippin•• , the frequency of tropical .to~ i. qrea~••t in Luaon.

statistic. indicate th.t between 1948 and 1971 the Philippine. were exposed to 482 tropic.l

IIto~, or an averaqe of 20 per year. As .uch, th••• occurr.nce. -.Jte the Philippine••

natural laboratory to .....ure wind load. on buldill9••

NBS'II .xtr_ wind .tudy include•••veral CClllPOll.nta. It 18 baaed larg.ly on fi.ld

work (collection of wind loading data frca ••ven field te.t buildinqs) and frQa wind

tunnel te.ting of building .cale ~el.. Th••tudy aillo incIud•• a review of clt.&tologi

cal data from the we.ther bureaus of the Philippin•• and two oth.r d.velopinq countri•• ,

Banq~.d••h and J ...ic.. Socio-eco~c, .rchit.ctur.l and .tructur.l d.ta, frca the Philip

pine. and ot~er developing countries will be included in the ~l.-eDtation eapeeta of

this study. In addition, knowledge about wind effect. on buildinq. obtained in oth.r

countries .uch as the United S~ate., Japan, Australi. and the united nf\9dcla will be used

•• required.

It .hould be noted that Dr. Richard lIar.ball, the principal inve.t1qetcr. i. re.pon

sible for dinctinq the wind research activities .. di.cue.ed in this report. The.e

activiti•• are found on paq•• 3 - 10.

Background Information

The first .tep in perfonli.nq thia r •••arch wa. to id.ntify intere.ted orqaniaatione,

agencie., univer.iti•• and other group. within the Philippines, .elected Bay of Benqal

countries and .everal northern caribbean islands to .....their degree of int.r••t for

poasible in-country project participation. on April 27, 1973 th. Philippine AdVisory

C~ttee wa. formed. Prof••sional. frca various buildinq related n.lda wer. brought

toqether. t11. responae froa the Philippine GOftn-.nt and the privat••ector nUllbered

more than 30 aci.nti.t., engineer. and r ••••rch.r. r.pr...nting qove~t entiti•• ,

profeasional organiz.tions and priv.t. qro~. Alao included _r. the USAID 1Ii••ion to

the Philippine. and the U.S. National Bureau of Standarda. 'l'be Philippine Al!v1aory cc.
..itt••••ne... the focal point for coordinating project activiti•• centerill9 in the

Philippin•••
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'rbe ~tt.e i. COIiIIlO.-d of the foll_ill9 orqaniaat1ona:

UIliftlraity of the Philippi...

Philippine A~er1e Geofhy.ic:.l an4 ",-uonca1cal Service. l'l4ainlltratiol'l (P~)

National ~infi COrporation

lAnd and HcNa1n9 oev.los-nt Corporation

Peopl•• ~.i~ and HouaiJ19 Corporation

GOYe~nt S.rvic. Insurance syat_

SOCial security Syn_
Philippine Standard. uaociaUon

A. •• Plor.. and Aaaociat••

:.Iational Bulldinfi Cod. c:o.iU ..

National SOCiety for Sei.-oloqy and EArthquake Engineerinq of the Philippine.

uaociation of Structural Engine.r. of th. Philippine.

Philippine Institute of Civil Enqineers

Sue••u of Public ~rka

l"hiU.fpine Civil Mronllutic. Adainiatr.tic.n

Mational Science DeYelos-nt Board

USAID Mis.ion to the Philippinea

8&nql.c1esh Uniftlrsity of Enqin..rinq and TeChnOlogy

CARE, Inc.• 8&nqladeah

DOuet, Brown, Ad4lIu and Aasociates, J_ic.

U.S. Mational Bur.au of Standards

In ad4ition to IIBS and AID lupport, principal ~n fr~ tl,e above groupe donated their

tt.- and profeadonal experti•• , telt buildinql. land to conatruct ~.. t buildinql. acienti

fie facilitie. and fundinq for continuation of Philippine re.earch'activities.

In 1114-1973 two individual. _re ..lected. reprea.ntinfi the Bay of ..nqal and tile

nortil.m caribbean leland. Thea. individual. contributed infor.ation aboul their respac

tiftl qe<l9raphic ar••s a. inputs to tile c1evel,)Jllllent of final dedqn criuria. They will alao

transfer the pr~j.ct results to their r.spec~ive qeoqraphic .r....

Wind ....arch Activiti••

Field Telt Sitel

Three fi.ld te.t .it•••re being oPerated under the full-.cale pha~e of the test pro

qr... I~ order of selection and in.t.llation of equipMent. tlIey are a. follcwAI (11 Science

Garden at Quellon City, (21 Dut and (31 x.o.q City. A n.-ber of factors were co,-sic1ered in

••lecting the.e test ute., the fLal choices required~ cOllPr~b. in the original

selection criteria. The _in factor. 1n order of UIportance _re .. follOVlI

Hiqh frequency of extr... ·-inda,

Acce.sibility,

Availabiltiy of c_rc1a1 power,

Type of wind eXPOSuee, and

security
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The Science Garden site was an abvioUB choice since it is staffed with qualified PAGASA

technicilUUl. These technicians form the nucleus of a te_ trained by NBS in the installa

tion. operation and uintenance of test equi~nt. It was thus possUlle for the NBS te_

-..bers to transfer a siqnificant portion of ~~. in5tallation work and associated responsi

bilities durinq the early stages of the proqraa. ScienCe Garden also serve3. in conjunction

with the University of the Phili~pines. as the center for reference standards. spare parts

and 1ervice equipment.

Selection of the r8lll&ininq sites wa. not so obvious. PAGASA weather stations _re

selected because of the security and personnel available to service the equipment. In

addition. measurements of temperature and barcaetric pressure would be available, thus free

inq data channels for additional pressure measurements. In discussions with the Philippine

Advisory Committee, serious consi~eration was qiven to sites at Virac, casiquran, Aparii.

Baguio City, Daet and Laoag City. Virac and Baquio City were eliminated on the basis of

unusual terrain features (mountain top locations) which are not typical of wind ~xposures

for housing developments and would ~ extremely difficult to mod~l in the wind tunnel.

casiqutan was eliminated because of the difficulties of transporting equi~nt &~ personnel

for periodic _intenance and c'IEbration (boat service only). Aparii was eliminated bee.lUse

of plans to relocate the prese,t :'AGASA weather station site, and the lack 01 electrical

power.

Deet and Laoag City were selected with some ca.proadse on statistical independence and

frequency of extreme winds. .~ver. it is believed that other attributes of these sites

(eaFe of tr~sporttng equipment and personnel, availability of electric power, non-unusual

t~rrain featurep) more than offset these comproadses.

ArranqeBV,nts were made with the Philippine Advisory Committee to build te3t houses at

the sites a:ld. where possUlle or necessary. to use existing PAGASA structures. Test equip

_nt was 4s.embled. tested, calUlrated and packaged at the NBS for .hi~nt to the te.t

sites.

~cience Garden. Quezon City. The wind exposure at this site varies with wind directim.

be~ng relatively clear and flat from N to SE and slightly rough fram SE to W due to con

~truction of high-rise buildinqs some 500 metres away. The~· ; te is lIIOderately rouqh from

W to N due to local topographical features and other low-ris. building. on the test site.

Three test houses are instrumented. Basic plan diMnsions of the first two gable roof units

are 7 x 8 _tres. The tnird unit designed by CARE, Inc. in Banqladesh was shipped to Quezon

City for full-scale testinq. This building il barrel vaulted in end elevation and has plan

dimension. of 5.4 x 2.5 metre.. The data acquisition systelll is located in the PAGASA

Inbtrumentation Buildinq (adjacent to the first test house) which is a1r condition£~ and

relati~ely free frc. dust. A total of 21 pressure channels are available (an increase of

10 channels throuqh use of an auxili. ry siqnal conditioning syst_).

Dust Weather Station. The Daet site is approxiutely 230 kII SE of Manila. It is loca

ted next to the city airport which bord~rs the Pacific Ocean. The site haa a very flat and

clear e:.:posure with the excp.ption of a coconut qrove running fro- HE to SE adjacent to the

ocean. The _in PAGASA Station Buildinq wa. instr_ted. This is the only building under
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te.t which has a hip roof. The data acquilition Iy.tem i. inltalled in the ..in building'.

radar equi.-ent rae. vhich ill air conditioned.. An _rgency generating .Ylt_ i. availB1e

at thil .ite in the event that commercial power .ervice is di.rupted.

Laoa, City weather Stat.ion. This site is awroxima> SOO kID north of ManU". ,..

with Daet, the aite is adjacent to the municipal airport and ha. a clear and flat expoeure

for All directions. Two test houses wit~ plan dimension. identical to the test units at

Science Garden (but with different roof Ilopel and .aves overhang) were con.tructed, one on

the PAGASA .tation ground and one on CAA property. One of the two unit. i. located in

clos. priximity to two existing bUildings which will allow the influence of neighboring

.tructure. to be evaluated •

.....rch Equipment

Full-Scale Test Equipment. Bayed on technical needs, some of the data acquiaition

equipment was .pecially developed at NBS while the balance vas obtained from ca..ercial

.ourcea. T~e data acquisition system used in the full-scale test p:ogram con.iat of five

ba.ic aubsystem~: (1) the sensors of transducers. (2) a logic .ection, (3) a .ignal condi

tioner, (4) ~ recorder, and (S) a power supply. The equipment was a••embled. tested and

pack.ged for .hipment to the Philippines by the NBS project staff.

The <j"stem is desitned to continuously IftOnitor input signals and to go into a calibra

tion and n,cord sequence when the signal being IftOnitored exceeds a pre.et level. When the

recording period ends. the system enters a "hold" period during which no data are collected.

regardless of the signal level 0,", the channel being monitored. The "record" and "hold"

per>><b ar,- switch-selectable and are usually set at 20 and 30 lIIinutes. re.pectively. The

total record,ng time available on a reel of tape is approximately 6 hours. Thu•• the total

~tme period between changes in tape reels (assuming continuous high wind conditions) is

approximately 12 hours which is considered to be sufficient for most typhoon pas.ages.

Wind speed and direction are measured by a propeller-vane anemometer mounted on a 10

meter mast lveated far enough from the test buildings to register conditions in the undi.

turbed wind field. The anemometer is r~ted at 100 m/s and provides the signal which trig

gers the recording system. An ambient pressure probe is also mounted on the ...t just below

the &n6mDmeter and provides the differential pressure transducer with a standard referen~e

pre••ure. The pressure transducers are mounted in low-profile housings which are C:.sjgned

to cr.ate a pressure intensity at thpir center equal to the pressure that would exi.t on the

.urface of the building without the h~usinqs installed. This obviates the prObl... involved

with lIIOunting the transducers flush with the wall or roof /Iurfaces. The tr&n8ducer. are

fitted with a solenoid valve which is activated by the logic system on. minute before the

generation of pressure records begina. This value places the transducer in a "clo.ed-loop"

configuration. thus allowing the sub.equent record to be corrected for aero off.et due to

drift or loadinq of the transducer diaphragm with rainwater.

The logic portion of the data acquisition system normally operatea in an autaaatic

.ode. but provi.ions exist for manual intervention for the purpo•• of calibration or peri

odic system checkout. The logic aection also include. a time coda generator which provide.

both diqital and analog code of Greenwich Meridian Tillie (GMT) in day•• hour., a1n1lte. and
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seconls. The ti_ code gen.iator is s.t by radio countdown from PAGASA Headquarters in

Quezon City and nor.ally requires ~)rrection only two or three times a year.

AnalOCJ signals from the pressure transducer. are converted to DC voltage. (demodula

tion) and filtered by the .ignal conditioner prior to recording. The signals ue aleo

att.nuated to match the range of the tape recorder, thus providing a bette~ &1gnal to noise

ratio than would be po••ibl. by straiqht recordinq of the transducer outp'-1t&.

The recordings .ection con.ists of a 14-track analO9 tape unit with ;6.7 ca reels

containing 1100 _tres of tape. Usual record speed is 4.8 CIIII••c. The recorder i. normally

in a Mpowered downM lIlOde and only operates on c~ from the lO9ic section. As with the

lO9ic section, manual interventiQn i. pemitted for calibration, cleaJiing and rewinding tape.

Recorded signals can be reproduced in the field to check recorder operation.

With the pxception ot the Laoaq City test site, cOlllllercial power i. used to operate tte

data acquisition .y.tems. The Laoag City sit. is provided power by the CAA. To ensure

availability of power under storm conditions, all three .ite. are equipped with a backup

system of batteries. The ~atteries are continuously charged when external powe~ i.

available and provide .yst_ power (1l5VAC) by mean. of an inverter. When cOlllllerc1al power

i. interrupted, the batteries automatically switch on and pick up the load to supply the

data acquisition system for approximately 8 hours of continuous operation. The ~~tteries

are recharged automatically when .ervice iR restored.

Since typhoon winds can be expected to come !rom any direction, it is extremely diffi

cult to determine a Mbest Mconfiguration of pressuze transducers. Because roof structures

are known to be the lIlO.t .usceptibJ.e to wind damage, they received the highest priority in

tran.ducer .lloc.tion.. Extreme pressuree acting along ridge lines, eave. and roof corners

are cf interest as well •• the average uplift pre.sures .cting on the overall roof areas.

The ~unfigur~tionof pressure transducers is .rr.nged differently on each test building,

thus providing the ability to measure a gre.ter Lange of wind loadings. In all of the test

buildings, transducers were installed in,ide the building to me••ure internal pressures

which significantly influence the nee. roof uplift loads. An advantage of the test eq:1ip

_nt used in this study is that the pressure tran.ducer posit-I.-Jr.s can be easily changed

.fter a .tora to study wind pressure di.tributions on other parts of the test nouses, there

by enhancing the value of the data and reducing the lUIlOunt of redundant information.

Wind Tunnel Test Equipment. Tf'st equi~nt being used in the wind tunnel can be divided

into three categories, (1) pre••ure transducers, (2) wind .peed me.suring equipaent, and

(3) .iqnal conditionin9 and analysis equi~nt. The pre.sure transduce~s a.e quite similar

to thoJe being UGed in the full-scale tests except for the cylindrical transducer housings.

Normally, four transducers are installed in the building model although six units are

.vailable.

Wind speeds are measured by pitot tubes when mean values .re required. For measure

ment of wind speed fluctua"ions, hot-wire .n8lllOllleters .re used. The 'Ulemometen have an

extremely high frequency response and are well suited to making ~asurement over the

frequency range of interest (0 to SCi> Hz!. 'l\Io anetllCll."eter ..yst8llls are used, permhting

si-ultaneous ....ur.ments at two points in the tunnel for th! determination of integral
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scales (aize of wind quate). The second syst_ also prcwi4es backup if a cc:aponent should

fail.

Wind Tunnel Model.l.nq

The wind tunnel facility ~t the National Hydraulic ~~search Center (NHRC), University

of the Philippines, is being used to carry out a series of tests on models of the full-scale

test buildings. The cross aection of this tunnel is 1.22 metres square and 3.70 metr~s

long and produces a wind speed of ap~_'()Ximately 30 _tres per second. These JDOdel tests

have aided in the interpretation of full-scale studies anrl have allowed design pressure

coefficients to be determined in a systeaatic manner.

While it is not possible to exactly IIIOdel abl>capheric boundary layers in conventional

wind tunnels, an acceptable degree of siailitude is achieved by proper use of surface

roughness elements and vortex generators. This modeling technique used in the NHRC tunnel

was used in previous \lind tunnel aodel studies and was perfected for this applicaition in •

slight.ly larqer but quite dlllilar wind t.unnel at the Colorado State University (CSU).

Tapered spires are 9laced at the entrance to the test sect.ion to produce a sheared flow of

arbitrary turbulence intensity. The s~ires are followed by several row. of roughness ele

mente located on the floor of the wind tunnel. The roughness elements generate a turbulent

boundary layer which extends to a~st the full height. of the tunnel at. the dawnstre_ end

of the test section. Two ca.binations of spires and surface rouqhne~s elements were devel

oped which ~roduce turbulent boundary layers typical of s~~th and moderetely rough terrain,

respectively. The IIIOdel scale being used in these studies is 1,80. Ideally, this scale

should be dictated by the integral scale of the turbulence, the effective surface roughness

height and the length associated with the peak of the turbulent energy spectrUlll. Test

result.s obtained in the CSU studie"J suggest a scale ratio of frOlll 1:100 to 1:200. However,

the physical size of the .adel preclude. installation of pressure transducers at these

.-11 scales. Thus. compromise of 1;80 '1a8 used. Preliaainarj test: results and results

obtained in other wind tunnel IDOdel investigations suggest that scale aaatching is of secon

dary iIIlportance COlIlpared to intensity of turbulence and shape of the spect.ral density

func:tion.

Approximately 10 lIIOdel configurations were investi9ated with roof sl~pes ranqing frOlll

O· to 30· alld eaves overhangs ran9ing frO<"\ 0 to 1. 5 meters (full-scale). '1Vo classes of

surface Touqhness were used in these studies. Several low-rise building types were analymed

(houaes, school buildings).

In addit.ion to the wind tunnel lIOdeling as described above, the NBS developed, speci

fied, obtaineu and transported varioua it_ of test equt.~nt for the UP wind tunnel

facility. 'l'tIe equi~nt was installed in the wind tunrftl and training sessions were con

dut.ed in the operation of equi~nt and the interpretation of test results. Major it_ of

equipment transferred to the University of the Philippines include a siqnal correlatur and

probability analyzer, hot-wire ~ters, pressure transducers, electronic filters,

signal .-plifiers, x-y and stripchart recorders. volt.eters and an oscilloscope. This test

equi~nt is housed in an air conditioned rex. built by the University. COIIlput.er proqrlUllS
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developed at the NBS for the anlay.is of randOlll dat. were transferred to UP COIIIputer ':enter.

In addition, an exten.ive collection of documents dealing with the wind tunnel modeling of

building. and other engineering .tructures was placed in the UP Library.

COllection. lleduction and Analy.i. of Field Data

All data collected at the field te.t .ite. are recorded on analog magnetic tape••

Typically, these tape. contain one channel each of wind .peed and direction dsta. 11 chan

nel. of pre••ure data and one channel of tillle code. Prior to the recording of data. a tape

i. a.signed a .ite designation and tape identification number. Thi. information, along with

the time code. uniquely identifies the data.

The first .tep in the data reductj.on process i. to record certain key channels. .uch

as wind .peed. wind direction and a representative pre••ure .ignal on a paper stripchart

and .ubjectively classify the record. by degree of .tationarity, Record. which contain

redundant information are eliminated at this time. The remaining records are then viewed on

an 0.ci110scope to determine the approximate maxtaum or mintaum peak values and to verify

that the. recording. have an acceptable .igna1 to noise ratio and are free of di.continuities.

once the record. are determined to be of acceptable quality, they are converted to digitel

form for analysi••

Analog to d1gital conver.ion i. accompli.h~ by means of a computer-controlled data

acqui.ition system which .cans the analog channel. in .equence and convert. the ¥~ltage

levels into binary equivalents. The data channel. are multiplexed at a rate of 20,000

channels per .econd .0 that the time skew is negligible for the frequency range of interest.

The .can rate can be varied but is typically 12 scans per second, Each channel is .ampled

12.000 time•• re.ulting in a record length of 1000 second. (16 min - 40 L~~). The multi

plexing .tage i. followed by a programmable amplifier which allow. best uae of the digital

representation (eleven binary bit. plus sign). The digital data are entered on a 7-track

maqnetic tape for .ub.equent analy.is in the NBS Coapute;: Center. This tape also contain.

header information .uch a••ite and tape identification, the time of day when the original

data were recorded, and the length of record.

Several programs were developed at the NBS for the analysis of random data. These

include/ Probability Den.ity Function (PD!') which determine. the peak value. (either maxi

_ or IIlinilllum) between zero crossL"lgs, calculates the lIl8an and root mean square values

and plots probability distribution functions/ Correlation Analysis (CORREL) whi~h calcu

late. correlation functions and spectral density estimates/ and • Summation Program (SUMP)

which calculated the area-averaged surface pre••ures and the drag and upiift forces acting

on a .tructure.

Data obtained frOID the wind tunnel are proeeG.ed "on line" and are not recorded for

future reduction or analysis. A hybrid computer allows the direct calculation of auto

and cros.-correlation fl!.'1ctions as well a. probability deusity and distribution functions.

A tillll domain analyzer is used to obtain direct mea.urements of _an and n'18 value.. Thi•

• y.ee. baa the disadvnatage of manual calculation of pre.sure coefficient., but this is

insignificant when compar.d with the ability to quickly a••••• the te.t results and alter

the ~el configuration without waiting for result. froa a central ea-puter.



DnelClf!!l't e>f De.19ft Pr•••ur. CoefUc1enta

'!he 1970 .Utlon of the Rational Bui141Jl9~ of CanIl4a (DC) provid.. for ri.k of

occurrence, ~rraJ.n rQU9hne•• , heilJht lIbove lJrOund and building g~try in calculating

wind pre••ure.,

In this expre••ion, q 11 a reference _an velocity pre••ure for a given _an recurrence

in~rval, Ce is an eapo.ure factor which varies with .urface rOIaClM... and height above

ground, Cg i. a 9ust effect factor to provide for .urface pre••ur. fluctuations caused by

turbulence and localiaed flow pbeno-ena, and C is a conventional _an pre••ure coefficient.
p

'!'be proper value. for C. w111 be 4etenl1ned frca exi.ting data, full .cale wind elate and

theoretical ~la of wind .peed 4iatributiona in typhoons and hurricane.. Tbe coeffic::ient.

Cg and Cp _t be 4etenainecl exper~tally. This i. the priury output: of the wind t\IIIMl

t ••t proqr.. with the full-.cale te.t re.ult••erving .. a control on both the coefficients

and final de.ign criteria.

As.e._nt, selection and APPlication of Clw-toloCilical o.ta,
A .t\llSy of the available ~ilippine wind clw-te inforaation with • vi_ of ......inC)--it. a4equacy frca a .tructural engineering viewpoint will continue throughout the lUe of

the project. ReCOrcI. of wind .peed., of typhoon ob.ervations and ~ge. due to 81gnif1

cent typboona were collected by NBS through the courte.y of the PAGI\SA. OUt of the.e re

corela, 4ata were ••lected which appear to be .uitable for analyd.. The.e will be used ..

input in CClIIPuter progr_ available at NBS for predicting extr_ winds corre.ponding to

various Man recurrence interval.. A li.ting of the NBS progr... 'I" .ent to the P~"

CCIIIput.r Center for acIoption by the PAGASA •• a calculation tool. NBS will,provide

appropriate a••istance .. required.

" parallel .tudy of wind distdbution., including the 1972 National Structural COde

for Bui14ing. of the beociat1on of Structural Engineers of the Philippine. and tropical

cyclone frequency and intensity -.pe, re".a18 the area of northern Luaon, and perhaps parts

of ....t.rn Luson (inclu4ing Manila) _y need to be inclWSed in a -or. intense wind zone

area. It is desirable that future edition. of the bui14ing code 4iUerentiate between

sone. with different exposure (e.g. urban terrain va. coe.ta1 dte.). ".u1t. f~ tt&is

task will provide the appropriate Philippine code official. with ~h needed inforaation

for incorporation in a nw building coc!e. 'l'hia inforaation will ..rve .. an input to the

final report.

Inforaation Transfer

In a4dition to acIvhory c~ttee ..tingR, conference. and work.hops provide a Mch

ante. to tran.fer information to a lUllar l'ody of indivi4ual••

An International WOrkshop held in Manila, Philippine. on~r 14-17, 19;3 addre••ed

the .tate-of-the-art ill aitigatinCl building 4aaage. frca wind.. The workshop v.. jointly

8poneored by AID, the Philippil\e Advisory ee-1ttee and the U.G. Ie.tional aure.u of S1:CldaItI.
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Four th_s coverinq clt.atoloqy and ..rod~cs, structural eIl9ineerinq, soci.o-econ

~c and architectural consideratione, and cedes and standards were discus~ed.

The first two workshop days w~r. devoted 1&rge1y to presentations of technical papers.

During the .fternoon of the first day, a vieit vu scheduled to the field test site at the

PAGASA Science Garden eite. Quezon City.

Hine papers and five related reports were present" dl1Z'inq the technical s••sions vith

tt.e re.erved for discus~ions. The third day vas devoted to subca..ittee workinq s.ssions

where 31 rec_ndations were developed. They were presented and discussed on the fourth

day. Approx1JUtely 140 individuals frc. five countries (J...ica, Banqladesh, the United

Kinqdom, the Philippine. and t.he united States) attended the Wlrkshop.

The proceedinqs of the workshop vas publiahed as an NBS 8uildinq SCience Series ~6.

This publication includes 14 re~tions (edited from 31) for u.proved buildinq prac

tices, the opening cer.-onies, and the technical papers and reports.

On May 16-17, 1975 a reqional conference vas conducted in Manila, Philippines to

discuss the draft project results to date. This ...tinq afforded the opportunity for mem

bers from Wind-prone countries to further astablish a dialoque for .ugqestinq ..thods to

better present the final results. A s~ilar regional conference will be conducted in

Kinqston, Jamaica on November 6-7, 1975. The final report i. expected to be published by

the end of June 1976.

COnclusion

This paper descirbes the activities .ssociated with deve10pinq improved de~iqn criteria

for low-rise bUildinq to better resist the effects of extreme vinds. It also discusses a

very iItportant ea-nt associated with developinq technoloqy--its transfer to the ultimate

user. After cOlIIpletinq the research a oontinuil\9 effort by the Philippine Advisory

Caa-ittee vill be required to further the development of tech!'loloqy. This project is only

one step in the process of u.provement that viII continue.
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SUJlYBY 011 UlSM>&CGY AlII) IAR'l'IIQUAICI
DlGDIDItlMG I. IIIIlU. lJUIR lUID '1'URDY

by

lIUoto "atabe
International INititut. of 5ei_loqy

aM urt:.hquake EncJlneer1n9

and

HicS.a 'l'oIluhiro
Id.nbtry of Conatruction

and

llUaltuu ShillOruka
Japan International eoop.raUon Meney

A .eri•• of earthquake engtn..riny cour••• have been held in Japan in cooperation vitn

Iran. IhcSia and Turk~. Thi. paper pre.eht. the detail. of the•• cour.e. and the aid 8uch

oour.e. have provided to the .upport1ng ,-ountrie••

lCey IIord. I Earthquak. eng1n••ring, Earthquak•• , Education, India, Iran, 'l'rainll\9' Turk.y.
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1) A traininq coura. vaa conducted at the Int.rnational Earthquake Engineering Depaa:t

_nt ot Building RII,,, ·~ch Inatitute, Mini.try of Con.truction, vhich 18 gr.atly appr~iated.

2) It 18 requiree .u ...tabliah an advanced cour.e for theae .x-participant. in order

to plOvi:'. an up-to-d.te knowledge and technique on earthq~e engineering. In thb con

nection, a , to 6 .anth.' training cour.. , ia being organized.

3) Ilecrutiment procedure. for the training couras ahould be lI&da prOlllPtly (4 to 6

montha prior to the ca.aenc...nt uf the training course).

4) In regard to the follow-up of the .x-participants, it i. necessary fo! a staff

fra. .ith.r the Japan••• Emba••y or the JICA ov.r.ea. offic. to keep close contact with

th.ir ra~re.entati"'., Such a successful cue concerning this plan hu been Turkey.

5) In addition to inviting a technical traine., it is ~tant to pr~te a vi.it

fr.. Jlqlane.e expert to the traine4s country.

6) It 18 the intention of thl8 program to strengthen ow. .ystem .0 as to cope vith

the reque.t from ex-participent., and to readily supply t.chnical infOrmAtion and

....uring in.trument.. Furth.rmo~., an invitation of high ranking ~fficial. should be con

.idered at the earliest date, in order to promote furth.r technical cooperation in thi.

fi.ld.

7) A follow-up team "a. well received in every country. It is required to accelerate

this kind of .ervice more positively, but more carefully in the future. If this follow up

team is diapatched every three years and the .election of the participants for the .dvanced

<;.o=se 18 mad. at that tt-, the intensive training in Japan will b. more ben.ficial.

Analy.i. of Questionnair~

1) Ex-participants' positioll in their countries are as follows, 86' of the .x-part~ci

pants belong to the public or educational institution, and two thirds of them hold an

ilt'portant post. FrOlll thb tr.nd, it can be easily understood that their training in Japan

va. highly regarded and they were promi.ing and selected re.earct.en.

2) Evaluation of training

60' of the .x-participants or their .enior official. highly praised their training

in Japan.

3) Compo.it1~n of the personnel at I.I.S.E.E. (International In.titute of Se~amoloqy

and Earthquake Ln~ineering)1

71' ot the .x-participant. are in favor of the pres.nt cOlllPOdtion of our Ineititute,

whU. 15' of th~!11 .xpact an increa.e in the nWllber of .taff. and 4' hope that it vill be

.nlarged. 19' of the ex-participants strongly vish to introduce lecturera fro- IJ:lroad, and

57' agree, while 24' think it nec••••ry, or • _tter of no con.equence. As a conclusion,

it can be interpreted th.t Illal\Y of t.he ex-participants expect to have foreign lecturers

added to the .taff of the Institute.

4) 7raining Syst•• ,

Each ex-participant enthusiastically hoped to be re-trained in a .hort period durinq

the training cour.e. In cOMection with the duration of training, 62' of the ex-part1cl-
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panta hoped it. would be le.a than 6 IIOnths, while 14\ of thetll wanted a 10nCJer period.

DurinCJ thia training, it is requested that IIOr~ attention to the selection of applic~.~.

be paid, in order to allocate .are tt.e for apecial aelf-atudy, lAboratory pracUce an"
an exchanqe of view. on aeiSllOloqy and earthquake enCJineerinq.

5) Future follow-up aervice;

We have enconntered n~roua inquiries for catalOCJ\lea of .Japan-_de _aaurinCJ inatru

ments and information on how to ~urchaae these and if there ia a salee aqent in their

country. Many of the.e enqineera wanted a continuous aupp~" of the research ~eports and the

"Year Book" regularly published by the Institute, or the periodj~~l "Technocrat". Further

IDOre, as the beet Ileana of follow-up, a~ engineers eaCJerly requested that Japaneae ex

perts be sent to their country.

S~tuation of Sei.-ology kDd Earthquake Engin.erinq in India, Iran and Turkey

1) India

'ftle Japane.e ~esador haa a5):.d whether there are earthquAltes or not in India.

As auch an event aeldom occura, people are Cf.uite indifferent to earthquaJtes, For that

rea30n, it seeDS that the officials in charge of the technical cooperation at the Ministry

of Financ~ in India will taJte a negative attitude toward allocatil~ scholarshipR offered

ftom .Japan to this training course, although it ia recognized that in the Meteorological

Department ~f Roarkee Univetsity where there are many young researchers eag~r to study in

England, United States, or Japan. AlthoUCJh the directors at the Meteorological Department

hpve intended to send at least one researcher to our Institute every year, only one has come

in the past ~ or 3 years to .tudy in .Japan. Due W the influence of England, seislDOlogy in

India hae advanced considerably as has earthquake engineering. In Roarkee University,

located in about 2000 north of New Delhi, Dr • .J, Krishna and his excellent staff have

established ~he EarthquaJte Engineering Cen~er, and h8V8invited young reaearchers from

neighboring countries to study. However, Japan' s follow up aervice has bee.n badly evalu

ated in this country. For ellUlPle, in regard to Japanose made lIl8asuring i'i.8tn_ntB, due

to imperfection in the cataloque and apecifications it i. dif~icult to repair these instr-J

_nts whf'n they are- out of order. Accordingly, the donation of ellperilllental instr_nts

should be _de providing Ii service engl.neer be _de available. On the other hand, the united

States, because of the delll&l\d ..de when the inetrUlllents are out of ordel, replaced 1n a

week through the diplomatic channel.. Also relative to follow up service, Japan i3 far

behind the UnitGd States.

2) Iran

It Aeems that Iran, favored with abundant oil, is seeking a well-balanced diplomatic

policy toward the big powers and in part 1n the technical cooperation. Iranian peo!lle are

in fear of earthquakes and thus the Government of Iran has given a considerable thought

to this _tter. In spite of active influence by the-Ministry of Housing Development, a

very 1illlited nlaber of participants have been conveyeC! to the Japanese Embassy, 'due to a

difference in views witt. other organizations concerned with technical cooperation.

Recently, a Building Research Center haa been established by a joint project with UNESCO,
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in IrB. Mr. JavcSan, one of the ex-participanu, has been eng8ged a director of thia

r ...arch work. Ria contribution toward the .stablishMnt of this organization 18 to be

highly prai.ed. Thi. institution va fonaecl. for the purpose of provicSill9 lelldership in the

field c.. the earthquake engineering in the Middle and Near East. Tbey diacloHcl. a desire

to purcha.. re.earch equi.-ent f~ Japan, nevertheless Mr, Pudaaan, Vice-Minister of

the HoUllinCJ De"'l~nt expre••ed hia reC)ret to Japan becau•• it took a long t~ and re

quired. sophisticated foraalitie. in order to purcha.e .uch it.... However, a feelinq of

sati.f.ction was obtained to s••• cl.c.e-ahaped hoUlli~ coaplex with .seis..tic structure,

de.igned by the ex-partieipants which wa. constructed. in the suburb of Gazvin city lIbout

150m _st of Tehran.

)) Turkey

It .e_ that an ideal type of technical CooP'f,rlltion between Japan and Turk~ can be

obtained. Ex-participant. who studied in JapP\ &1:8 now taking initiative in this field

and in particular re.earch work relative to earthquake en9ineering. In addition, a clo..

liaison .-ong the ex-participants, both in the Earthquake Engineering and in Sei..,loqy,

h.. been pre.erved at the .... time, and there is constant contact with the Japane.e ~

busy. Success in this technical cooperation greatly owed to the pro~inent Japanese experts

who ..de self-.acrificing effort. when in Turkey. It is assuree t~at Japan.se technoioqy

in the area of earthquake en9ineering and 8ei8.o1oqy vill further help advance Turkey's

technoloqy •

Special Lecture

A follow up team made an att.-pt to present a special lecture on MEvaluation of

Seismic Input ForceM through a l&a. film of the earthquake engineering. To facilitate

the understanding of the lecture. 8 .erie. of color slide., and -ereover a lecture note.

were distributflcl. toO att.endents. After 4S ainute. of lecture. a .hort IIIOtion picture

entitllOd ·VibrationMva. then shown, and a special lecture "as then concluded vith a q:...es

tion period. Because the actual lecture hall wa. not properly selected, soee diff1culc~

arose vith respect to pre.entation of slides. HoweYer, cae lecture. _re a .ucce•• d..e to

the kindness of the Japanese Embassy and the JICA overseas office. The special lecture

was well received by at.tendant.a. The mamer of attendance 1n the respective countries

were a. follows;

India 160

Iran 70

Turkey 70

Total 300

Content. of the lecture

1) S~.och..tic. on the hiBtory of earthquakes

1il Magnit.ude and int.ensity and the maximum acc~leration

iiil Evaluation of the intensity level of the earthquake in t.e~ of return period

iv) The earthquake d...qe and Subsoil condition
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y) A8el.m.c ~latio!\8 and reapona. apectrua

vi) International ...1.-1c regulations

Aa for _1. filM

i) Ship and we,"

11) krtbqualte and atructur.

iU) Wind and a..pension bddge

1v) Mr turbu1&nce and ail' plane

y) Road and auu-abU.

vi) Derailing and vibrat10n of the train

vii) Util1&ation of vibration
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• Malh.. mal;,'al Sci..nc... (S....li..n H)
:r-:twfu':-, :.alld ('ornpilatlons dt'si~w'd mainly fIll' Hit' nlath
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Ji'l't ;"".'.1. Oft"lI ~"r\'t' a~ H. ,,('hiel., for tidal r.'ports. of
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~1)\"'rtl~Il("lt "q.~'I'.H'I(·!",
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1,-','" f}., .\',ltll'JllIl Ttl'Juri,',,1 l"iormn';()l1 .'"'1 "';(,fN,
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1!'7:11 alld Part .; of Titlt· If, CFH ICodt' ur Federal
H.'gulatlorl~•

:"IIS Inl"ral(..n.. ) R"J><...I~ ('\IISIR)·--A spt'I'ia) M'rit'" of
int ..·nm or t1'IH1 n'Jlort!" on work pt'rfornlt·d h}' ~HS for
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n... nt,. In g-...",r"i. initial di>trihution i. handl"d hy tht'
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)(-

:O:uperrondurtinK II", ir~8 lind Matt'riall•. A 1itt'rature
,urn'y i.supd 'luart.. rly. A nnunl <uh... riptioll: $20.00,
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